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The Golden Rule-a Proper Scale 
for Our Environmental Crisis
One among millions of species, we have a parochial 
out legitimate, interest in our own survival

by Stephen Jay Gould

Patience enjoys a long pedigree of fa­
vor. Chaucer pronounced it “an heigh 
vertu, certeyn” (“The Franklin’s Tale”), 
while the New Testament had already 
made a motto of the Old Testament’s most 
famous embodiment: “Ye have heard of 
the patience of Job” (James 5:11). Yet 
some cases seem so extended in diligence 
and time that another factor beyond sheer 
endurance must lie behind the wait. When 
Alberich, having lost the Ring of the 
Nibelungen fully three operas ago, shows 
up in act 2 of G'dtterdammerung to advise 
his son Hagen on strategies for recovery, 
we can hardly suppress a flicker of ad­
miration for this otherwise unlovable char­
acter. (I happen to adore Wagner, but I do 
recognize that a wait through nearly all 
the Ring cycle would be, to certain unen­
lightened folks, the very definition of eter­
nity in Hades.)

Patience of this magnitude usually in­
volves a deep understanding of a funda­
mental principle, central to my own pro­
fession of geology but all too rarely 
grasped in daily life— the effects of scale. 
Phenomena unfold on their own appropri­
ate scales of space and time and may be 
invisible in our myopic world of dimen­
sions assessed by comparison with human 
height and times metered by human life 
spans. So much of accumulating impor­
tance at earthly scales— the results of geo­
logical erosion, evolutionary changes in 
lineages is invisible by the measuring 
rod of a human life. So much that matters 
to particles in the microscopic world of 
molecules— the history of a dust grain 
subject to Brownian motion, the fate of 
shrunken people in Fantastic Voyage or 
Inner Space— either averages out to sta­

bility at our scale or simply stands below 
our limits of perception.

It takes a particular kind of genius or 
deep understanding to transcend this most 
pervasive of all conceptual biases and to 
capture a phenomenon by grasping a 
proper scale beyond the measuring rods of 
our own world. Alberich and Wotan know 
that pursuit of the Ring is dynastic or 
generational, not personal. William of 
Baskerville (in Umberto Eco’s Name o f  
the Rose) solves his medieval mystery be­
cause he alone understands that, in the 
perspective of centuries, the convulsive 
events of his own day (the dispute between 
papacies of Rome and Avignon) will be 
forgotten, while the only surviving copy of 
a book by Aristotle may influence millen­
nia. Architects of medieval cathedrals had 
to frame satisfaction on scales beyond 
their own existence, for they could not live 
to witness the completion of their designs.

May I indulge in a personal anecdote on 
the subject of scale? As a child, I loved to 
memorize facts but rebelled at those I 
deemed unimportant (baseball stats were 
in, popes of Rome and kings of England 
out). In sixth grade, I had to memorize the 
sequence of land acquisitions that built 
America. I could see the rationale for 
learning about the Louisiana Purchase 
and the Mexican Cession—since they 
added big chunks to our totality. But I 
 ̂remember balking, and publicly challeng­
e s  the long-suffering Ms. Stack, at the 
Gadsden Purchase of 1853. Why did I 
have to know about a sliver of southern 
Arizona and New Mexico?

Now I am finally hoist by my own pe­
tard (blown up by my own noxious charge, 
according to the etymologies). After a life­

time of complete nonimpact by the Gads­
den Purchase, I have become unwittingly 
embroiled in a controversy about a tiny bit 
of territory within this smallest of Ameri­
can growing points. A little bit of a little 
bit; so much for effects of scale and the 
penalties of blithe ignorance.

The case is a classic representative of a 
genre (environmentalists versus develop­
ers) made familiar in recent struggles to 
save endangered populations— the snail 
darter of a few years back, the northern 
spotted owl versus timber interests (de­
cided, properly in my view, for the birds 
on the day that I write this essay, June 23, 
1990). The University of Arizona, with 
the backing of an international consor- 
tium of astronomers, wishes to build a 
complex of telescopes atop Mount Gra> 
ham in southeastern Arizona (part of the 
Gadsden Purchase). But the old-growth 
spruce-fir habitat on the mountaintop 
forms the heart of the range for Tami- 
asciurus hudsonicus grahamensis, the 
Mount Graham red squirrel— a distinct 
subspecies that lives nowhere else and that 
forms the southernmost population of the 
entire species. The population has already 
been reduced to some 100 survivors, and 
destruction of several acres of spruce-fir 
growth (to build the telescopes) within the 
700 or so remaining acres of best habitat 
might well administer a coup de grace to 
this fragile population.

I cannot state an expert opinion on de­
tails of this controversy (I have already 
confessed my ignorance about everything 
involving the Gadsden Purchase and its 
legacy). Many questions need to be an­
swered. Is the population already too 
small to survive in any case? If not, could
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I the population, with proper management, 
coexist with the telescopes in the remain­
ing habitat? (Environmentalists fear 
change of microclimate as much or more 
than loss of acreage. Reduction of forest 
canopy will increase wind and sun, pro­
ducing a drop in humidity. The squirrels 
survive winter by storing unopened cones 
in food caches beside trees. If humidity 
falls, cones may dry out and open, causing 

' loss of seeds and destruction of food.)
I do not think that, practically or mor­

ally, we can defend a policy of saving 
every distinct local population of organ­
isms. I can cite a good rationale for the 
preservation of species— for each species 

J >s a unique and separate natural object 
that, once lost, can never be reconstituted. 
But subspecies are distinct local popula­
tions of species with broader geographical 
ranges. Subspecies are dynamic, inter- 
breedable, and constantly changing; what 
then qre we saving by declaring them all 
inviolateT^Thus, Iconfess th a tT d o n ot 
agree with all arguments advanced by de­
fenders of thelvfount Graham red sqnir. 
rel^OmTIeaflet, for example argiies^Thp 
population has been recently shown to 
1iavT¥ lxed7hornozygous allele which is 
u m g ^ r iiT  Western~~Nortb America.’*

I Sony folks. I will stoutly defend species, 
butwecannotask for thepreservation of 
eviry“ dJstin^^rgene7 unless we find a 

^ y T Q ] ^ ^ 3ean ritse lf (for many or­
ganisms carry unique mutations). 
" ~ ^ T 3 M s k lfe t^ ^ ^ ^ p u l a t i o n s  of 
species with broadgr ranges, the brief for 
preservatKm must be made on a case by

ervation (lest thc~environmentai move-

trying to freeze a dynamic evolutionary 
basis

of individual mentT I am entirely per­
suaded that the Mount Graham red squir­
rel should be protected and the astronomi­
cal observatory built elsewhere— and for 

| two reasons.
First, the squirjeUtselfuheMpunt Gra- 

ham red is an unusually interesting local 
population within an important species. It

cies surrogates for a larger ecological 
entity worthy of preservation. Thus, the 
giant panda (really quite a boring and 
ornery creature despite its good looks) 
raises money to save the remaining bam­
boo forests of China (and a plethora of 
other endangered creatures with no politi­
cal clout); the northern spotted owl has 
just rescued some magnificent stands of 
old-growth giant cedars, Douglas fir, and 
redwoods (and I say hosanna); and the 
Mount Graham red squirrel may save a 
rare and precious habitat of extraordinary 
evolutionary interest.

The Pinaleno Mountains, reaching 
10,720 feet at Mount Graham, are an 
isolated fault-block range separated from 
others by alluvial and desert valleys that 
dip to less than 3,000 feet in elevation. The 
high peaks of the Pinalenos contain an 
important and unusual fauna for two rea­
sons. First, they harbor a junction óf two 
biogeographic provinces: the Nearctic, or 
northern, by way of the Colorado Plateau, 
and the Neotropical, or southern, via the 
Mexican Plateau. The Mount Graham 
red squirrel (a northern species) can live 
this far south because high elevations re­
produce the climate and habitat found 
near sea level in the more congenial north, j 

Second, and more important to evolution­
ists, the old-growth spruce-fir habitats on 
the high peaks of the Pinalenos are iso- ] 
lated “sky islands”— 10,000-year-old rem- 
nants of a habitat more widely spread over 
the region of the Gadsden Purchase dur­
ing the height of the last Ice Age. In evolu­
tionary terms, these isolated pieces of hab­
itat are true islands— patches of more 
northern microclimate surrounded by 
southern desert. They are functionally 
equivalent to bits of land in the ocean. 
Consider the role that islands (like the 
Galápagos) have played both in develop­
ing the concepts of evolutionary theory 
and in acting as cradles of origin (through 
isolation) or vestiges of preservation for 
biological novelties.

Thus, whether or not the telescopes will 
drive the Mount Graham red squirrel to 
extinction (an unsettled question well out-
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Second, the habitat: environmentalists ( an indicator species for the unique and 
continually face the political reality that . fragile habitat that it occupies, 
support and funding can be won for soft, Ilut why should I, a confirmed eastern 
cuddly, and attractive” animals, but not urbanite who has already disclaimed all
for slimy, grubby, and ugly creatures (of 
potentially greater evolutionary interest 
and practical significance) or for habitats. 
This situation has led to the practical con- 

I cept of “umbrella” or “indicator” spe­

concem for the Gadsden Purchase, choose 
to involve myself in the case of the Mount 
Graham red squirrel? The answer, un­
surprisingly, is that I have been enlisted—  
involuntarily, unawares, and on the wrong
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side to boot. I am simply fighting mad, 
and fighting back.

The June 7, 1990, W all Street Journal 
ran a prodevelopment, antisquirrel opin­
ion piece^yM chael D. Copeland (identi­
fied as director of the Political
Economy Research CenteriiF Bozeman, 
Montanaf7  under tfiel)at absurd ti- 

No Red SquirTCis? ^Totner Nature 
k c better Off,” (1 can at leaFt erasp 

"While stilfrejecting, theciaim that nature 
would be no worse off if the squirrels died, 
but I am utterly befuddled at how anyone 
could argue that the squirrels inflict a 
positive harm upon the mother of us all!) 
In any case, Copeland misunderstood my 
writings in formulating a supposedly sci­
entific argument for his position.

Now, scarcely a day goes by when I do 
not read a misrepresentation of my views 
(usually by creationists, racists, or football 
fans, in order of frequency). My response 
to nearly all misquotation is the effective 
retort of preference: utter silence. (Honor­
able intellectual disagreement should al­
ways be addressed; misquotation should 
be ignored, when possible and politically 
practical.) I make an exception in this 
case because Copeland cited me in the 
service of a classic false argument— in­
deed, the standard, almost canonical mis*

use of my profession of paleontology in 
debates about extinction. Paleontologists 
have been enlisted again and again, in 
opposition to our actual opinions and in 
support of attitudes that most of us regard 
as anathema, to uphold arguments by de­
velopers about the irrelevance (or even, in 
this case, the benevolence) of modem an­
thropogenic extinction. This standard er­
ror is a classic example of failure to under­
stand the importance of scale— thus I 
return to the premise and structure of my 
introductory paragraphs (did you really 
think that I waffled on so long about scale 
only so that I could talk about the Gads­
den Purchase?).

Paleontologists do discuss the inev­
itability of extinction for all species— in 
the long run and on the broad scale of 
geological time. We are fond of saying 
that 99 percent or more of all species that 
ever lived are now extinct. (My colleague 
Dave Raup often opens talks on extinction 
with a zinging one-liner: ‘T o a first ap­
proximation, all species are extinct.”) We 
do therefore identify extinction as the nor­
mal fate of species. We also talk a l o t -  
more of late since new data have kade the 
field so exciting— about the mass extinc­
tions that punctuate the history of life 
from time to time. We do discuss the issue

of eventual “recovery” from these extinc­
tions, in the sense that life does rebuild or 
surpass its former diversity after several 
million years. Finally, we do allow that 
mass extinctions break up stable faunas 
and, in this sense, permit or even foster 
evolutionary innovations well down the 
road (including the dominance of mam­
mals and the eventual origin of humans, 
following the death of dinosaurs).

From this set of statements about'ex­
tinction in the fullness of geological time 
(on scales of millions of years), some apol­
ogists for development have argued that 
extinction at any scale (even of local popu­
lations within years or decades) poses no 
biological worry but, on the contrary, 
must be viewed as a comfortable part of 
an inevitable natural order. Or so Cope­
land states:

Suppose we lost a species. How devastating 
would that be? “Mass extinctions have been 
recorded since the dawn of paleontology,” 
writes Harvard paleontologist Stephen 
Gould. . .  the most severe of these occurred 
approximately 250 million years ago 
. . .  with an estimated 96 percent extinction 
of species, says Mr. Gould. . . .  There is 
general agreement among scientists that to­
day’s species represent a small proportion 
of all those that have ever existed—proba­
bly less than 1 percent. This means that
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more than 99 percent of all species ever 
living have become extinct.

From these facts, largely irrelevant to 
red squirrels on Mount Graham, Cope- 
and makes inferences about the benevo­

lence of extinction in general (although 
the argument applies only to geological 
scales);

Yet m spite of these extinctions, both Mr. I 
Gould and University of Chicago paleon- 
tologist Jack Sepkoski say that the actual 
number of living species has probably in­
creased over time. [True, but not as a result 
or mass extinctions, despite Copeland’s 
next sentence.] The “niches” created by I 
extinctions provide an opportunity for a vig­
orous development of new species... 
urns, evolutionary history appears to have 
been characterized by millions of species 
extinctions and subsequent increases in spe­
cies numbers. Indeed, by attempting to pre- 1 
serve species living on the brink of extinc­
tion, we may be wasting time, effort and 
money on animals that will disappear over 
time, regardless of our efforts.

But all will “disappear over time, re­
gardless of our efforts”— millions of years I 
from now for most species if we don’t 
interfere. The mean life span of marine 
invertebrate species lies between 5 and 10 I 
million years; terrestrial vertebrate spe­
cies turn over more rapidly, but still aver­
age in the millions. By contrast, Homo 
sapiens may be only 250,000 years old or 
so and may enjoy a considerable future if
we don’t self-destruct. Similarly, recovery
from mass extinction takes its natural 
measure in millions of years—as much as 
10 million or more for fully rekindled di­
versity after major catastrophic events. I 

T h«e are the natural time scales of 
evolution and geology on our planet. But 
what can such vastness possibly mean for 
our legitimately parochial interest in our­
selves, our ethnic groups, our nations, our 
cultural traditions, our bloodlines? Of 
what conceivable significance to us is the 
prospect of recovery from mass extinction 
10 million years down the road if our en­
tire species, not to mention our personal I 
family lineage, has so little prospect of 
surviving that long?

Capacity for recovery at geological 
scales has no bearing whatever upon the 
meamng of extinction today. We are not 
protecting Mount Graham red squirrels 
because we fear for global stability in a 
distant future not likely to include us. We I 
are trying to preserve populations and
environments because the comfort and de­
cency of our present lives, and those of 
rellow species that share our planet, de­
pend upon such stability. Mass extinctions 
may not threaten distant futures, but they 
are decidedly unpleasant for species in the 
throes of their power (particularly if trii>- I
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gered by such truly catastrophic events as 
extraterrestrial impact). At the appropri­
ate scale of our lives, we are just a species 
in the midst of such a moment. And to say 
that we should let the squirrels go (at our * 
immediate scale) because all species even­
tually die (at geological scales) makes 
about as much sense as arguing that we 
shouldn’t treat an easily curable child­
hood infection because all humans are ul­
timately and inevitably mortal. I love geo­
logical time— a wondrous and expansive 
notion that sets the foundation of my cho­
sen profession, but such immensity is not 
the proper scale of my personal life.

The same issue of scale underlies the 
main contributions that my profession of 
paleontology might make to our larger 
search for an environmental ethic. This 
decade, a prelude to the millennium, is 
widely and correctly viewed as a turning 
point that will lead either to environmen­
tal perdition or stabilization. We have 
fouled local nests before and driven re­
gional faunas to extinction, but we have 
never been able to unleash planetary ef­
fects before our current concern with 
ozone holes and putative global warming.
In this context, we are searching for 
proper themes and language to express 
our environmental worries.

I don’t know that paleontology has a 
great deal to offer, but I would advance 
one geological insight to combat a well- 
meaning, but seriously flawed (and all too 
common), position and to focus attention 
on the right issue at the proper scale. Two 
linked arguments are often promoted as a 
basis for an environmental ethic:

1. That we live on a fragile planet now 
i subject to permanent derailment and dis- 
\  ruption by human intervention;
I 2. That humans must learn to act as 
( stewards for this threatened world.
\  Such views, however well ¡mentioned,
] arejpotedjjy h c  oldjsin of pride and exag- 

We are one
among m ilhonsorspecies, stewards of 
nothihgTBywHa^ gu m en t could we. aris- 
I?S lH ^ ^ |^ ^ icarfn icraecon d _ag^  be- 
c(MT̂ e ^ n s ib l e  forTfieaffairsof a world

has bee^ evo lvw lm ff divjjgjgin g  for at 
least three-quarters of that immense span? 
Nature does not exist for us, had no idea 
we were coming, and doesn’t give a damn 
about us. Omar Khayyam was right in all 
but his crimped view of the earth as bat­
tered when he made his brilliant compari­
son of our world to an eastern hotel:

Think, in this battered Caravanserai 
Whose Portals are alternate 

Night and Day,
How Sultan after Sultan with his Pomp

Abode his destined Hour, and 
went his way.

This assertion of ultimate impotence 
emild be countered if we, despite our late 
arrival, now held power over the planet’s 
future (argument number one above). But 
we don’t, despite popular misperception of 
our might. We are virtually powerless over 

.the earth at oin^pj^ eT s^ ^ - 1 

/ t im e scale. AU tE eln e^ oh n aiT n T  our 
r nuclear arsenals yieFdlnitone ten-thoTT-

extinction. Yet the earth sumved~tEat 
larger shock and, in wiping out dinosaurs,

I Paved the road for the evolution of large 
j mammals, including humans. We fear 
^ aj wai™ing’ yct even the most radical 
modeLyields an earth lar cooleTthan 
many happy and p rœperour trmïs 'oï'à 
prehuman past. We can surely destroy 
ourselves, and take many other species 
with lETButwecarrbarei^dent bacterial 
diversity and will surely not remove many 
million species of insects and mites. On 
geological scales, our planet will take good 
care of itself and let time clear the impact 
of any human malfeasance. The earth 
need never seek a henchman to wreak 
Henry’s vengeance upon Thomas à 
Becket: “Who will free me from this tur­
bulent priest?” Our planet simply waits.

People who do not appreciate the fun­
damental principle of appropriate scales 
often misread such an argument as a 
claim that we may therefore cease to 
worry about environmental deteriora­
tion -ju st as Copeland argued falsely that 
we need not fret about extinction. But I 
faise the same counterargument. We can­
not threaten at geological scales, but such 
vastness is entirely inappropriate. We 
havg_aJggiüinj^d£j)arochial interest in 
ourowmlivM, the happiness and^prœper- 

our ctntdren; the jyjffering of our 
fellows. TKêplanet will recover from nu­
clear holocaust, but we will be killed and 
maimed by the billions, and our cultures 
will perish. The earth will prosper if polar 
icecaps melt under a global greenhouse, 
but most of our major cities, built at sea 
level as ports and harbors, will founder, 
and changing agricultural patterns will 
uproot our populations.

W çjBiistjquarely face an unpleasant 
historical fact/THe conservation move- 
mënfwas born, inTargê part, asâneiîtest 
altempt by wealthy sociànea ^ ërë lô p re- 
sèrvewilderness as adomain forpatrician 
leisureand contemplation (against thr» im- 
age, so to speak, of poor immigrants fraips- 
ingm hordes through_the woods with their 
Sunday pienjej^skets). We have never 
entirely shaken this legacy of environmen-

talism as something opposed to immediate 
human needs, particularly of the impover­
ished and unfortunate. But the Third 
World expands and contains most of the 
pristine habitat that we yearn to preserve. 
Environmental movements cannot prevail 
until they convince people that clean air 
and water, solar power, recycling, and re­
forestation are best solutions (as they are) 
for human needs at human scales—and not 
for impossibly distant planetary futures.

I have a decidedly unradical suggestion 
to make about an appropriate environ­
mental ethic—one rooted, with this entire 
essay, in the issue of appropriate human 
scale versus the majesty, but irrelevance, 
of geological time. I have never been 
much attracted to the Kantian categorical
irifperativeiirsear^

ulTeriormo-
tiveorendrThe world"is toocomplexaiid 
sloppy for such uncompromising attitudes 
(and God help us if we embrace thewidng 
principle, and then fight wars, kill, and 
maim in our absolute certainty). I prefer 
the messier “hypothetical imperatives” 
that invoke desire, negotiation, and reci- 
procityrOT these “l^sel \ fn )u f altogether 
wiserafiffdeeper, principles, one has stood 
out fbrlt^indepeMehT^derivation, with 
different words but to the same effect, in 
culture after culture. I imagine that our 
various societies grope toward this prin­
ciple because structural stability, and 
basic decency necessary for any tolerable 
life, demand such a maxim. Christians 
call this principle the “golden rule”; Plato, 
Hillel, an dfT on Ju cm sT c^  same
maxim by other names. I cannot think of a 
better principle based on enlightened self- 
Interest. If we all tfeaS ao lfl^ ’M ^ e ^ h  
w  teT rea ted T ra^  and
stability ve t(Tprevai 1.

I^DggesTTMrWexegule such a pact 
with our planet. She holds all the cards 
and has immense power over us—so such 
a compact, which we desperately need but 
she does not at her own time scale, would 
be a blessing for us, and an indulgence for 
her. We had better sign the papers while 
she is still willing to make a deal. If we 
treat her nicely, she will keep us going for 
a while. If we scratch her, she will bleed, 
kick us out, bandage up, and gc abiai 
business at her planetary scale. Poor Rich­
ard told us that “necessity never made a 
good bargain,” but the earth is kinder than 
human agents in the “art of the deal.” She 
will uphold her end; we must now go and 
do likewise.

Stephen Jay Gould teaches biology, geol­
ogy, and the history o f  science at Harvard 
University.
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A prgbable waterborne outbreak of cryptosporidiosis in 
th^SheffieTd area

BARBARA A. RUSH, P. A. CHAPMAN* and R. W. INESONt

Public Health Laboratory, Northern General Hospital, Herries Road, Sheffield S5 7AU and t 
Health Department. Town Hall Chambers. Barkers Pool. Sheffield S I 1EN

Summary. There was a marked peak in human cases of cryptosporidiosis in the 
Sheffield area in May and June 1986. Extensive epidemiological investigations failed 
to find a common source of food or a consistent history o f animal contact, but did 

_3 ggest that a waterborne outbreak of cryptosporidiosis may have occurred. 
Cryptosporidium oocysts were found in untreated water and in~fish from a reservoir 
complex implicated by epidemiological analysis. Laboratory investigations confirmed 
that cattle on a farm adjacent to the reservoir complex were a possible source of 
contamination.

Introduction

The coccidian parasite, Cryptosporidium, is now 
recognised as an important intestinal pathogen 
causing acute diarrhoeal disease in man.1 The 
source of infection for man may be diverse.
Infections in farm, domestic and laboratory animals „ . . .
are common,2-4 and early reports suggested that ^e'ectlon of samples

whether the hypothesis of a waterborne outbreak 
of cryptosporidiosis in Sheffield could be supported.

Materials and methods

close contact with animals was the usual source of 
infection for man.5,6 Transmission of Cryptospori­
dium from animals to man via food and milk has 
been documented7,8 and person-to-person trans­
mission of Cryptosporidium has been reported in 
hospitals and nurseries.9' !° Of major public health 
concern are reports,1112 supported by epidemiol­
ogical and environmental evidence, of possible 
transmission of Cryptosporidium via contaminated 
drinking water treated by conventional means to 
remove bacterial and viral pathogens.

In the Sheffield area, from late April to October 
1986, we observed an increase in human cases of 
cryptosporidiosis, with a marked peak in May and 
June. No changes in laboratory methods for 
detecting Cryptosporidium oocysts took place at 
that time. Extensive epidemiological investigations 
by Sheffield Environmental Health Department 
(EHD) failed to find a common source of food or 
milk, or a consistent history of close contact with 
animals. However, of 62 patients recognised in 
May or June, 49 (79%) drank water from the same 
reservoir complex.

The purpose of this study was to determine

Received 6 Nov. 1989; accepted 15 Jan. 1990.
* Correspondence should ¡̂>e sent to Mr P. A. Chapman.

Man. All faecal samples from human cases of acute 
diarrhoea submitted to Sheffield Public Health Labora­
tory (PHL) between January 1985 and December 1987 
were examined for oocysts of Cryptosporidium and for 
other recognised intestinal pathogens.

Cattle. Faecal samples from cattle on a farm adjacent 
to the implicated reservoir complex were taken by the 
Veterinary Investigations Centre (VIC), Loughborough, 
where smears were stained by a modified Ziehl-Neelsen 
(ZN) method, and examined microscopically.

Fish. Wild brown trout (Salmo trutta) were netted from 
the reservoir complex by the Yorkshire Water Authority, 
(YWA). Intestinal contents were removed into sterile 
universal containers and examined at Sheffield PHL J

Water. Pre- and post-treatment samples of water (10 
or 20 L depending on turbidity) were collected by YWA 
from the two reservoirs in the complex, feeder streams 
flowing into the reservoirs, a river flowing out of the 
reservoirs, and children’s paddling pools fed by the latter 
river. Water samples were examined at Sheffield PHL.

Examination of faecal samples
All human faecal and fish intestinal samples were 

examined for oocysts of Cryptosporidium by microscopic 
examination of a direct smear stained by a modified ZN 
method.13 Samples containing bodies resembling such 
oocysts were tested by a direct immunofluorescence (IF) 
method, with mouse IgM monoclonal antibody (MAb)

©  1990 The Pathological Society o f Great Britain and Ireland
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Reproductive Success of Hatchery and Wild Steelhead

Chilcote et al. (1986) used an allozyme locus to 
study the survival and reproductive success of 
hatchery steelhead Oncorhynchus mykiss under 
natural conditions. They concluded (1) that ob­
served genotypic deviations from expected Men- 
delian ratios for progeny of hatchery steelhead were 
due to differential survival of allozyme genotypes 
in the natural environment and (2) that the repro­
ductive success of hatchery steelhead was sub­
stantially less than that of wild steelhead under 
natural conditions. We detected several method­
ological problems with their paper that made us 
question the validity of those two conclusions. In 
this comment, we present evidence that the de­
viations from Mendelian proportions most likely 
resulted from misidentification of subyearling 
coastal cutthroat trout Oncorhynchus clarki clarki 
as steelhead. This problem and others require a 
reestimation of the relative genetic contributions 
of hatchery and wild steelhead to wild progeny in 
the Kalama River, Washington. We use revised 
equations to reanalyze the data of Chilcote et al. 
(1986) and obtain results that uphold their second 
conclusion that hatchery steelhead had substan­
tially lower reproductive success than wild steel­
head.

Background
Considerable attention has been focused in re­

cent years on the potential adverse effects of in­
troduced hatchery fish on wild populations of 
salmonids (Reisenbichler and McIntyre 1977; 
Krueger etal. 1981; Leider et al. 1984, 1986, 1990; ' 
Campton and Johnston 1985; Chilcote et al. 1986; 
Levings et al. 1986). Concerns arise from the pos­
sibility that hatchery fish are less fit in natural 
environments than the wild conspecifics with 
which they may interbreed (Allendorf and Phelps 
1980; Ryman and Stahl 1980; Cross and King 
1983; Doyle 1983; Vuorinen 1984; Allendorf and 
Ryman 1987; Woodward and Strange 1987; Ver- 
spoor 1988). These concerns are particularly im ­
portant in the Pacific Northwest, where millions 
of hatchery-produced smolts are released annually 
to enhance fisheries and natural populations of 
anadromous salmonids. However, few quantita­
tive estimates of relative fitness are available for 
hatchery and wild fish in natural environments.

Chilcote et al. (1986) made one such estimate 
of relative fitness by comparing the genetic con­
tributions to wild progeny made by naturally 
spawning hatchery and wild steelhead. Chilcote et 
al. released hatchery fish that were homozygous 
or heterozygous for an electrophoretically detect­
able allozyme occurring at low frequency (<0.11) 
in wild populations. They concluded (1) that “the 
success of hatchery fish in producing smolt off­
spring was only 28% of that for wild fish” and (2) 
that hatchery fish with the genetic mark were only 
33-78% as fit in the wild as siblings homozygous 
for the common allele. The lower fitness was at­
tributed to natural selection at the marker locus 
or at loci closely linked to the marker.

The results of Chilcote et al. (1986) have at least 
two important implications. First, they are central 
to the ongoing controversy regarding the relative 
fitness of hatchery and wild salmonids and thus 
could greatly affect the management of these fishes 
in the Pacific Northwest. Second, fishery biologists 
are citing those results as evidence of intense nat­
ural selection at allozyme loci (e.g., Chandler and 
Bjomn 1989). Some biologists are further arguing 
against the use of allozyme markers in genetic 
monitoring programs for hatchery fish (see re­
views by Seeb et al. 1990 and U tter and Seeb 1990 
regarding the merits of such programs). The find­
ings of Chilcote et al. thus warrant close exami­
nation.

Effect of the Genetic Mark
As part of their study to assess the relative re­

productive success of hatchery and wild steelhead, 
Chilcote et al. conducted a field experiment to test 
for survival differences among the three allozyme 
genotypes at the marker locus G3PDH-1*, which 
codes the enzyme glycerol-3-phosphate dehydro­
genase (enzyme number 1.1.1.8: IUBNC 1984; 
Chilcote et al. called this enzyme alpha-glycerol- 
phosphate dehydrogenase, coded by locus AGP- 
1). They crossed 13 males and 13 females that 
were heterozygous for the *100 and *140 alleles 
(their A  and A ' alleles) and released the progeny 
into four tributary creeks of the Kalama River. 
The creek sections stocked had no resident rain­
bow trout Oncorhynchus mykiss, and barrier falls

816
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ABSTRACT

The food preferences of larval lake herring (Coregonus artedi) and bloatc (C. hoyi) were compared 
in experiments in a small mesotrophic lake in southeastern Michigan. Diets of the two were 
increasingly similar as the experiment progressed until, by the end of 6.5 weeks, they were identical; 
Schoener’s Index of diet overlap averaged 0.35 in the first week and reached 0.96 by the end of the 
study. In the first few weeks, lake herring ate mostly small cladocerans (Bosmina longirostris) and 
bloaters ate mostly cyclopoid copepodites. By the third week, both species ate small cladocerans 
(mostly Chydorus sphaericus and Acroperus harpae). At the conclusion of the study both species 
ate mostly large cladocerans (Eurycercus lamellatus). Strauss’s selection index confirmed that lake 
herring actively fed on small cladocerans throughout the study and that bloaters relied more on 
cyclopoid copepods during the early part of the study and shifted to eating small and large 
cladocerans by the end. Both species had similar growth rates throughout the study and amount of 
consumed food was identical. The diet similarities of lake herring and bloater larvae could 
make them competitors for food in the Great Lakes, relieved only by a dissimilarity in hatching 
times and locations.

Key words: Great Lakes, Coregonus, competition, zooplankton, diet

1. INTRODUCTION

Eight species of whitefishes (Coregonus) were found in the Great Lakes as recently as the early 
1950’s (Todd 1986). Nearly all were important commercial species and important forage for the 
lake trout, Salvelinus namaycush. Since the 1950’s, most species of Coregonus have completely 
disappeared in the Great Lakes (Todd 1986). Of the remaining species, lake whitefish (C. 
clupeaformis) and bloater (C. hoyi) are now very abundant, and lake herring (C. artedi) are only 
locally abundant (Flei scher 1992). Several factors have been implicated in the decline and 
extinction of Coregonus in the Great Lakes including: overfishing; predation from alewife (Alosa 
pseudoharengus), rainbow smelt (Osmerus mordax), and sea lamprey (Petromyzon marinus); and 
competition from alewife, rainbow smelt, and other species of Coregonus (Anderson,  S m i t h  
1971; Smi th 1972; W e l l s ,M c C la in  1972). Until the late 1970’s, similar causes may have been 
responsible for the low abundance of most species of Coregonus, but the resurgence of bloater and 
lake whitefish populations in the 1980’s coupled with the continued decline of lake herring

Biology and Management of Coregonid Fishes, Thomas N. Todd and Miroslaw Luczynski [editors].



280 B. M. Davis, T. N. Todd

populations in Lakes Michigan and Huron suggested that these species had different limiting 
factors.

Bloater and lake herring are morphologically similar and have long been considered closely 
related (Koelz  1929). Introgressive hybridization between these two species is suspected in Lakes 
Michigan and Huron, further suggesting their close relationship (Todd,  S t e d m a n 1989). At the 
present time, bloater far outnumber lake herring, and their close taxonomic relationship suggests 
that the abundant bloater could affect the much rarer lake herring by competition for limited food 
resources. A n d e r s o n  and S m i t h  (1971) indicated that competition for zooplankton between the 
larvae of lake herring, rainbow smelt, and bloater had a strong negative influence on the abundance 
of lake herring, and H a t c h  and U n de rh i l l  (1988) suggested that larval mortality may be one 
reason for the continued low recruitment of adult lake herring.

The purpose of this study was to determine the degree of competition for food of larval lake 
herring and bloater by 1) comparing their preference for particular prey species, sizes, and quantities 
of zooplankton; and 2) determining the extent of diet overlap between the two species.

2. METHODS

Eggs were stripped from ripe adults of lake herring and bloater and mechanically fertilized with 
techniques from Le a c h  (1924). Adult fecund lake herring were taken from gillnets in Lake 
Superior near Bayfield, Wisconsin, in December 1987 and adult fecund bloater were taken in trawl 
tows in Lake Michigan near Waukegan, {Hindis, in January 1988. Fertilized eggs were placed in 
McDonald jars for incubation at mean temperatures of 2.4°C (SE 0.1) for lake herring and 7.6°C 
(SE 0.1) for bloaters. The eggs from the two species were incubated at different temperatures to 
synchronize hatching times (Berl in  et al. 1977).

On April 18 and April 20, 1988, newly hatched lake herring and bloater were distributed among 
four 2 in circular cages (1500 per cage), 1.5 m in diameter, 1 m high and made of 0.8 mm mesh 
netting. Lake herring were about 10.8 mm and bloater were about 10.0 mm at time of release in 
the cages. The cage experiments were conducted in Pickerel Lake, Washtenaw County, Michigan, 
a small mesotrophic lake that supports a population of native lake herring. Cages with fish larvae 
were tied immediately adjacent to cages without fish (controls). We used the control cages to 
monitor the difference between potentially available prey species inside and outside the cages.

Zooplankton and fish larvae were sampled at dusk two days a week. A 3.2 L Van Dorn bottle 
was used to sample zooplankton. Two replicates were taken in each cage and in the open lake 
during each iyisit. Samples were sieved through a 0.065 mm mesh bucket, rinsed into 0.5 L glass 
jars, and preserved in 10% formalin. During each visit twenty fish were taken from each cage with 
a dipnet, placed over ice in 1 L glass jars filled with lake water, and returned to the laboratory. 
Fish larvae were then transferred to Whirl-pak* plastic bags and stored at -70°C. Surface water 
temperature was routinely taken with a mercury thermometer and routine maintenance of the cages 
included a thorough scrubbing of the sides of the netting with a long-handled nylon brush on the 
day after sampling.

In the laboratory, zooplankton were identified and measured to the nearest 0.1 mm. Five fish 
per species were chosen at random from the twenty sampled on each date. Fish were weighed wet 
to the nearest 0.1 mg and measured to the nearest 0.1 mm. Stomach contents were excised and all 
prey were identified, counted, and measured to the nearest 0.1 mm when possible. Prey items were 
identified with techniques of E d m o n d s o n  (1959) and P e n n a k  (1978). Prey species were 
combined into higher taxonomic groups for computing selection indices. Linear food selection 
indices (Strauss 1979) for these groups as food categories were computed for both lake herring and

Mention of trade names does not imply Government endorsement of commercial products.
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bloater for each visit. Strauss’s Index -  (r; — pi), where r; proportion of food category / in the 
diet, and p t — proportion of food category i in the environment. Schooner’s index (a) of diet overlap 
(Sc hoener  1970) was also computed for each visit as:

— / n • ^ ( |
2 \p ^ - p y‘ \
■

\  I  ■

where Pxi -  proportion of food category / in the diet of species x, Pyi -  proportion of food 
category i in the diet of species y, and n -  number of food categories. We used analysis of variance 
to compare the differences between the fish by amount and size of eaten prey, and the differences 
between the cages and the open lake by zooplankton*density and size.

3. RESULTS

Although the study was scheduled to last eight weeks, we terminated it after 6.5 
weeks because of the death of over 90% of the fish. The mean surface temperature 
increased greatly in the first two weeks but leveled off in the last two weeks with a 
high o f 23.6°C in the sixth week (Tab. I). An afternoon teñí ycrature o f 27°C was 
recorded on a non-sampling day. Large mats of algae also grew inside each cage.

Table I. Mean length (± SD) and mean weight (± SD) of fish, mean number of prey in stomachs 
per fish (number of fish), and mean surface temperature of Pickerel I^ake in April-June 1988

Week Mean length (mm) Mean weight (mgj Mean number of prey 
eaten

Surface
temp.
t ( - qHerring Bloater Herring Bloater Herring Bloater

1 11.3(1.0) 10.3 (.4) 10.7 (3.3) 6.2 (2.0) 3.2(15) 1.9 (10) 9.5
2 13.1(1.4) 13.0(1.1) 14.4 (4.7) 12.5 (4.0) 7.6 (15) 21.3 (10) 16.1
3 13.5(1.4) 15.2(1.6) 20.3 (7.0) 21.3(6.9) 42.5 (15) 55.0 (10) 16.4
4 18.1(3.1) 17.2(1.9) 36.9 (23.7) 30.4(11.0) 84.6(5) 87.0(5) 18.8
5 19.1 (2.1) 21.4(2.6) 45.0(18.7) 62.8 (32.1) 112.4 (20) 178.8 (14) 21.7
6 21.4(2.6) 21.8 (2.5) 79.4 (29.9) 87.9 (40.6) 100.7(10) 193.2(5) 23.6
7 22.1 (3.3) 22.4 (6.3) 93.4 (52.6) 92.5 (88.9) 132.8 (5) 158.8 (9) 23.2

Zooplankton decreased significantly in the lake and in all cages throughout the 
study (F(6,1584) = 4.87, P  <0.01). Zooplankton abundance was similar everywhere 
except for week 2 when zooplankton in the lake increased and zooplankton in the 
lake herring, bloater, and control cages decreased (F(3f23i) = 43.13, P<0.01). Forty- 
-seven invertebrate taxa excluding Rotifera were collected and combined into larger 
taxonomic groups: cyclopoid copepods (e.g., Eucyclops agilis, Diacyclops thomasi, 
Tropocyclops prasinus), calanoid copepods (e.g., Skistodiaptomus oregonensis, 
Epischura lacustris), copepod nauplii, small cladocerans (e.g., Bosmina longirostris, 
Chydorus sphaericus, Acroperus harpae), large cladocerans (e.g., Eurycercus
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lamellatus, Ophryoxus gracilis), daphniids (e.g., Daphnia galeata mendotae, 
Simocephalus spp.), and miscellaneous invertebrates. Both Rotifera and 
miscellaneous invertebrates were excluded from the analyses because they were less 
than 1% o f the fish diets. Zooplankton density among the cages showed similar 
trends during the study. However, the zooplankton density in the lake differed at 
times (Fig. 1). While calanoid copepods in the cages decreased from the first to the 
seventh week, those in the lake remained high. Cyclopoid copepods showed a 
gradual decrease in density everywhere. Density of small cladocerans also decreased 
everywhere but was lowest in the lake (F(3>341) = 6.05, P  <0.05). Density of large 
cladocerans was low everywhere until in the last two weeks, density increased in the 
lake and in the control cages. Daphniid densities were high in the first 3 weeks 
especially in the lake (F(3fl42) = 78.37, P  <0.01), but thereafter decreased. Copepod 
nauplii showed a gradual increase throughout the study everywhere.

Lake herring and bloater larvae grew at similar rates throughout the study 
(Tab. I). The length-weight regression equations were W = 73.72 + 0.68Z, for 
herring, and W = -99 .68  + 8.30L for bloater. Herring grew at a faster rate in the first 
three weeks and bloater in the last four weeks; however, length and weights were 
equal at the end. The amount of food eaten by each fish was similar in pattern to the 
weight increase.

Fig. 1. Density of major zooplankton groups in Pickerel Lake and study cages in April-June 
1988. Symbols refer to cage type as follows: triangle -  open lake; circle -  control; diamond -  lake

herring; are -  bloater
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Table II. Linear food selection indices for invertebrate groups in stomachs of lake herring and 
bloater in Pickerel Lake in April-June 1988, and diet overlap index between the fish species

Week Fish Calanoid Cyclopoid Daphniid Lg. Clad8 Nauplii Sm. Clad. Overlap
Index

1 Bloater -0.085 0.268 0.370 -0.005 -0.404 -0.132 0.35

Herring -0.075 0.295 -0.005 0.014 -0.210 -0.019

2 Bloater -0.197 0.507 -0.131 -0.007 -0.210 0.038 0.48

Herring -0.105 0.055 -0.110 0.001 -0.210 0.401

3 Bloater -0.130 0.532 -0.050 0.008 -0.453 0.092 0.73

Herring -0.164 0.376 -0.032 0.002 -0.455 0.274

4 Bloater -0.029 0.016 0.041 0.007 -0.712 0.677 0.34a

Herring -0.022 0.016 -0.004 0.000 0.095 -0.053

5 Bloater -0.032 0.043 0.003 0.037 -0.619 0.566 0.93

Herring -0.005 -0.016 0.009 0.023 -0.571 0.560

6 Bloater -0.024 0.040 0.003 0.066 -0.773 0.687 0.91

Herring 0.031 -0.002 0.014 0.053 -0.645 0.549

7 Bloater -0.000 0.082 0.002 0.549 -0.807 0.174 0.96

Herring -0.042 0.132 0.013 0.569 -0.880 0.208
8 Index calculated from two separate dates.

The most abundant prey in the fish stomachs were small cladocerans, cyclopoid 
copepods and large cladocerans. Lake herring ate mostly B. longirostris and varying 
proportions of cyclopoid copepodites, and D. galeata mendotae in the first 2.5 
weeks, whereas bloaters mostly ate cyclopoid copepodites and varying proportions 
of B. longirostris and T. prasinus. In the third week the diet o f both species abruptly 
switched to mostly C. sphaericus; A. harpae, cyclopoid copepodites and adult 
copepods were also eaten frequently. This pattern continued until the last week  
when E. lamellatus became dominant in stomachs o f both fish species, though 
various copepods and small and large cladocerans were also eaten. Within the first 
three weeks, twelve lake herring and five bloaters had empty stomachs.

Bloaters consumed larger prey than lake herring in the first five weeks o f the 
study, thereafter lake herring ate larger prey (Fig. 2); the overall difference was not 
significant (F(U1243) = 4.80, P<0.12). However, the interaction was significant 
(F(6,H243) = 36.38, P<  0.01). The size of zooplankton in the lake was not significantly 
(P>0.25) different from the cages. Bloater and lake herring mean prey size was 
always larger than mean size of available prey inside the cages.

Although some differences were noted, food selection values and overall trends 
for both species were very similar throughout the study (Table II). Selection for
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Fig. 2. Mean length and standard error of zooplankton prey in the stomachs of lake herring and 
bloater larvae in Pickerel Lake in April-June 1988. Means and error bars associated with the 

dotted line refer to lake herring and with the dashed line to bloater

cyclopoid copepods and copepod nauplii decreased throughout the study, whereas 
selection for small eiadocerans increased. Calanoid copepods, daphniids, and large 
cladocerans were largely random selections except for large eiadocerans in week 7.

The index of diet overlap strongly increased with time of the study (Table II). 
The first week index averaged 35%, but by the seventh week the index showed 96% 
overlap. We could not calculate index values for four of the thirteen sampling dates 
because we lacked samples for one or the other fish species. The fourth week index 
value was calculated from two different dates. Overlap was much less in the 
beginning o f the study when zooplankton were more abundant than at the end.

4. DISCUSSION

Prey selection is defined as any difference between the environmental and dietary 
size and species distribution o f prey (E g g er  s 1977). Bloater and lake herring ate the 
largest of the prey available in the cages throughout the study, and larger prey were 
increasingly preferred in the last several weeks, especially large cladocerans. 
Although the high positive selection o f large cladocerans was partly a reflection o f  
low density, they were numerically dominant in the fish stomachs in the seventh 
week. Daphniids were not preferred even when their abundance dropped. Daphnia 
spp. are more quickly digested than other crustaceans ( G a n n o n  1976) and may 
have been missed as a result. The increased selection o f small cladocerans was 
probably a result o f their decreased density. The slight decrease in selection o f 
cyclopoid copepods can be partly attributed to a lesser density decrease, however, 
this lesser decrease may be the result of both fish eating more small cladocerans than 
cyclopoid copepods. Non-selection of calanoid copepods may be attributable to size
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and speed; they are a large and very elusive prey ( O ’ B r i e n  1979) and fish at this 
stage o f life would find them hard to catch. Both species ate the most abundant o f the 
largest prey that they could most easily capture. C on  fe r  and O ’ B r y a n  (1989) 
note that fish more likely feed on the largest prey that they can swallow.

Zooplankton in the lake were larger than zooplankton in the cages through most 
of the study. Daphniids were the main organisms in the lake and not present in the 
cages in the first four weeks, and calanoid copepods were the organisms in the last 
three weeks o f the study. Cyclopoid copepods, copcpod nauplii, and small 
cladocerans seemed to have free passage through the cage mesh because their 
densities were similar both inside and outside the cages. Some method of brushing 
the insides o f the cages without harming the fish might have allowed for freer 
passage of the larger zooplankton.

Cage selectivity was a probable contributor to the demise o f both lake herring 
and bloater in this study, although the long period o f high temperatures ( 22°C) was a 
great factor and ultimately terminated the study one week early; the upper lethal 
temperature for lake herring is about 26°C (E d s a 11, Co 1 b y 1970). Zooplankton in 
the lake were almost twice as large as those in the cages exccp : for weeks 4,6,  and 7. 
The lengths o f all zooplankton decreased after the second week. As the fishes grew 
larger, their prey got smaller and less abundant. The large zooplankton, in particular, 
became less available to them at a size when they needed larger prey; unavailable 
zooplankton sizes at required times can result in heavy larval mortality ( Ta y l o r ,  
F r e c b e r g  1984). Wa r r e n  and L e h m a n  (1988) found YOY bloater switching to 
Daphnia after 20 mm. Inside the cages, lake herring and bloater, as they increased in 
size, decimated the numbers o f the larger zooplankton probably to a level where it 
began affecting the fishes’ growth and survival. Bloater and lake herring are 
resistant to starvation-induced mortality but their growth may be affected ( R i c e  et 
al. 1987); the slower rate o f growth in the fishes in the last few weeks may be an 
indication o f insufficient food for growth. Growth even may have been retarded in 
earlier weeks because both herring and bloater did not average 16 mm total length 
until the fourth week, contrary to P r i t c h a r d  (1930) who estimated most 16 mm 
lake herring average three weeks.

Although the indices measure different relationships, the increase in similarity of 
selection patterns in this study is shown by the large increase in the overlap index 
through time. M a r t i n  (1984) views 0.60 as the significant level for overlap. This 
increase in overlap may indicate a potential for competition for food between these 
species as juveniles -  or may indicate a constriction o f the available resource. 
However, an artificial situation was probably set up by these fishes being in cages; 
the small cladocerans in particular probably had enhanced production from the 
abundant algal growth inside the cages. Overlap is usually highest among competing 
species when food is most abundant and becomes least when food is in short supply 
( S c h o e n e r  1982), opposite to what happened in this study. The size selectivity of 
the cages probably restricted the bloater and lake herring juveniles from fully 
exercising their options for food as they would in the Great Lakes.
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The possibility o f competition for food between bloater and lake herring in the 
Great Lakes is lessened by differences in their spawning and hatching times and 
locations. Lake herring spawn in November-December in shallow waters and hatch 
after spring breakup of surface ice in March ( S c o t t ,  C r o s s m a n  1973). In 
contrast, bloaters spawn in January-March and hatch in April-August and live 
below 73 m ( S c o t t ,  C r o s s  ma n  1973). A n d e r s o n  and S m i t h  (1971) found a 
negative effect on lake herring from competition with bloaters in western Lake 
Superior, but in most o f the Great Lakes, the bulk of the herring hatch much earlier 
than bloaters. The earlier hatch should relieve both species from competing with 
each other. Although larval and juvenile lake herring and bloater are o f a similar size 
and can eat the same type of food, the potential for competition between them is 
minimal. Competition for food with bloaters probably does not strongly contribute 
to low abundance of Great Lakes lake herring.
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I
 HAD VISITED EVERY STATE BUT IDAHO. A FEW MONTHS AGO, 

I finally got my opportunity to complete the roster o f 50 by 

driving east from Spokane, Washington, into western Idaho. 

As I crossed the state line, I made the same feeble attempt 

at humor that so many o f us try in similar situations: “Gee, it doesn’t look a bit dif­

ferent from easternmost W ashington.’’ 

feel the discomfort o f  discord between 

our mental needs and the world’s real­

ity. Much o f nature (including terrestrial 

real estate) is continuous, but both our

mental and political structures require 
divisions and categories. W e need to  
break large and continuous items into  
manageable units.

Many people feel the same way about 
species as I do about Idaho— but this 
feeling is wrong. Many people suppose 
that species must be arbitrary divisions 
o f  an evolutionary continuum  in the 
same way that state boundaries are con­
ventional divisions o f  unbroken land. 
Moreover, this is not merely an abstract 
issue o f scientific theory but a pressing 
concern o f  political reality. T he Endan­
gered Species Act, for example, sets pol­
icy (with substantial teeth) for the preser­
vation o f  species. But if  species are only 
arbitrary divisions in nature’s continuity, 
then what are we trying to preserve and 
how shall we define 
it? I write this arti­
cle  to  argue that 
such a reading o f  
evolutionary theory 
is wrong and that species are almost al­
ways objective entities in nature.

Let us start with som ething uncon- 
troversial: the bugs in your backyard. If  
you go out to make a complete collec­
tion o f all the lands o f  insects living in 
this small discrete space, you will col­

■ W e make such comments because we

lect easily definable “packages,” not in­
tergrading continua. You m ight find a 
kind o f  bee, three kinds o f  ants, a but­
terfly or two, several beetles, and a ci­
cada. You have sim ply validated  the  
com m onsense notion known to all: in 
any small space during any given m o­

ment, the animals we see belong to sep­
arate and definable groups— and we call 
these groups species.

In the eighteenth century this com ­
monsense observation was translated, im­
properly as we now know, into the cre­
ationist taxonomy o f Linnaeus. The great 
Swedish naturalist regarded species as 
G od’s created entities, and he gathered 
them together into genera, genera into or­
ders, and orders into classes, to form the 

taxonomic hierarchy 
that we all learned in 
high school (several 
more categories, fam­
ilies and phyla, for 
exam ple, have been  
added since Linnaeus’s 
time). The creationist 
version  reached its 
apogee in the writings 
o f America’s greatest 
nineteenth-century  
naturalist (and last 
truly sc ien tific  cre­
ationist), Louis Agas­
siz. Agassiz argued that 
species are incarna­
tions o f separate ideas 
in G od ’s m ind, and 
that higher categories 
(genera, orders, and so 
forth) are therefore  
maps o f  the interrela­
tionships am ong di­
vine thoughts. There­
fore, taxonomy is the 
most important o f all 
sciences because it  
gives us direct insight 

into the structure o f God’s mind.
Darwin changed this reverie forever 

by proving that species are related by the 
physical connection o f genealogical de­
scent. But this immensely satisfying res­
olution for the great puzzle o f  nature’s 
order engendered a subsidiary problem  
that Darwin never fully resolved: If all life 
is interconnected as a genealogical con­
tinuum, then what reality can species 
have? Are they not just arbitrary divisions

It’ s becoming a vital political issue. How should 
we define what we are trying to preserve?
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o f evolving lineages? And if so, how can 
the bugs in my backyard be ordered in 
separate units? In fact, the two greatest 
evolutionists o f the nineteenth century, 
Lamarck and Darwin, both  
questioned the reality of 
species on the basis o f  
th eir evo lu tion ary  
convictions. Lamarck 
w rote, “In vain  do 
naturalists consum e 
their time in describ­
ing new species”; while 
Darwin lam ented: “we 
shall have to treat species as . . .  merely 
artificial combinations made for conve­
n ien ce . T h is  m ay n o t be a ch eer in g  
prospect; but we shall at least be freed 
from the vain search for the undiscovered 
and undiscoverable essence o f the term  
species” (from the Origin o f Species).

But when we examine the technical 
writings o f both Lamarck and Darwin, 
our sense o f  paradox is h e igh ten ed . 
Darwin produced four long volumes on 
the taxonomy o f barnacles, using con­
v en tio n a l sp ec ies  for h is d iv is io n s. 
Lamarck spent seven years (1815-1822) 
publishing his generation’s standard, 
m ultivolum e com pendium  on the di­
versity o f animal life— Histoire naturelle 
des animaux sans vertebres, or Natural 
History o f Invertebrate Animals— all di­
vided into species, many o f  w hich he 
named for the first time himself. H ow  
can these two great evolutionists have 
denied a concept in theory and then  
used it so centrally and extensively in 
practice? To ask the q u estion  m ore  
generally: If the species is still a useful 
aixd4iecessaiy  concept, how can we de­
fine and justify ltas evolutionists?

time to a dog-size creature with several 
toes on each foot? Where did this “dawn 
horse,” or “eohippus,” stop and the next 
stage begin; at what m om ent did the 

penultimate stage become Equus 
cab alius} I now come to the 

two steps o f an answer. 
First, i f  each evolu-

Second, you might grasp the princi­
ple o f bushes and branching but still say: 
Yes, the ultimate products o f a branch be­
come objectively separate} out early on, 
while the branch is forming, no clear di­
vision can be made, and the precursors 
o f the two species that will emerge must 
blend indefinably (figure 1). And if  evo-

Figure 1. Species go.through a period of ambiguity while a new branch 
is.forming (B), and then become clearly separate (C).

.... mm tionary line were like a 
lon g  salam i, then  species 

would not be real and definable in time 
and space. But in almost all cases large- 
scale evolution is a story o f branching, 
not o f transformation in a single line—  
bushes, not ladders, in my usual formu­
lation. A branch on a bush is an objective 
division. One species rarely turns into an­
other by total transformation over its en­
tire geographic range. Rather, a small 
population becomes geographically iso­
lated from the rest o f the species— and 
this fragment changes to become a new  
species w hile the bulk o f  the parental 
population does not alter. “Dawn horse” 
is a m isnom er because rh in oceroses  
evolved from the same parental lineage. 
The lineage split at an objective branch­
ing point into two lines that became (af­
ter further events o f splitting) the great 
m odem groups o f horses (eight species, 
including asses and zebras) and rhinos (a 
sadly depleted group o f  formerly suc­
cessful species).

Failure to recognize that evolution  
is a bush and not a ladder 
leads to on e o f  the  
m ost com m on ver­
nacular m isconcep-

Figure-2. The time of ambiguity at the origin of the new species (B ).
from a parental fine (A) is relatively short.

The solution to this question requires 
a preamble and two steps. For the pream­
ble, let us acknowledge that the concep­
tual problem arises when we extend the 
“bugs in my backyard” example into time 
and space. A momentary slice of any con­
tinuum looks tolerably discrete; a slice of 
salami or a cross section o f a tree trunk 
freezes a complexly changing structure 
into an apparently stable entity. M odem  
horses are discrete and separate from all 
other existing species, but how can we 
call the horse (Equus caballus) a real and 
definable entity if  we can trace an un­
broken genealogical series back through

tions about human bi- 'If
o lo g y . P e o p le  o fte n  
challenge me: “If humans rtfj f i t
evolved from apes, why are I§Pp
apes still around?” To anyone 
w ho u n d erstan d s th e p r in c ip le  o f  
bushes, there simply is no problem: the 
human lineage em erged as a branch, 
while the rest o f the trunk continued as 
apes (and branched several more times 
to yield m odem  chimps, gorillas, and so 
on). But if you think that evolution is a 
ladder or a salami, then an emergence 
of humans from apes should mean the 
elimination o f apes by transformation.

lution is gradual and continuous, and if  
most o f a species’ duration is spent in this 
state o f incipient formation, then species 
will not be objectively definable during 
most o f their geologic lifetimes.

Fair enough as an argument, but the 
premise is wrong. N ew  species do (and 
must) have this period o f  initial ambi­
guity. But sp ecies em erge relatively  
quickly, compared with their period o f  
later stability, and then live for long pe­
riods— often  m illions o f  years—with  
minimal change (figure 2). N ow , sup­
pose that on average (and this is prob­
ably a fair estimate), species spend one 
percent o f  their geologic lifetim es in 
this initial state o f imperfect separation. 
Then, on average, about one species in 
a hundred will encounter problems in 
definition, w hile the other 99 w ill be 
discrete and objectively separate— cross 
sections o f  branches showing no con­
fluence with others (C, figure 1). Thus, 
the principle o f bushes, and the speed 
o f  branching, reso lve the supposed  
paradox: continuous evolution can and 

does yield a world in which the vast 
majority o f species are sep­

arate from all others and 
clearly definable at any 
moment in time. Species 
are n a tu re’s o b jectiv e  

packages.
I have given a historical 

definition of species—as unique 
and separate branches on nature’s 

bush. We also need a functional def­
inition, if  only because historical evi­

dence (in the form o f a complete fossil 
record) is usually unavailable. T he stan­
dard criterion, in use at least since the days 
of the great French naturalist Georges de 
Buffon (a contemporary of Linnaeus), in­
vokes the capacity for interbreeding. 
Members of a species can breed with oth­
ers in the same species but not with indi­
viduals belonging to different species.

This functional criterion is a conse­
quence of the historical definition: distinct

;
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separateness o f  a branch emerges only  
with the attainment o f sufficient evolu­
tionary distance to preclude interbreed­
ing, for otherwise the branch is not an 
irrevocably separate entity and can amal­
gamate with the parental population. Ex­
ceptions exist, but the reproductive crite­
rion generally works well and gives rise 
to the standard one-liner for a textbook 
definition o f a species: “a population o f  
actually or potentially reproducing or­
ganisms sharing a common gene pool.”

M u c h  o f  t h e  o r d i n a r y  a c t i v i t y  

of evolutionary biologists is devoted 
to learning whether or not the groups they 
study are separate species by this criterion 
of “reproductive isolation.” Such sepa­
rateness can be based on a variety o f fee- 
tors, collectively termed “isolating mech­
anisms”: for example, genetic programs so 
different that an embryo cannot form even 
if egg and sperm unite; behaviors that lead 
members o f one species to shun individ­
uals from other populations; even some­
thing so mundane as breeding at different 
times o f the year, or in different parts o f  
the habitat—say, for example, on apple 
trees rather than on plum trees— so that 
contact can never take place. (We exclude 
simple geographic separation—living on 
different continents, for example— be­
cause an isolating mechanism must work 
when actively challenged by 
a potential for inter­
breeding through  
spatial contact I do 
n ot b elon g  to a 
separate sp e c ie s  
from my brethren 
in Brazil just b e­
cause I have never 
been there. Similarly, 
reproductive isolation 
must be assessed by or­
dinary behavior in a state 
of nature. Some truly sep­
arate species can be induced to interbreed 
in zoos and laboratories. The feet that zoos 
can make tdglons— tiger-lion hybrids—  
does not challenge the separate status 
o f the two popula­
tions as species in Figure 3. Branches are objective species. But the clusters they form 
nature.) (A and B) are classified partly according to human conventions.

M o d e r n  h u -

ficially striking aspects o f size, skin color, 
and hair form, but there is astonishingly 
little overall genetic difference among 
our so-called races. Above all (the func­
tional criterion), we can all interbreed 
with one another (and do so with avid­
ity, always, and all over the world), but 
not with any member o f another species 
(movies about flies notwithstanding). We 
are often reminded, quite correctly, that 
we are very similar in overall genetic  
program to our nearest cousin, the chim­
panzee— but no one would mistake a 
single individual o f  either species, and 
we do not hybridize (again, various sci­
ence fictions notwithstanding).

I do not say that these criteria are free 
from exceptions; nature is nothing if not 
a domain o f exceptions, where an exam­
ple against any clean generality can al­
ways be found. Some distinct popula­
tions o f  plants, for exam ple, can and 
frequendy do interbreed with others that 
ought to be separate species by all other 
standards. (This is why the classification 
of certain groups— the rhododendrons, 
for example— is such a mess.) But the 
criteria w ork in the vast m ajority o f  
cases, including humans. Species are not 
arbitrary units, constructed for human 
co n v en ien ce , in  d iv id in g  con tin u a . 
Species are the real and objective items 
of nature’s morphology. T h ey  are “out 
there” in the world as historically dis­

tinct and functionally separate 
populations “with their own 

historical role and ten ­
dency” (as the other text- 
b ook  o n e -lin e r  p ro ­
claims).

Species are unique in 
the Liniiaean hierarchy a1> 

thdjl t iy c a te g o^^ tH T tic lY  
objectivity. AlThigfreTTimts2—̂ 

genera/femilies, phyla, et cetera- are
human conventions in the following im­
portant respect. T he evolutionary tree 
itself is objective; the branches (species) 
emerge, grow, and form clusters by sub­
sequent branching. T he clusters (figure 
3) are clearly discernible. But the status

mans (species Homo sapiens) fit these cri­
teria admirably. W e are now spread all 
over the world in great numbers, but we 
began as a little twig in Africa (the his­
torical criterion). W e may look quite dif­
ferent from one another in a few super-

we award to these so-called higher taxa 
(clustery o f  branches with a single root 
o f  com m on evolutionary ancestry) is 
partly ajmatterjof human decision. Clus- 
ters A and B in the figure are groups o f  
species w ith  a com m on parent. Each
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branch in each cluster is an objective 
species. But what are the clusters them­
selves? Are they two genera or two fam­
ilies? Our decision on this question is 
partly a m atter o f  hum an preference 
constrained bv the rules o flogic and the 
facts o f nature. (For example, we cannot t 
take one species from cluster A and one 
from cluster B and put them together as 

single genus—for this would violate the 
rule that all members o f a higher taxon 
ftu st share a common ancestor without 
excluding other species that are more 
closely related to the common ancestor. 
W e cannot put domestic cats and dogs 
in one family while classifying lions and
wolves in another.) ------
^  T he taxonomic hierarcljiy recognizes  ̂
only one unit below^species^the sub­
species. h ike higher taxa, subspecies are 
also pardy objective but pardy based on 
Hiiman decisionrSubspecie^are defined 
as distinctivCsubpopufations)that live 
in a d e f in ite le g r a p h ic  subsection o f  
the entire ran ge^ Tthe Species. I can­
n o t, fcft exam p le, p luckfout aUTall 
mem bers o f  a species, or all red indi­
viduals, wherever they occur over the 
full geographic range, and establish  
them as subspecies. A subspecies must

iSB
m e
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be a d istinct geo g raphijp subpopula- 
tion—not y^t^volyjdTarehoughfr) be- 
com eTseparStg^pecies in its own right 
but different enough from other sub­
populations (in terms o f  anatomy, ge-. 
netic structure, physiology, or behav- 

f)ior) th a t a ta x o n o m is t  c h o o se s  to  
m em o ria lize  th e d ist in c tio n  w ith  a 
name. Yet subspecies cannot be irrevo­
cably unique natural populations (like 
full species) for tworeasons: First, the 
decision to name them  rests with hu 
‘man taxonomists, and isn’t solely di c ^  
tated by nature^. Second, they are, by  
definition, still capable of  interbreed­
in g"with o tfrerT u b p o p ^  
species and are, therefore, im perm a- 

> nent and subject to  reamalgam ation.

Th i s  d i f f e r e n c e  b e t w e e n  s p e c i e s  |  

and subspecies becomes important in 
practice because our Endangered Species 
Act currently mandates the protectionof 
subspeciesasw ell. I dp n o t  dispute the 
act’s intention or its teeth, for many sub- 
species~do m anifest distinctly evolved  
properties o f  great value and wonder 
(even if  these properties do not render 
them reproductively isolated from other 
populations o f  the species). W e would  
not, after all, condone the genocide o f all 
Caucasian human beings because mem-

ness is gone forever. Each species is a re­
markably com plex product o f  evolu­
tion— a branch on a tree that is billions 
o f  years old. All the king’s horses and 
m en faced an easy problem compared 
with what we would encounter if we tried 
to reconstitute a lost species. Reassem­
bling H um pty-D um pty is just an ex­
ceedingly complex jigsaw puzzle, for the 
pieces lie at the base o f the wall. There 
are no pieces left when the last dodo dies.

But all species eventually die in the 
fullness o f  geologic time, so why should 
we worry? In the words o f  Tennyson  
(who died exactly 100 years ago, so the 
fact is no secret):

From scarped cliff and quarried stone 
She cries, “A thousand types are gone:

I care for nothing. All shall go.”
(From In Memoriam.)

T h e argument is true, but the time 
scale is wrong for our ethical concerns. 
W e live our lives within geologic instants, 
and we should make our moral decisions 
at this proper scale— not at the micro­
moment o f thoughtless exploitation for 
personal profit and public harm; but not 
at Earth’s time scale o f  billions o f  years 
e ith er  (a grand irrelevan cy for our 
species’ potential tenure o f thousands or, 
at most, a few million years).

W e do n ot let children succumb tobers o f other races would still exist; hu-j)^> w e  ao n o t ier cmiuren su a m uu 
man races, if  formally recognized at?afl/^  easily  curablelnfecfions just Becat^e
are subspecies based on our original ge- 
ographic separations. But sipee sub­
species dcTnot have the same objective 
status as species (and since not all distinct 
local populations bear separate names), 
argument over wKaFdoes and does not 
m ^ f pmtecSon isinevitable. Most o f the 
m ajor eco log ica l w rangles o f  recent l 

] years—rows over the Mount Graham red I 
squirrel or the Northern spotted owl—  1 

\involve subspecies, not species.
These taxonomic issues were once ab­

stract, however important They are now  
immediate and vital— and all educated 
people m ust understand them  in the  
midst o f our current crisis in biodiversity 
and extinction. I therefore close with two 
observations.

By grasping the objective status o f  
species as feaTum t^^ un­
d e r s ta n d ^  \
d h ^ M ^  foFhfrman convenience), we 
ma^TbeiSrcom ratio-
nale for theirffreservation. You can ex­
punge an arbitrary idea by rearranging 
you r con cep tu a l w orld . But w hen  a 

i species dies, an item o f natural unique-

we
k n o v T h ^  must die eventually.
N either should"weT6ndbne ourcurrent 
massive wipeout o f  species because all 
eventually become extinct. T he rnass ex­
tinctions o f  our geologic past may have 
cleared space and created new evolu­
tionary opportunity—but it takes up to 
10 million years to reestablish an inter­
esting new world, and what can such an 
interval mean to us? Mass extinctions 
may have geologically distant benefits, 
but life in the midst o f such an event is 
maximally unpleasant—and that, friends, 
is where we now reside, I fear.

Species are living, breathing items o f  
nature. W e lose a bit o f  our collective 
soul when we drive species (and their en­
tire lineages with them), prematurely and 
in large numbers, to oblivion. Tennyson, 
paraphrasing G oethe, hoped that we 
could transcend such errors when he 
wrote, in the same poem:

I held it truth, with him who sings 
To one clear harp in divers tones 
That men may rise on stepping-stones

Of their dead selves to higher things. @ .



■  POLICY FORUM

Uncertainty, Resource Exploitation, and 
Conservation: Lessons from History

Donald Ludwig, Ray Hilborn, Carl Walters

j  T here are currently many plans for sustain­
able use or sustainable development that 
are founded upon scientific information and 
consensus. Such ideas reflect ignorance of 
the history of resource exploitation and 
misunderstanding of the possibility of 
achieving scientific consensus concerning 
resources and the environment. Although 
there is considerable variation in detail, 
there is remarkable consistency in the his­
tory of resource exploitation: resources are 
inevitably overexploited, often to the point 
of collapse or extinction. We suggest that 
such consistency is due to the following 
common features: (i) Wealth or the pros­
pect of wealth generates political and social 
power that is used to promote unlimited 
exploitation of resources, (ii) Scientific un­
derstanding and consensus is hampered by 
the lack of controls and replicates, so that 
each new problem involves learning about a 
new system, (iii) The complexity of the 
underlying biological and physical systems 
precludes a reductionist approach to man­
agement. Optimum levels of exploitation 
must be determined by trial and error, (iv) 
Large levels of natural variability mask the 
effects of overexploitation. Initial overex­
ploitation is not detectable until it is severe 
and often irreversible.

In such circumstances, assigning causes 
to past events is problematical, future 
events cannot be predicted, and even well- 
meaning attempts to exploit responsibly 
may lead to disastrous consequences. Legis­
lation concerning the environment often 
requires environmental or economic impact 
assessment before action is taken. Such 
impact assessment is supposed to be based 
upon scientific consensus. For the reasons 
given above, such consensus is seldom 
achieved, even after collapse of the re­
source.

For some years the concept of maximum 
sustained yield (MSY) guided efforts at fish­
eries management. There is now wide­
spread agreement that this concept was 
unfortunate. Larkin (i) concluded that 
fisheries scientists have been unable to con­
trol the technique, distribution, and
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amount of fishing effort. The consequence 
has been the elimination of some substocks, 
such as herring, cod, ocean perch, salmon, 
and lake trout. He concluded that an MSY 
based upon the analysis of the historic 
statistics of a fishery is not attainable on a 
sustained basis. Support for Larkin’s view is 
provided by a number of reviews of the 
history of fisheries (2). Few fisheries exhibit 
steady abundance (3).

h  is more appropriate to think of re­
sources as managing humans than the con­
verse: the larger and the more immediate 
are prospects for gain, the greater the polit­
ical power that is used to facilitate unlim­
ited exploitation. The classic illustrations 
are gold rushes. Where large and immediate 
gains are in prospect, politicians and gov­
ernments tend to ally themselves with spe­
cial interest groups in order to facilitate the 
exploitation. Forests throughout the world 
have been destroyed by wasteful and short­
sighted forestry practices. In many cases, 
governments eventually subsidize the ex­
port of forest products in order to delay the 
unemployment that results when local tim­
ber supplies run out or become uneconomic 
to harvest and process (4). These practices 
lead to rapid mining of old-growth forests; 
they imply that timber supplies must inev­
itably decrease in the future.

Harvesting of irregular or fluctuating re­
sources is subject to a ratchet effect (3): 
during relatively stable periods, harvesting 
rates tend to stabilize at positions predicted 
by steady-state bioeconomic theory. Such 
levels are often excessive. Then a sequence 
of good years encourages additional invest­
ment in vessels or processing capacity. 
When conditions return to normal or below 
normal, the industry appeals to the govern­
ment for help; often substantial invest­
ments and many jobs are at stake. The 
governmental response typically is direct or 
indirect subsidies. These may be thought of 
initially as temporary, but their effect is to 
encourage overharvesting. The ratchet ef­
fect is caused by the lack of inhibition on 
investments during good periods, but strong 
pressure not to disinvest during poor peri­
ods. The long-term outcome is a heavily 
subsidized industry that overharvests the 
resource.

The history of harvests of Pacific salmon 
provides an interesting contrast to the usual 
bleak picture. Pacific salmon harvests rose 
rapidly in the first part of this century as

markets were developed and technology 
improved, but most stocks were eventually 
overexploited, and many were lost as a 
result of overharvesting, dams, and habitat 
loss. However, in the past 30 years more 
fish have been allowed to spawn and high 
seas interception has been reduced, allow­
ing for better stock management. Oceano­
graphic conditions appear to have been 
favorable: Alaska has produced record 
catches of salmon and British Columbia has 
had record returns of its most valuable 
species (5).

We propose that we shall never attain KB  
scientific consensus concerning theIrysterns 
tE t^ B d M c x p lo ite d . iTere have been a 
number of spectacular failures to exploit 
resources sustainably, but to date there is no 
agreement about the causes of these fail­
ures. Radovitch (6) reviewed the case of 
the California sardine and pointed out that 
early in the history of exploitation scientists 
from the (then) California ̂ Division of Fish 
and Game issued wamings that the com-’TV^*' 
mercial explditation of the fishery could not 
increase without limits and recommended 
that an annual sardine quota be established 
to keep the population from being over- s  ̂
fished. This recommendation was opposed 4?*^ 
by the fishing industry, which was able to 
identify scientists who would state that it 
was virtually impossible to overfish a pelagic 
species. The debate persists today.

After the collapse of the Pacific sardine, 
the Peruvian anchoveta was targeted as a 
source of fish meal for cattle feed. The 
result was the most spectacular collapse in 
the history of fisheries exploitation: the 
yield decreased from a high of 10 million 
metric tons to near zero in a few years. The 
stock, the collapse, and the associated 
oceanographic events have been the subject 
of extensive study, both before and after the 
event. There remains no general agreement 
about the relative importance of El Nifto 
events and continued exploitation as causes 
of collapse in this fishery (7).

The great difficulty in achieving consen­
sus concerning past events and a fortiori in 
prediction of future events is that con­
trolled and replicated experiments are im­
possible to perform in large-scale systems. 
Therefore there is ample scope for differing 
interpretations. There are great obstacles to 
any sort of experimental approach to man­
agement because experiments involve re­
duction in yield (a^ieast for the short term) 
without any guarantee of increased yields in 
the future (8). Even in the case of Pacific 
salmon stocks that have been extensively 
monitored for many years, one cannot as­
sert with any confidence that present levels 
of exploitation are anywhere near optimal 
because the requisite experiments would

(Continued on page 36)

SCIENCE • VOL. 260 2 APRIL 1993 17



f . l

(Contmued from page 17)

involve short-term losses for the industry 
(9). The impossibility of estimating the 
sustained yield without reducing fishing ef­
fort can be demonstrated from statistical 
arguments (10). These results suggest that 
sustainable exploitation cannot be achieved 
without first overexploiting the resource.

lems, but not to remedy them. The judg­
ment of scientist is “often heavily influ­
enced by their training in their respective 
disciplines, but the most important issues 
^involving resources and the environment 
involve interactions whose understanding 
must involve many disciplines. Scientists 
and their judgments are subject to political 

sure (15).nouc nrst overexploiting tne resource. pressure {Ij ).
The difficulties that have been e x p e r t - D i s t r u s t  claims of sustainability. Be

enced in understanding and prediction in 
fisheries are compounded for the even larger 
scales involved in understanding and pre­
dicting phenomena of major concern, such 
as global warming and other possible atmo­
spheric changes. Some of the time scales 
involved are so long that observational stud­
ies are unlikely to provide timely indications 
of required actions or the consequences of 
failing to take remedial measures.

Scientific certainty and consensus in it­
self would not prevent overexploitation and
destruction of resources. Many practices/jphiosphere is research 

here there is abun-^^standard researchcontinue even in cases where p P IIL  _̂___
dam scientific evidence that they are ulti-^ 
mately destructive. An outstanding exam­
ple is the use of irrigation in arid lands. 
Approximately 3000 years ago in Sumer, 
the once highly productive wheat crop had 
to be replaced by barley because barley was 
more salt-resistant. The salty soil was the 
result of irrigation (II).  E. W. Hilgard 
pointed out in 1899 that the consequences 
of planned irrigation in California would b©'-=~ 
similar (12). His warnings were not heeded 
(13). Thus 3000 yean of experience and a 
good scientific understanding of the phe­
nomena, their causes, and the appropriate 
prophylactic measures are not sufficient to 
prevent the misuse and consequent destruc­
tion of resources.

cause past resource exploitation has sel­
dom been sustainable, any new plan that 
involves claims of sustainability should be 
suspect. One should inquire how the dif­
ficulties that have been encountered in 
past resource exploitation are to be over­
come. The work of the Brundland Com­
mission (16) suffers from continual refer­
ences to sustainability that is to be 
achieved in an unspecified way. Recently 
some of the world’s leading ecologists have 
claimed that the *key j p  a sustainable 

jbrT a long list of 
topics in ecology (17).

Some Principles of 
Effective Management

Such a clainfthat basic research will (in 
an unspecified way) lead to sustainable use 
of resources in the face of a growing 
human population may lead to a false 
complacency: instead of addressing the 
problems of population growth and exces­
sive use of resources, we may avoid such 
difficult issues by spending money on basic
ecological research:—  I--------

5) Confront uncertainty. Once we free 
ourselves from the illusion that science or 
technology (if lavishlyTundcxi) can provide 
a solution to resource or’conservation prob­
lems, appropriate action becomes possible. 
Effective policies are possible under condi- 

*aon s of uncertainty, but they must take 
uncertainty into account. There is a well- 
developed theory of decision-making under 
uncertainty (18). In the present context, 
theoretical niceties are not required. Most

À

principles of decision-making under uncer-" 
Our lack of understanding and inability t o ^  tainty are simply common sense. We must 
predict mandate a much more cautious consider a variety of plausible hypotheses 
approach to resource exploitation than is 
the norm. Here are some suggestions for 
management.

1) Include human motivation and re­
sponses as part of the system to be studied 
and managed. The shortsightedness and 
greed of humans underlie difficulties in 
management of resources, although the dif­
ficulties may manifest themselves as biolog­
ical problems of the stock under exploita­
tion (2).

2) Act before scientific consensus is 
achieved. We do not require any additional 
scientific studies before taking action to 
curb human activities that effect global 
warming, ozone depletion, pollution, and 
depletion of fossil fuels. Calls for additional 
research may be mere delaying tactics (14).

3) Rely on scientists to recognize prob-

about the world; consider a variety of pos 
sible strategies; favor actions that are robust 
to uncertainties; hedge; favor actions that\ 
are informative; probe and experiment; 
monitor results; update assessments and 
modify policy accordingly; and favor ac­
tions that are reversible. -

Political leaden at levels ranging from 
world summits to local communities base 
their policies upon a misguided view of the 
dynamics of resource exploitation. Scien­
tists have been active in pointing out envi­
ronmental degradation and consequent haz­
ards to human life, and possibly to life as we 
know it on Earth. But by and large the 
scientific community has helped to perpet­
uate the illusion of sustainable development 
through scientific and technological prog­
ress. Resource problems are not really envi­

36 SCIENCE VOL. 260 2 APRIL 1993

ronmental problems: They are human prob­
lems that we have created at many times 
and in many places, under a variety* of 
political, social, and economic systems 
(19).
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t j o w u  t f  p u fABSTRACT Several subfamilies of the salmonid Hpa I 
short interspersed element (SINE) family were isolated from 
salmonid genomes and were sequenced. For each genomic locus 
that represented the subfamily, amplification by PCR of the 
orthologous loci in the 12 fish allowed us to determine the order 
of branching of the Pacific salmonid species. The deduced 
phylogeny suggests three evolutionary lines, namely, a line of 
chum salmon, pink salmon, and kokanee; a line of coho salmon 
and chinook salmon; and a line of steelhead trout. Our data also 
support a change in the phylogenetic assignment of steelhead 
trout from Salmo to Oncorhynchus. We present here an 
extensive phylogenetic tree constructed from an analysis of 
differential insertion of SINEs, and we propose that SINE 
insertion analysis is one of the best available methods for 
clarifying the order of divergence of closely related species.

not in other species (16).
SINEs were amplified sp 
lineages during evolution.

Our data prompted us to attempt to construct a phyloge­
netic tree for the salmonid species by using SINE insertions 
as irreversible events that would serve as informative mark­
ers of evolution. In this report, we present a characterization 
of the four subfamilies of the Hpa I family.t These subfam­
ilies were amplified in the four different ancestral species 
within the genus Oncorhynchus. Such characterization pro­
vides a highly reliable order of branching of the various 
species of Oncorhynchus.

M ATERIALS AND M ETHODS 
Experiments were performed by using standard techniques

A retroposon is defined as a nucleotide sequence, present 
initially as a cellular RNA transcript, that has been reincor­
porated into the genome, presumably via a cDNA interme­
diate. Retroposons constitute roughly 10% of the human 
genome and are similarly abundant in other mammalian 
genomes (1, 2). As a result, the remarkable fluidity of 
eukaryotic genomes reflects the contributions of retroposi- 
tion (2) as well as mechanisms operating at the DNA level 
such as mutation and recombination (1-4). Retroposons can 
be unique to one species, a few species, a genus, or in some 
cases a family. Retroposition is therefore a specialized form 
of gene duplication, which is believed to be of major impor­
tance in the creation of genetic diversity during evolution (5).

Nonviral retroposons are classified into three main groups: 
processed retropseudogenes, LINEs (long interspersed ele­
ments), and SINEs (short interspersed elements) (6). Except 
for the rodent type 1 and human Alu families (7, 8), all of the 
SINE families examined to date have been shown to be 
derived from tRNAs (9-14). In contrast to DNA transposable 
elements, which are often capable of being excised precisely, 
SINEs appear to be inserted irreversibly and should therefore 
provide an ideal evolutionary and phylogenetic marker (4).

The Pacific salmon and trout; (Oncorhynchus) are a group 
of closely related species with complex life histories and an 
interesting global distribution (reviewed in ref. 15). Previ­
ously, in an attempt to elucidate a possible role of SINEs in 
the genomic organization and speciation of salmonids, we 
characterized three families of tRNA-derived SINEs in 
salmonid genomes (16, 17). The salmon Sma I family is 
restricted to the genomes of chum salmon and pink salmon. 
The charr Fok I family is present only in species that belong 
to the genus Salvelinus. The third family, the salmonid Hpa 
I family, is present in all species in the family Salmonidae but
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(18-21).
The fish species examined in this study and their geo­

graphic sources are listed in Table 1. The family Salmonidae 
consists mainly of four genera: Oncorhynchus, Salmo, 
Salvelinus, and Hucho. The genus Oncorhynchus includes 
eight species, of which six species were analyzed in this 
study. Genomic DNAs from chum salmon (O. keta), kokanee 
(0. nerka adonis), and coho salmon (0 . kisutch) were used to 
construct three genomic libraries. Each genomic library was 
screened for phage clones that contained the salmonid Hpa 
I family and their sequences were determined by the chain- 
termination method (19). When a unit of the family appeared 
to be integrated into a unique region of the genome, we 
synthesized 5' and 3 ' 20-meric primers that flanked the unit. 
Then PCR was performed (20), using the DNAs from the 12 
listed species as templates. Each locus was named after the 
number of the clone and the name of the species from which 
it was isolated. For example, when a phage clone was isolated 
from the genomic library of kokanee and the number of the 
clone was 345, the locus was named Hpa(ON)-345 (where ON 
stands for O. nerka). The orthologous loci of chum salmon 
(0 . keta), pink salmon (O. gorbuscha), coho salmon (0. 
kisutch), and steelhead trout (0 . my kiss), which could be 
detected by PCR, were named Hpa(OK)-345, Hpa(OG)-345, 
Hpa(OKi)-345, and Hpa(OMy)-345, respectively. To confirm 
the presence or absence of a SINE unit, Southern hybrid­
ization experiments were performed (21) and several se­
quences of products of PCR at the orthologous loci were 
determined. To distinguish different loci from one another, 
different numbering systems were adopted for the different 
genomic libraries.

Abbreviation: SINE, short interspersed element.
*To whom reprint requests should be sent at the present address: 
Faculty of Bioscience and Biotechnology, Tokyo Institute of Tech­
nology, 4259 Nagatsuta-cho, Midori-ku, Yokohama 227, Japan. 

*The sequences reported in this paper have been deposited in the 
GenBank data base (accession nos. D16238-D16246).

6995



Proc. Natl. Acad. Sci. USA
VolJ 90, pp. 6995-6999, August 1993
Genetics

D eterm ination  o f  the phylogenetic relationsh ips am ong P acific  
salm onids by u sin g  short in tersp ersed  elem en ts (SIN E s) as 
tem poral landm arks o f  evolution

(retroposon/PCR/phytogeny /orthologous locus/salmon)

S h ig en o r i M u r a t a , N o bu y o sh i T a k asaki, M asako  Sa it o h , a n d  N o r ih ir o  O k a d a *
Institute o f  B iological S c ien ces , U niversity  o f  T sukuba, Tsukuba 305, Ibaraki, Japan, and Faculty o f  B ioscien ce and B iotech nology , T ok yo  Institu te o f  
T echn ology, 4259 N agatsuta-cho, M idori-ku, Y okoham a 227, Japan

Communicated by C. Clark Cockerham, March 31, 1993 (received for review November 20, 1992)

ABSTRACT Several subfamilies of the salmonid Hpa I 
short interspersed element (SINE) family were isolated from 
salmonid genomes and were sequenced. For each genomic locus 
that represented the subfamily, amplification by PCR of the 
orthologous loci in the 12 fish allowed us to determine the order 
of branching of the Pacific salmonid species. The deduced 
phylogeny suggests three evolutionary lines, namely, a line of 
chum salmon, pink salmon, and kokanee; a line of coho salmon 
and Chinook salmon; and a line of steelhead trout. Our data also 
support a change in the phylogenetic assignment of steelhead 
trout from Salmo to Oncorhynchus. We present here an 
extensive phylogenetic tree constructed from an analysis of 
differential insertion of SINEs, and we propose that SINE 
insertion analysis is one of the best available methods for 
clarifying the order of divergence of closely related species.

A retroposon is defined as a nucleotide sequence, present 
initially as a cellular RNA transcript, that has been reincor­
porated into the genome, presumably via a cDNA interme­
diate. Retroposons constitute roughly 10% of the human 
genome and are similarly abundant in other mammalian 
genomes (1, 2). As a result, the remarkable fluidity of 
eukaryotic genomes reflects the contributions of retroposi- 
tion (2) as well as mechanisms operating at the DNA level 
such as mutation and recombination (1-4). Retroposons can 
be unique to one species, a few species, a genus, or in some 
cases a family. Retroposition is therefore a specialized form 
of gene duplication, which is believed to be of major impor­
tance in the creation of genetic diversity during evolution (5).

Non viral retroposons are classified into three main groups: 
processed retropseudogenes, LINEs (long interspersed ele­
ments), and SINEs (short interspersed elements) (6). Except 
for the rodent type 1 and human Alu families (7, 8), all of the 
SINE families examined to date have been shown to be 
derived from tRNAs (9-14). In contrast to DNA transposable 
elements, which are often capable of being excised precisely, 
SINEs appear to be inserted irreversibly and should therefore 
provide an ideal evolutionary and phylogenetic marker (4).

The Pacific salmon and trout; (Oncorhynchus) are a group 
of closely related species with complex life histories and an 
interesting global distribution (reviewed in ref. 15). Previ­
ously, in an attempt to elucidate a possible role of SINEs in 
the genomic organization and speciation of salmonids, we 
characterized three families of tRNA-derived SINEs in 
salmonid genomes (16, 17). The salmon Sma I family is 
restricted to the genomes of chum salmon and pink salmon. 
The charr Fok I family is present only in species that belong 
to the genus Salvelinus. The third family, the salmonid Hpa 
I family, is present in all species in the family Salmonidae but

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked **advertisement” 
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

not in other species (16). These results suggest that these 
SINEs were amplified specifically within certain salmonid 
lineages during evolution.

Our data prompted us to attempt to construct a phyloge­
netic tree for the salmonid species by using SINE insertions 
as irreversible events that would serve as informative mark­
ers of evolution. In this report, we present a characterization 
of the four subfamilies of the Hpa I family.t These subfam­
ilies were amplified in the four different ancestral species * 
within the genus Oncorhynchus. Such characterization pro­
vides a highly reliable order of branching of the various 
species of Oncorhynchus.

MATERIALS AND M ETHODS
Experiments were performed by using standard techniques 

(18-21).
The fish species examined in this study and their geo­

graphic sources are listed in Table 1. The family Salmonidae 
consists mainly of four genera: Oncorhynchus, Salmo, 
Salvelinus, and Hucho. The genus Oncorhynchus includes 
eight species, of which six species were analyzed in this 
study. Genomic DNAs from chum salmon (O. keta), kokanee 
(0 . nerka adonis), and coho salmon (0 . kisutch) were used to 
construct three genomic libraries. Each genomic library was 
screened for phage clones that contained the salmonid Hpa 
I family and their sequences were determined by the chain- 
termination method (19). When a unit of the family appeared 
to be integrated into a unique region of the genome, we 
synthesized 5' and 3' 20-meric primers that flanked the unit. 
Then PCR was performed (20), using the DNAs from the 12 
listed species as templates. Each locus was named after the 
number of the clone and the name of the species from which 
it was isolated. For example, when a phage clone was isolated 
from the genomic library of kokanee and the number of the 
clone was 345, the locus was named Hpa(ON)-345 (where ON 
stands for O. nerka). The orthologous loci of chum salmon 
(0 . keta), pink salmon (0. gorbuscha), coho salmon (0. 
kisutch), and steelhead trout (0 . my kiss), which could be 
detected by PCR, were named Hpa(OK)-345, Hpa(OG)-345, 
Hpa(OKi)-345, and Hpa(OMy)-345, respectively. To confirm 
the presence or absence of a SINE unit, Southern hybrid­
ization experiments were performed (21) and several se­
quences of products of PCR at the orthologous loci were 
determined. To distinguish different loci from one another, 
different numbering systems were adopted for the different 
genomic libraries.

Abbreviation: SINE, short interspersed element.
*To whom reprint requests should be sent at the present address: 
Faculty of Bioscience and Biotechnology, Tokyo Institute of Tech­
nology, 4259 Nagatsuta-cho, Midori-ku, Yokohama 22?, Japan. 

+The sequences reported in this paper have been deposited in the 
GenBank data base (accession nos. D16238-D16246).
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Science and sustainability1

No term receives more attention in discussions 
of environmental management than “ sustaina­
bility.” On the other hand, perhaps no term is 
less well understood, even though sustainability 
was the keystone concept in the Ecological So­
ciety of America’s Lubchenco report (Lubchenco 
et al. 1991), and provided the basis for the catchy 
title “Sustainable Biosphere Initiative.” Is sus­
tainability a well-defined concept? Is it an ap­
propriate goal for management? And if it is, does 
human avarice make its realization impossible? 
Are limitations to achieving sustainability based 
on our lack of knowledge o f what needs to be 
done, or are any such limitations sociological in 
origin? Is a goal o f sustainability a call for more 
basic research, or are such calls self-serving and 
irrelevant?

In a provocative and thoughtful paper (Ludwig 
et ai. 1993), reprinted here from Science, Ludwig, 
Hilbom, and Walters argue that claims that “ba­
sic research wil l . . .  lead to sustainable use of 
resources in the face o f a growing human pop­
ulation may lead to a false complacency; instead 
of addressing the problems of population growth 
and excessive use o f resources, we may avoid 
such difficult issues by spending money on basic 
ecological research.” Because of the importance 
of the issues addressed by Ludwig et al. and the 
attention that the paper drew (e.g., Stevens 1993), 
I invited the authors to elaborate on their ideas 
in the pages that follow, and simultaneously in­
vited a distinguished group of ecologists and en­
vironmental scientists to comment on the orig­
inal paper. None of the commentators saw the 
contributions of others, except to the extent that 
they may have shared them among themselves. 
Only the original Science article, and not the ex­
tended versions, were sent to the Forum partic­
ipants.

Expecting a limited response to my invitation, 
I was happily overwhelmed with contributions, 
representing a diversity o f opinions. Obviously, 
the issues addressed were very much on the minds 
of more people than I realized. Although there 
are necessarily considerable overlaps among the

1 Reprints of this 45-page Forum are available for 
$7.00 each. Order reprints from the Business Manager, 
Ecological Society of America, Arizona State Univer­
sity, Box 873211, Tempe, AZ 85287-3211.

responses, there hardly is convergence. As should 
be expected, different aspects o f the Science ar­
ticle attracted the attention o f different com­
mentators, most finding points o f agreement as 
well as points o f disagreement. The collection as 
a whole makes for fascinating reading, and a 
valuable addition to Ecological Applications. The 
success of this effort surely will encourage us to 
continue the tradition of seeking a broad spec­
trum of views on issues at the cutting edge of 
ecological management.

The notion of sustainability is a vague and 
elusive one, and attention must be directed to 
what it means before asking whether and how it 
might be achieved. Solow (1991) argues that 
“Sustainability as a moral obligation is a general 
obligation not a specific one.” By this, he means 
that the substitutability of one resource for an­
other must be considered, both because sustain­
able use of nonrenewable resources is an impos­
sibility, and because the ultimate goal should be 
simply to “ leave to the future the option or the 
capacity to be as well off as we are.” That does 
not require a reductionistic attention to main­
taining each species or resource at a constant 
level, but a broader attention to more general 
goals (see also Holling’s paper in this Forum). 
Thus, the question o f the degree to which one 
can extrapolate from the management of partic­
ular fisheries, for example, is called into question. 
What sustainability does require, however, is at­
tention to the management of systems under un­
certainty, to the linkages among physical, bio­
logical, and socioeconomic systems, and to the 
interface between science and policy (Huntley et 
al. 1991, Levin 1992, Ludwig et al. 1993). It 
further requires (e.g., Solow 1991) that we con­
front the trade-offs between intergenerational eq­
uity, the justification usually given for sustain­
ability, and intragenerational equity. The latter 
requires us to address the need not only for peo­
ple in developing nations, but also for disadvan­
taged groups within developed nations, to reap 
the fruits of the environment sufficiently for them 
to experience life in ways comparable to what 
most o f us enjoy. Solow (1991) argues “ . . .  there 
is something faintly phony about deep concern 
for the future combined with callousness about 
the state of the world today.” Finally, and most 
fundamentally, achieving sustainability requires



the consideration of problems o f population 
growth, and the linkages between growth and 
environmental degradation. As Solow points out, 
population growth is the by-product o f old-age 
insurance policies o f a special form most appro­
priate for developing countries: having children 
who can take care o f their aged parents. There 
seems little doubt that more research is needed 
into sustainability, including basic research into 
ecological and socioeconomic systems, but we 
must not delude ourselves into believing that the 
issues are entirely scientific, or even primarily 
scientific. What is needed are mechanisms for 
performing the science that will guide society in 
making its decisions, and for building bridges 
between science and decision making.

Needless to say, the papers in this Forum will 
not put the issue o f sustainability to rest; hope­
fully, however, they will help to inform the de­
bate on what is, arguably, the central environ­
mental issue facing us.
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Uncertainty, Resource Exploitation, and 
Conservation: Lessons from History1

Donald Ludwig, Ray Hilborn, Carl Walters

T h ere  are currently many plans for 
sustainable use or sustainable de­
velopment that are founded upon 
scientific information and consen­
sus. Such ideas reflect ignorance of 
the history o f resource exploitation 
and misunderstanding of the pos­
sibility of achieving scientific con­
sensus concerning resources and the 
environment. Although there is 
considerable variation in detail, 
there is remarkable consistency in 
the history o f resource exploita­
tion: resources are inevitably ov­
erexploited, often to the point of 
collapse or extinction. We suggest 
that such consistency is due to the 
following com m on features: (i) 
Wealth or the prospect of wealth 
generates political and social power 
that is used to promote unlimited 
exploitation o f resources, (ii) Sci­
entific understanding and consen­
sus is hampered by the lack of con­
trols and replicates, so that each 
new problem  involves learning 
about a new system, (iii) The com­
plexity of the underlying biological 
and physical systems precludes a 
reductionist approach to manage­
ment. Optimum levels of exploi­
tation must be determined by trial 
and error, (iv) Large levels of nat­
ural variability mask the effects of 
overexploitation. Initial overex­
ploitation is not detectable until it 
is severe and often irreversible.

In such circumstances, assigning

D. Ludwig is in the Departments of Mathe­
matics and Zoology, University of British Co­
lumbia, Vancouver, British Columbia, Cana­
da V6T 1Z2. R. Hilborn is in the School of 
Fisheries, University of Washington, Seattle, 
WA 98195. C. Walters is in the Department 
of Zoology, University of British Columbia, 
Vancouver, British Columbia, Canada V6T  
1Z4.

1 Reprinted by permission from Science 
260:17, 36 (2 April 1993). © AAAS.

causes to past events is problem­
atical, future events cannot be pre­
dicted, and even well-meaning at­
tempts to exploit responsibly may 
lead to disastrous consequences. 
Legislation concerning the envi­
ronment often requires environ­
mental or economic impact assess­
ment before action is taken. Such 
impact assessment is supposed to 
be based upon scientific consensus. 
For the reasons given above, such 
consensus is seldom achieved, even 
after collapse of the resource.

For some years the concept of 
maximum sustained yield (MSY) 
guided efforts at fisheries manage­
ment. There is now widespread 
agreement that this concept was 
unfortunate. Larkin (1) concluded 
that fisheries scientists have been 
unable to control the technique, 
distribution, and amount o f fishing 
effort. The consequence has been 
the elimination of some substocks, 
such as herring, cod, ocean perch, 
salmon, and lake trout. He con­
cluded that an MSY based upon 
the analysis of the historic statistics 
of a fishery is not attainable on a 
sustained basis. Support for Lar­
kin’s view is provided by a number 
of reviews of the history of fisheries 
(2). Few fisheries exhibit steady 
abundance (3).

It is more appropriate to think 
of resources as managing humans 
than the converse: the larger and 
the more immediate are prospects 
for gain, the greater the political 
power that is used to facilitate un­
limited exploitation. The classic il­
lustrations are gold rushes. Where 
large and immediate gains are in 
prospect, politicians and govern­
ments tend to ally themselves with 
special interest groups in order to 
facilitate the exploitation. Forests 
throughout the world have been

destroyed by wasteful and short­
sighted forestry practices. In many 
cases, governments eventually sub­
sidize the export o f forest products 
in order to delay the unemploy­
ment that results when local tim ber 
supplies run out or become uneco­
nomic to harvest and process (4). 
These practices lead to rapid m in­
ing of old-growth forests; they im ­
ply that timber supplies must in­
evitably decrease in the future.

Harvesting of irregular or fluc­
tuating resources is subject to a 
ratchet effect (3): during relatively 
stable periods, harvesting rates tend 
to stabilize at positions predicted 
by steady-state bioeconomic the­
ory. Such levels are often excessive. 
Then a sequence of good years en­
courages additional investment in 
vessels or processing capacity . 
When conditions return to normal 
or below normal, the industry ap­
peals to the government for help; 
often substantial investments and 
many jobs are at stake. The gov­
ernmental response typically is di­
rect or indirect subsidies. These 
may be thought of initially as tem ­
porary, but their effect is to en­
courage overharvesting. The ratch­
et effect is caused by the lack of 
inhibition on investments during 
good periods, but strong pressure 
not to disinvest during poor peri­
ods. The long-term outcome is a 
heavily subsidized industry that 
overharvests the resource.

The history of harvests o f Pacific 
salm on provides an in teresting  
contrast to the usual bleak picture. 
Pacific salmon harvests rose rap­
idly in the first part of this century 
as markets were developed and 
technology improved, but most 
stocks were eventually overex­
ploited, and many were lost as a 
result of overharvesting, dams, and 
habitat loss. However, in the past 
30 years more fish have been al­
lowed to spawn and high seas in­
terception has been reduced, allow­
ing for better stock management. 
Oceanographic conditions appear 
to have been favorable: Alaska has 
produced record catches of salmon 
and British Columbia has had rec-
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ord returns of its most valuable 
species (5).

We propose that we shall never 
attain scientific consensus concern­
ing the systems that are being ex­
ploited. There have been a number 
of spectacular failures to exploit re­
sources sustainably, but to date 
there is no agreement about the 
causes o f these failures. Radovitch 
(6) reviewed the case o f the Cali­
fornia sardine and pointed out that 
early in the history of exploitation 
scientists from the (then) Califor­
nia Division of Fish and Game is­
sued warnings that the commercial 
exploitation of the fishery could not 
increase without limits and rec­
ommended that an annual sardine 
quota be established to keep the 
population from being overfished. 
This recom m endation was op­
posed by the fishing industry, which 
was able to identify scientists who 
would state that it was virtually im ­
possible to overfish a pelagic spe­
cies. The debate persists today.

After the collapse of the Pacific 
sardine, the Peruvian anchoveta 
was targeted as a source o f fish meal 
for cattle feed. The result was the 
most spectacular collapse in the 
history of fisheries exploitation: the 
yield decreased from a high o f 10 
million metric tons to near zero in 
a few years. The stock, the collapse, 
and the associated oceanographic 
events have been the subject o f ex­
tensive study, both before and after 
the event. There remains no gen­
eral agreement about the relative 
importance of El Nino events and 
continued exploitation as causes of 
collapse in this fishery (7).

The great difficulty in achieving 
consensus concerning past events 
and a fortiori in prediction o f fu­
ture events is that controlled and 
replicated experiments are impos­
sible to perform in large-scale sys­
tems. Therefore there is ample 
scope for differing interpretations. 
There are great obstacles to any sort 
o f experimental approach to m an­
agement because experiments in­
volve reduction in yield (at least for 
the short term) without any guar­
antee of increased yields in the fu­

ture (8). Even in the case of Pacific 
salmon stocks that have been ex­
tensively m onitored for m any 
years, one cannot assert with any 
confidence that present levels o f 
exploitation are anywhere near op­
timal because the requisite exper­
iments would involve short-term 
losses for the industry (9). The im ­
possibility o f estimating the sus­
tained yield without reducing fish­
ing effort can be demonstrated from 
statistical arguments (10). These 
results suggest that sustainable ex­
p lo ita tion  cannot be achieved 
without first overexploiting the re­
source.

The difficulties that have been 
experienced in understanding and 
prediction in fisheries are com­
pounded for the even larger scales 
involved in understanding and pre­
dicting phenomena of major con­
cern, such as global warming and 
other possible atmospheric changes. 
Some of the time scales involved 
are so long that observational stud­
ies are unlikely to provide timely 
indications o f required actions or 
the consequences of failing to take 
remedial measures.

Scientific certainty and consen­
sus in itself would not prevent 
overexploitation and destruction 
of resources. Many practices con­
tinue even in cases where there is 
abundant scientific evidence that 
they are ultimately destructive. An 
outstanding example is the use of 
irrigation in arid lands. Approxi­
mately 3000 years ago in Sumer, 
the once highly productive wheat 
crop had to be replaced by barley 
because barley was more salt-resis­
tant. The salty soil was the result 
o f irrigation (11). E. W. Hilgard 
pointed out in 1899 that the con­
sequences of planned irrigation in 
California would be similar (12). 
His warnings were not heeded (13). 
Thus 3000 years of experience and 
a good scientific understanding of 
the phenomena, their causes, and 
the appropriate prophylactic mea- J 
sures are not sufficient to prevent 
the misuse and consequent de­
struction o f resources.

Ecological Applications 
Vol. 3, No. 4

Some Principles of 
Effective M anagem ent

Our lack of understanding and in­
ability to predict mandate a much 
m ore cautious approach to re ­
source exploitation  than  is the 
norm. Here are some suggestions 
for management.

1) Include human motivation 
and responses as part o f the system 
to be studied and managed. The 
shortsightedness and greed o f hu­
mans underlie difficulties in m an­
agement of resources, although the 
difficulties may m anifest th e m ­
selves as biological problems of the 
stock under exploitation (2).

2) Act before scientific consen­
sus is achieved. We do not require 
any additional scientific studies be­
fore taking action to curb human 
activities that effect global warm­
ing, ozone depletion, pollution, and 
depletion of fossil fuels. Calls for 
additional research may be mere 
delaying tactics (14).

3) Rely on scientists to recog­
nize problems, but not to remedy 
them. The judgment of scientists is 
often heavily influenced by their 
training in their respective disci­
plines, but the most important is­
sues involving resources and the 
environment involve interactions 
whose understanding must involve 
many disciplines. Scientists and 
their judgments are subject to po­
litical pressure (15).

4) Distrust claims of sustain­
ability. Because past resource ex­
ploitation has seldom been sus­
tainable, any new plan that involves 
claims of sustainability should be 
suspect. One should inquire how 
the difficulties that have been en­
countered in past resource exploit , 
tation are to be overcome. The work 
of the Brundland Commission (16) 
suffers from continual references to 
sustainability that is to be achieved 
in an unspecified way. Recently 
some o f the world’s leading ecol­
ogists have claimed that the key to 
a sustainable biosphere is research 
on a long list of standard research 
topics in ecology (17). Such a claim 
that basic research will (in an un-
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specified way) lead to sustainable 
use of resources in the face of a 
growing human population may 
lead to a false complacency: instead 
of addressing the problems of pop­
ulation growth and excessive use of 
resources, we may avoid such dif­
ficult issues by spending money on 
basic ecological research.

5) Confront uncertainty. Once 
we free ourselves from the illusion 
that science or technology (if lav­
ishly funded) can provide a solu­
tion to resource or conservation 
problems, appropriate action be­
comes possible. Effective policies 
are possible under conditions of 
uncertainty, but they must take un­
certainty into account. There is a 
well-developed theory of decision­
making under uncertainty (18). In 
the present context, theoretical 
niceties are not required. Most 
principles o f decision-making un­
der uncertainty are simply com­
mon sense. We must consider a va* 
riety of plausible hypotheses about 
the world; consider a variety of 
possible strategies; favor actions 
that are robust to uncertainties; 
hedge; favor actions that are infor­
m ative; probe and experim ent; 
monitor  results; update assess­
ments and modify policy accord­
ingly; and favor actions that are re­
versible.

Political leaders at levels ranging 
from world summits to local com­
munities base their policies upon a 
misguided view of the dynamics of 
resource exploitation. Scientists 
have been active in pointing out

environm ental degradation and 
consequent hazards to human life, 
and possibly to life as we know it 
on Earth. But by and large the sci­
entific community has helped to 
perpetuate the illusion o f sustain­
able development through scientif­
ic and technological progress. Re­
source problem s are no t really 
environmental problems: They are 
human problems that we have cre­
ated at many times and in many 
places, under a variety o f political, 
social, and economic systems (19).
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In our article in Science (Ludwig et al. 1993), we 
challenged the assumption that ecological research is 
the most productive avenue to determining the limits 
of sustainability in natural resource management. We 
argued that there will always be major uncertainties in 
how ecological systems will respond to management 
actions and that society must make important deci­
sions in the face of such uncertainty. Politicians, re­
source managers, and user groups should not, and can­
not, look to more ecological research as the primary 
tool to tell them what to do. This argument is built on 
three elements: first, the rate of learning about ecolog­
ical systems is slow enough that waiting for better sci­
entific knowledge to provide iron-clad answers is futile; 
second, decisions have to be made now, given current 
knowledge; and finally, in many resource systems the 
only way to learn about their sustainability is to exploit 
them.

The editor o f Ecological Applications has kindly of­
fered us the opportunity to elaborate on some of these 
ideas. In this brief note we would like to expand on 
the limits o f applied ecological research from the per­
spective of a former ecologist who has been working 
primarily in the management o f exploited resources for 
20 yr.

For many years we suffered from an acute case of 
physics envy. One of us (R. Hilborn) did his Ph.D. 
research on population cycles with Charles Krebs, who 
had done his work with Dennis Chitty, who had done 
his work with Charles Elton. It was quite discouraging 
to look back on >60 yr o f field experimentation on 
mice, voles, hares, etc., and realize how little progress 
had been made in understanding these population cy­
cles when compared with the progress in physics, 
chemistry, genetics, and a host o f other fields. We be­
lieve that while most ecologists will adm it that progress 
has indeed been slow, few fully appreciate why this is 
so.

Platt (1964) provided one possible explanation for 
the difference in rates of progress. He argued that the 
fields that made rapid progress did so because of a 
rigorous experimental method that designed critical 
experiments and quickly distinguished between com-

' Manuscript received 2 June 1993.
2 For reprints of this Forum, see footnote 1, p. 545.

peting hypotheses. Krebs and Chitty were among the 
leading practitioners of experimental ecology, and yet 
it did not seem to us that the rate of progress in their 
type of ecology was rapidly outpacing other aspects o f 
ecology less committed to experimental testing of hy­
potheses, nor did small mammal research seem to keep 
up with the fast-paced fields outside of ecology. Hilborn 
and Steams (1978) argued that the critical testing of 
hypotheses performed in small mammal research had 
erred in testing single-factor hypotheses in isolation. 
While we still find that the ideas in Platt and Hilborn 
and Steams are valid, we think the differential rates o f 
progress can be ascribed to a simpler fact. Ecology is 
a more difficult science than physics, chemistry, ge­
netics, or physiology!

The reason ecology is more difficult is plain: exper- x  
iments take longer, replication, control, and random ­
ization are harder to achieve, and ecological systems 
have the nasty habit of changing over time. We don’t 
think that the problem with ecology is the inherent 
complexity of the systems under study. A human body 
or a single cell are very complex systems too, and yet 
progress in medical research has been made at an 
astounding pace.

Our contention is that the rate of progress in a field 
of science will be largely governed by how quickly hy­
potheses can be tested, how many replicates can be 
performed, how good the controls can be, and whether 
experimental treatments can be randomized. All other 
things being equal, a field that can perform an exper­
iment in a week will make progress 52 times faster than 
a field where an experiment takes a year. If one com­
pares experiments on small mammal cycles that take 
3-4 yr with molecular biology experiments that may 
take a few weeks, it is no surprise that molecular bi­
ology makes staggering progress compared with small 
mammal research.

Replication is perhaps the most important element 
in the scientific method. A major part o f a scientific 
paper is providing enough description of methods so 
that someone else can replicate it. If others cannot 
replicate our results, our findings are not likely to be 
widely accepted. Most field experimentation in ecology 
takes a few years. Allowing for publication time, few 
field experiments are likely to be performed, published, 
and replicated in much less than a decade. Again, com­
pare this to molecular biology where experiments are
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often described in preprints sent by FAX or e-mail, 
and repeated in a matter of weeks.

Replication poses even greater problems when work­
ing on the question of sustainability in natural re­
sources. In many cases there is only a single resource 
and the time scale of the system is on the order o f 
decades. Consider the time scale of experimentation 
and replication for issues like old-growth forest, marine 
mammals, or global climate change.

The second key element of experimental science is 
controls. For many natural resources controls are dif­
ficult if not impossible to obtain, and even when avail­
able, they are rarely perfect. In the absence of controls, 
experiments are more ambiguous and learning will be 
slower. In laboratory systems the optimum sample size 
is determined by budget; it is always better to have 
more test tubes. But in ecological field research no two 
systems are identical, and the larger your sample size, 
the more internally heterogeneous the controls will be. 
The optimum sample size is a balance between in­
creasing numbers and increasing internal heterogene­
ity, and it may be only 2 or 3. When you have few 
replicates and controls, the results of any experiment 
are more ambiguous than when you have many rep­
licates and controls. Progress will be faster in a field 
where replicates and controls are more abundant than 
in a field (ecology) where they are scarce.

Ecologists often rely on natural experiments to un­
derstand the dynamics of ecosystems. These experi­
ments may be human-induced changes such as fish 
harvesting or oil spills, or may be natural events such 
as fire. Such natural perturbations provide a much 
weaker form of experimental evidence than planned 
experiments because we have no assurance that the 
treatments were applied at random with respect to nat­
urally occurring differences between sites. The Exxon 
Valdez Oil Spill provided enormous funds (by ecolog­
ical standards) for study of a perturbed ecosystem, yet 
many studies that found differences between oiled and 
unoiled sites could not determine if the differences were 
pre-existing. Oil did not strike at random, and it is 
possible that many of the differences seen between oiled 
and unoiled sites were correlated with the physical fac­
tors that determined if a beach was hit by oil or spared 
to begin with.

Ecologists have recognized that progress will be more 
rapid if you work on a small, short-lived species rather 
than on a large, long-lived one, and many ecologists 
can perform experiments and replicate them in a m at­
ter o f weeks or months. Unfortunately, the key issues 
of sustainability generally revolve around large systems 
and large animals where the problems of replication, 
control, and randomization mentioned above are most 
acute. Further, the only way to understand the sus­
tainability of many systems is to exploit them. If you 
want to understand how much yield can be taken from 
a population, you have to exploit it. Certainly, ecolog­
ical knowledge of the age distribution and reproductive

biology will give you an idea of the range of potential 
yield, but if you want to try to maximize yield, you 
have got to harvest. Indeed, if you want to find the 
maximum potential harvest, you have to go through a 
period of overexploitation (Hilbom and Walters 1992). 
In many resource management systems, each problem 
is unique enough that you have to learn about its sus­
tainability by systematically and experimentally har­
vesting from it. Ecological research cannot tell man­
agers how much yield to take: it can only guide the 
managers in a well-planned management program, and 
such a program will o f necessity entail risks. The cur­
rent view, which we criticized in our paper, is that 
ecological research can substantially reduce these risks.

A final difficulty of ecological systems is that they 
change over time. What we learn in one decade may 
not be true in the next. As we have come to better 
understand fluctuations in fish stocks, we find many 
cases where the entire underlying basis o f fish produc­
tion changes periodically. Cushing (1982) has shown 
that the herring yield in Norway and Sweden has un­
dergone periodic, half-century scale fluctuations for 
several hundred years. Recent salmon yields in Alaska 
are at record levels, and it is believed that these yields 
are the result of a major oceanographic change that 
occurred in the late 1970s. What was learned about the 
sustainability of harvest from these Alaska salmon 
stocks up to the late 1970s has been, of necessity, large­
ly discarded. What we knew in 1975 is o f little use 
today. We may design a program to learn about the 
sustainable yield, but by the time the data are collected 
and we think we know how the system responds to 
exploitation, it will have changed and our data are 
obsolete. The key question is whether we can design 
research programs that will learn about a system faster 
than the system changes.

The preceding discussion explains why we believe 
learning about ecological systems is, necessarily, much 
slower than learning about molecular biology or phys­
iology, and why ecologists cannot be expected to, nor 
should they claim to be able to, provide decision mak­
ers with the definitive answer after ever more research. 
Rather ecologists need to be aware of the limits of their 
science so as not to create unrealistic expectations.

In many areas of sustainability, ecologists have be­
come significant technical advisors and advocates. U n­
fortunately, they are poorly prepared for this task. There 
is a great difference between the way science is normally 
practiced and the way decision makers should go about 
their business. Rational decision making requires that 
one balance the risks and benefits o f a variety of pos­
sible outcomes. The most effective action is often one 
that is robust to a variety of possible states of the world. 
It is seldom achieved by optimizing after fixing upon 
a single best estimate or most likely state of the world.

A first step in rational decision making is to assess 
the relative plausibility (probability) o f a variety of 
parametric hypotheses, given the data available. Such
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an assessment is awkward using standard frequentist 
statistical methods, since they are concerned with the 
properties o f  functions o f  the data (such as means and 
standard errors) i f  data are sampled repeatedly. In eco­
logical decision problems, data are not sampled re­
peatedly: we must work with what we have. Frequentist 
methods cannot answer questions concerning the rel­
ative probabilities o f  various parameter values since 
parameters are fixed, not random. Similarly, hypoth­
eses are either true or false: one cannot assign a prob­
ability to a hypothesis using frequentist methods. The 
result o f  statistical hypothesis testing methods is typ­
ically a single favored hypothesis. This leads to deci­
sion making that ignores uncertainty in our knowledge 
and consequently neglects the consequences o f unlikely 
events with bad outcomes. Often economic optimi­
zation models (such as the maximum sustained yield 
for fisheries) are applied to attempt to maximize yields 
even though the data provide little information about 
biological characteristics o f  the exploited stocks. The 
consequence o f  such decision making is a continual 
series o f  surprises and failures.

In contrast, the m odem  theory o f  decision (Chemoff 
and Moses 1959, Berger 1985, Lindley 1985, Mangel 
1985) is based upon the subjective interpretation o f  
probability. Probabilities are used to quantify degrees 
o f  belief in a variety o f  hypotheses. The main tool is 
Bayes theorem, which enables one to update estimates 
as new data are available. The first product o f  such an 
analysis is a probability distribution for the various 
hypotheses, calculated from the data that are currently 
available. On the basis o f  this distribution one can 
assess the probable consequences o f  a variety o f  ac­
tions. The action that is recommended can be chosen 
on its aggregated performance under a variety o f  plau­
sible hypotheses. An important component o f  this pro­
cess is the careful description o f  uncertainties in our 
present knowledge. One can often design experiments 
that will reduce such uncertainties in the future. There 
is no substitute for informative data and careful ex­
periments. The advantage o f  decision-theoretic meth­

ods is that uncertainty is handled in a consistent and 
systematic way rather than being ignored as a conse­
quence o f  an hypothesis test.

N one o f  the above discussion suggests we should not 
do ecological research. Rather it suggests that ecolog­
ical research on large-scale systems o f  interest in most 
discussions o f  sustainability has limitations. Ecology 
has made a lot o f  progress and we are not embarrassed 
to say that we are ecologists to our colleagues in physics 
and chemistry. Rather we take pride in the intrinsic 
difficulty o f  the field and tell them “Rocket scientists 
have it easy!” However, when providing society with 
advice about the sustainability o f  natural resource use, 
we keep in mind the explosion o f  the space shuttle 
Challenger. If rocket scientists can make such a big 
mistake, we ecologists, working in a much harder field, 
need to be aware o f  the limitations o f  our understand­
ing.
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Is sustainable use o f  a living resource impossible, 
sustainable development an oxymoron, and scientific 
research o f  limited utility in designing policies and
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managing resource exploitation? That is what Ludwig 
et al. (1993) seem to suggest in their article on the 
history o f  exploitation o f  renewable resources. They 
are probably correct if  sustainable use or sustainable 
developm ent is defined as the first phase o f  exploitation 
o f  a single species and science as small-scale reduc-
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Diversity

How to Lie with Biodiversity

Biodiversity is the bandwagon of the moment. Unfortu­
nately, the concept is sufficiently complex that almost 
any population biology study, with almost any conclu­
sion, can be framed as an effort to measure or conserve 
biodiversity. Based on what I have seen in the literature 
and heard at recent scientific meetings, here is a primer 
on some of the more popular ways to bend biodiversity 
data.

Suppose you wish to claim that a species is disappear­
ing. With the explanation that time and funding were 
limited, you might present population trajectories based 
on as few as two estimates of abundance. Perhaps the 
final abundance estimate was obtained during a drought 
year. Use a technique for estimating abundance that has 
untested assumptions. Avoid stating confidence limits. 
Under these conditions a coin toss would suggest that 
about half of the species should show declines. If yours 
does, publish.

If it does not, find a post hoc explanation to account 
for the result. For example, hypothesize that dry 
weather reduced or increased activity and distorted 
your counts. Give your conclusion some statistical rigor 
by correlating weather phenomena with measures of 
abundance. But of course don’t test the weather hypoth­
esis against an independent data set.

Once you have a hypothesis to account for the appar­
ent influence of weather on abundance, you’re all set to 
model the population dynamics. Gather up a string of 
weather data from a convenient weather station and 
model the time to extinction for a population. Time-to- 
extinction estimates are making a big splash in the con­
servation community and they don’t require any tedious 
field validation. Few reviewers will notice that this gar- 
bage-in-equals-garbage-out exercise provides no new in­
formation on the status of the population. With a hypo­
thetical data set you can model whatever extinction 
time you want.

If you choose to present data on species assemblages, 
define your assemblage in a way that maximizes inves­
tigator convenience. Unfortunately, rare species are dif­
ficult to quantify. A popular gambit is to collect data on 
a few of the commoner species and consider the result 
representative of the whole assemblage. If you want to

justify habitat disturbance it is generally best to choose 
early successional species. Area-sensitive forest species 
should be emphasized by those who want to show that 
deforestation hurts biodiversity. If this is not conve­
nient, however, one could assume that all species are 
equally significant; few would notice that global tramp 
species account for as much biodiversity as do regional 
endemics. In all probability there is some group of spe­
cies that can be found to benefit from whatever land-use 
policy you want to promote.

If you want to go to the effort of quantifying the abun­
dances Qf all species in an assemblage, simplify your 
study by basing abundance indices for all species on a 
single sampling technique. Never mind that there are no 
techniques that are unbiased among species or among 
habitats. For example, reptile samplers can rely on an 
array of pitfall traps and drift fences. Of course, some 
snake species are rarely caught in pitfall traps, but low  
estimates of snake abundances do not attract criticism, 
as it is widely believed that snakes are rare.

If you choose to combine measures of species rich­
ness and evenness into a single diversity index, select 
your index carefully. There are so many measures of 
diversity that almost any management recommendation 
can be justified. In some cases, for instance, you may 
wish to stress how your preferred management pre­
scriptions will improve species evenness in the mea­
sured assemblage. If that does not provide the hoped-for 
answer, you can emphasize within-habitat richness or 
diversity, using the most supportive of the many avail­
able indices. If that still doesn’t work, try conflating the 
concepts of within- and among-habitat diversity. For ex­
ample; if you want to justify logging of old-growth forest 
in the face of data showing greater species diversity 
within old-growth habitats, point out that a combination 
of old second-growth and recently cleared areas (the 
combination can be labeled “managed forest”) has more 
species than does old growth alone. It is not hard to 
pump up species richness measures if you just pool 
enough habitat types.

Your study (and your management recommenda­
tions) will inevitably be linked to your choice of study 
organism. There is no need to emphasize to readers that
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diametrically opposed management recommendations 
might have been obtained by studying a different taxon.

If those strategems don’t yield comfortable manage­
ment recommendations, there are always more creative 
solutions. For example, congressional revulsion to a U.S. 
public land agency’s practice of converting diverse 
southern hardwood forests to monotypic pine planta­
tions resulted in passage of a law requiring the agency to 
maintain the level of diversity that is found in forests 
regionwide. Given the lack of consensus in the scientific 
community over the best measure of species diversity, 
Congress left choice of the applicable diversity index up 
to the managing agency. The agency chose to measure 
diversity not in number of tree species but in stand age. 
Thus, for a rotation age of 50 years, maximal diversity 
was to be achieved by cutting one tenth of the forest 
area every five years (reforested as a monoculture). Per­
fect evenness! Such is the beauty of biodiversity; it can 
be used to justify creation of a monoculture.

Unfortunately, it is easier to add up the ways in which 
the concept Of biodiversity can be misused than it is to 
present a simple solution to the extremely complex 
problem of measuring or maintaining biological diver­
sity. The public is unclear on the concept, and scientists 
cannot give a simple answer. There is broad agreement 
only that humankind should prevent anthropogenic ex­

tinctions. Perhaps we should build on this consensus 
rather than undermining it with dubious measurements 
of biodiversity.

Perhaps we need to recognize that for scientists to 
combine partial data with advocacy is counterproduc­
tive in the long run.

Perhaps conservation biologists need a consensus 
declaration that short-term, taxonomically narrow, or 
local diversity studies are inappropriate tools for the 
long-term conservation of global biodiversity. If anthro­
pogenic declines are our primary concern, perhaps we 
need to refocus our attention on (1 )  rangewide status 
surveys that will provide firm baseline data, (2 ) evi­
dence that anthropogenic causes are responsible for de­
monstrable population changes, and (3 )  identification 
of the proximate mechanisms that link human activities 
with species loss. These avenues of study will not be as 
easy or as much fun as blunderbuss sampling of biodi­
versity, but they may keep the concept from becoming 
tawdry through uncritical application.
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B IO D IV E R S ITY  A N D  T H E  C U LT U R E  OF EC O LO G Y

The image of the Great Chain of Being epito­
mizes the moral and religious attention people 
within the W estern tradition have long paid to 
the diversity of life. From Plato’s theory of 
perfect Forms to the quest of many recent 
ecologists to find order and balance in nature, 
philosophers, poets, painters, and scientists have 
attempted to describe the living world in ways 
that answer to religious and moral expecta­
tions. Ecologists in this century— like theolo­
gians and poets in previous centuries— have 
argued that the diversity of living things results 
not from mere contingency or chaos but serves 
larger purposes, instantiates universal principles 
and ideas, or expresses an intelligible order or a 
meaningful plan.

In the I Ith Century, the French theologian 
Abelard, following Plato’s Timaeus (30c), de­
fined one aspect of the Chain-of-Being theme, 
namely that a sufficient reason explains the 
existence of every kind of organism. “W hat­
ever is generated is generated by some neces­
sary cause, for nothing comes into being except 
there be some due cause and reason for it”

(cited in Lovejoy 1936). Along with the idea of 
sufficient reason, the principles of plenitude, 
continuity, and gradation determined the order 
of creatures from the least to the greatest in a 
vast Chain of Being.

These principles have analogies in the eco­
logical theory of recent decades. Plenitude—  
the principle that the richness and diversity of 
creation is so great because it expresses the 
fullness of God’s perfection— is found in vari­
ous versions of the diversity-stability hypoth­
eses, for example, in G. E. Hutchinson’s (1959) 
speculation that there are so many species “at 
least partly because a complex trophic organi­
zation of a community is more stable than a 
simple one.” The themes of gradual continuity 
and gradation likewise echo in hierarchy theory, 
the theories of trophic levels, food chains and 
webs, in the concept of orderly succession, and 
in other concepts that characterized ecology 
earlier this century.

Fundamental to the idea of the Great Chain 
of Being was a belief that God creates nothing 
in vain. Accordingly, we are obliged to care as
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much for the least creature in nature as for the 
greatest. The popular analogy associated with 
Paul Ehrlich that likens species to rivets in the 
wing of an airplane echoes the well-known pas­
sage in Alexander Pope's Essay on Man:

Vast chain of being! which from God began, 
Natures aethereal, human, angel, man,
Beast, bird, fish, insect, what no eye can 

see . .  .
W here, one step broken, the great scale 

destroyed
From Nature's chain whatever link you 

strike,
Tenth, or ten thousandth, breaks the chain 

alike.

Commenting upon the centrality of the Chain 
of Being metaphor, historian A. O . Lovejoy 
(1936) observed that according to this tradi­
tion, the diversity of nature corresponds to  
law-like principles that establish its order; the 
“universe was at least not a many-ringed cir­
cus.’’ Lovejoy notes, however, that in the eigh­
teenth century, a controversy arose pitting phi­
losophers like Spinoza and Leibniz, who believed 
that the principle of sufficient reason necessi­
tated a such a hierarchical order in the variety 
of nature, against those who followed the Brit­
ish philosopher Samuel Clarke in arguing that 
only God’s essence implied existence, and that 
contingency pervaded the created world. In 
17 12, a British poet put that thesis as follows:

Might not other animals arise 
O f different figure and of diffrent size?
In the wide womb of possibility 
Lie many things which ne’er actual may be: 
And more productions of a various kind 
W ill cause no contradiction in the mind . . . 
These shifting scenes, these quick rotations 

show
Things from necessity could never flow,
But must to mind and choice precarious 

beings owe
(cited in Lovejoy 1936)

A controversy that rages between those who 
believe that nature must exhibit a “balance” or 
“order” and those who argue that it is all chaos 
and contingency— a many-ringed circus— char­
acterizes ecological debates today as it did cos­
mological debates in earlier centuries. As we 
shall see, these two positions— one emphasiz­

ing continuity and order in nature, the other 
emphasizing change— suggest grounds for valu­
ing biodiversity, but they present quite different 
reasons that biodiversity should be preserved.

The Great Chain of Being Today
Earlier this century, ecologists such as Paul 

Sears and Frederic Clements, remaining firmly 
within Great Chain of Being tradition, ap­
proached ecology as the study of harmony, 
continuity, gradation, and equilibrium. Clements, 
as historian Donald W orster (1977) observes, 
contended that nature’s course “is not an aim­
less wandering to and fro but a steady flow 
toward stability that can be exactly plotted by 
the scientist.” Following Clements, Gaian theo­
rists recast the Great Chain of Being in modern 
terms, representing the earth as a vast superor­
ganism, possessing as much internal order as 
the organisms that make up its functioning parts.

E. P. Odum (1969), an ecologist who seems 
among those most indebted to Great Chain of 
Being analogies, restated the 18th Century prin­
ciple of plenitude as “the strategy of ecosystem 
development” which is “directed toward achiev­
ing as large and diverse an organic structure as 
is possible within the limits set by the available 
energy input and the prevailing conditions of 
existence.” This “strategy” is supposed to lead 
ecosystems in law-like ways through orderly 
successive changes to species composition to 
achieve a state of mature homeostasis in which 
the stability and diversity of the system are the 
greatest it can achieve under given conditions. 
In such a system, just as in the Chain of Being, 
every possible creature finds its place. In Odum’s 
version of plenitude, this happens, for example, 
when weedy generalists (r-selected species) be­
come replaced by a greater variety of special­
ized (K-selected) plants and animals able to 
exploit all the niches available to them.

Environmentalists drew many arguments for 
protecting species from two fundamental ideas: 
first, that plants and animals, through a hierar­
chy of relationships, are interconnected and 
interdependent; and, second, that nature 
progresses in predictable ways to greater di­
versity and stability. The hypothesis that the 
diversity and complexity of ecosystems support 
their stability, for example, contributed to the 
enactment of the Endangered Species Act in the 
United States. The hypothesis first advanced by 
Odum that salt marshes “outwell” nutrients to 
feed coastal fisheries served as a powerful argu-
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merit for preserving those wetlands. The theory interest in the minute particularities of indi- er
of forest succession to a climax state in which vidual organisms. These ecologists remained es
biomass remains constant helped people to ap- committed to a vision of science that insisted nc
predate the importance of rain forests. One on a priori grounds on the centrality of testing 
could multiply these examples. The recreation by prediction the robustness of abstract and t t
of Great Chain of Being cosmography in post general mathematical theories (Sagoff 1988). m
W orld  W ar II community ecology provided According to one historian, community ecolo- cf
concepts and theories crucial to the efforts gists came to emulate “the language of systems E l
environmentalists made to protect biodiversity scientists” and began to w ork on models at the er
and to preserve ecological systems. intersection of biology and engineering (Patten er

Yet this traditional way of regarding nature, 1971). cr
however helpful as it may be to the goals of In the context of these developments in ecol- as
environmental protection, cannot in itself suf- ogy, especially the branch that became known tir
fice to sustain an argument for preserving as “systems ecology,” both scientists and policy 
biodiversity. Just as in the eighteenth century, makers found it easier to think of living crea- th
so today many scholars advance a different tures as resources to be manipulated than as—  ar
approach that emphasizes the historical, the in John Muir’s expression— “conductors of di- tc
unique, and the contingent in nature. In our v in ity” (W o lfe  1979). To  be sure, both lo
effort to appreciate and preserve biodiversity, community and systems ecology retained faith w
we must look to this tradition as well— one with the central thesis of the Great Chain of in
that eschews theoretical generalizations and at- Being that nature exemplifies a timeless and tc
tends instead to the careful observation and intelligible order rather than sheer historical bi
description of historically contingent objects contingency. By secularizing this religious intu- el­
and events. ition, however, ecosystem science replaced a er

priesthood of theologians with one of math- be
The Limits of Community Ecology ematical modelers and engineers. w

The problem with the tradition that runs It is not surprising that many environmental
from Sears and Clements to Odum is not that it engineers and other experts found even in eco- dt
fails to capture the concepts of balance, order, logical theories that took up Great Chain of th
harmony, plenitude, and sufficient reason asso- Being themes grounds not to venerate but to cc
ciated with Chain of Being cosmology, for this it manipulate nature or, as Donald W orster notes, be
does well. The problem is that this school of to manage the earth for improved efficiency. d̂
ecology, by secularizing a traditional vision of “ 'Governing’ of all nature was the dream of vc
nature— by clothing it as science rather than as these ecosystem technocrats” (W orster 1993, ci
theology— demystified it. This led to  two kinds see also Taylor 1988). Experts have used the su
of difficulties. First, the central theories that theory of forest succession, for example, to sic
linked stability and diversity, that called for an argue that rain forests, being “climax” or “ma- Yc
orderly succession of communities, and that ture” ecosystems must be in equilibrium and n't
arranged creatures in trophic levels and webs thus cannot add to  global oxygen budgets m
opened themselves to empirical and theoretical (W hitm ore 1980). More generally, er
refutations. In a kind of war between the gen- human beings are more able to use ecosys- aL
erations, the students of Odum and of many terns at young successional stages, which tend es
other founders of community ecology set out to be more productive. Accordingly, a general m
to test and in the process debunked theories of characteristic of human development is that we
forest succession (see Drury and Nisbet 1973, tend to maximize productivity by creating and w
Connell and Slayter 1977), the “stability— maintaining ecosystems at such stages (Robinson in
diversity” hypothesis (Goodman 1975), the 1993). K
“outwelling hypothesis” (Nixon 1980), and other As this passage suggests, ecological science, tc
tenets basic to the discipline. which many of us pursue because of our love of tc

Second and more relevant to our purposes, nature, may fuel a technology intended to ma- at
biologists who emphasized ecosystem-level nipulate or transform nature. For example, in a 
properties and processes, such as productivity, well known article, ecologist Dan Janzen views Ti
energy flow, respiration, trophic webs, nutrient with horror the possibility that agriculturally 
cycling, and efficiency, showed less and less desirable organisms may be adapted by genetic ce
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engineering to natural areas, such as rain for­
ests, that remain intact only because they can­
not now be efficiently farmed (Allen 1987).

The prospect that genetic engineering may 
turn rain forests to  agricultural use, which dis­
mays Janzen, appeals to others as a professional 
challenge. Frank Forcella (1984), writing in the 
ESA Bulletin, called upon his colleagues to  
embrace the “biotechnologist” credo “to  
engineer and produce plants, animals, and mi­
crobes that better suit the presumed needs and 
aspirations of the human population.” He con­
tinued:

Ecologists are the people most fit to develop 
the conceptual directions of biotechnology. W e  
are the ones who should have the best idea as 
to what successful plants and animals should 
look like and how they should behave... Armed 
with such expertise, are we going to continue 
investing nearly all our talents in Natural His­
tory? . . . O r  should we take the forefront in 
biotechnology, and provide the rationale for 
choosing species, traits, and processes to be 
engineered? I suspect this latter approach will 
be more profitable for the world at large as 
well as for ourselves.

To summarize: Poets and theologians who 
described the Great Chain of Being understood 
the principles of sufficient reason, plenitude, 
continuity, and gradation in terms of religious 
beliefs and moral values. Ecological concepts 
developed earlier this century and in popular 
vogue today adhere closely to these same prin­
ciples— optimization is the current version of 
sufficient reason; diversity of plenitude; succes­
sion of continuity; and hierarchy of gradation. 
Yet, when these concepts occur in scientific theo­
ries, they may be shorn of their religious and 
moral significance. They may then be open to 
empirical and theoretical refutation. They may 
also support arguments that back efforts not nec­
essarily to protect nature for its own sake but to 
manipulate it to meet our consumer demands.

A t that point, we may wonder how much we 
wish the ecological and biological sciences—  
including genetic engineering— to succeed. 
Knowledge is power— but it can be the power 
to control or the power to protect— the power 
to bend nature to our purposes or to appreci­
ate nature for its own ends.

The Study of Minute Particulars
W e  have noted that during the eighteenth 

century, a group of philosophers argued against

Great Chain o f Being principles to assert the 
contingency of creation; they harkened back to 
Aristotle’s view that “it is possible for that 
which has a potency not to realize \ t” (Meta­
physics X I I0 7 lb ||3 ) .  These writers held that 
the proper appreciation or reflection upon cre­
ation does not lose itself in grand theory— the 
quest for general mathematical laws and prin­
ciples— but finds enough to admire and appre­
ciate in nature's tiniest details. This approach 
sees “the world in a grain of sand/ And a heaven 
in a wild flower,” as William Blake wrote in 
“Auguries of Innocence.” It builds knowledge 
up from the study of minute particulars rather 
than seeking to deduce it from timeless a priori 
truths.

Ecologists who supported this approach early 
this century included taxonomists such as Henry 
Gleason, who opposed the a priori attribution 
of balance, equilibrium, succession, and other 
“systems” properties to nature. He argued that 
nature is more like a Heraclitean flux than like a 
Chain of Being. In “The Individualistic Concept 
of the Plant Association,” Gleason (1926) wrote  
that each species of plant “is a law unto itself.”

During the almost 70 years since Gleason 
wrote, ecologists have emphasized the search 
for universal theories, mathematical principles, 
and general properties over the historical study 
of individual organisms. This may be the reason 
that ecosystem modelers and theory-builders 
vastly outnumber trained taxonomists today. 
Nevertheless, some ecologists are now turning 
away from system-level analogies with engi­
neering and other mathematical sciences to ­
ward “rich descriptions” of individual organ­
isms in their habitats (Slobodkin et al. 1980).

“Whenever we seek to find consistency” in 
nature, an ecologist has recently written, “we 
discover change” (Botkin 1990)— thus echoing 
Gleason’s remark that each species is a law 
unto itself. This biologist compares nature not 
to a three-ring circus, but to several musical 
compositions played in the same hall at once, 
each intruding on the pace and rhythms of the 
others. Appreciation then comes down to the 
intense and patient observation of details, not 
speculation about overarching harmonies. This 
kind of patient observation and rich or “thick” 
interpretative description characterizes the 
study of natural history in contrast to theoreti­
cal ecology.

The empirical w ork of natural history, in­
cluding taxonomy, has been ignored, even ridi-
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culed, paleontologist S. J. Gould has written, as Shakespeare said of Cleopatra— did not cloy tori
because it does not indulge in the high-priori the appetite it fed, but where it most satisfied it j|y f;
mathematical modeling thought to characterize made most hungry. E. O. Wilson has described res
“hard” science. Yet our knowledge of species this orgy of intellectual satisfaction as biophilia, corr
depends entirely on “the historical sciences, which is a love or affiliation with all of the Cau<
treating immensely complex and non-repeat- aspects of the living world. corf
able events (and therefore eschewing predic- This attitude toward the living world will not thei
tion while seeking explanation for what has necessarily help us to exploit its resources effi- o the
happened) and using the methods of observa- ciently; it may not even offer us instrumental or ■ " q

tion and comparison” (Gould 1984). prudential arguments for protecting biodiversity. Spjr
The essence of historical explanation, Gould Naturalists do not necessarily insist, for ex- ma|<

( 1989) writes, is contingency: A historical ex- ample, that the moths or mites they study serve and
planation does not rest on direct deductions as rivets holding Spaceship Earth together; nor uncj
from laws of nature, but on an unpredictable need they be concerned with the possible me- sub%
sequence of antecedent states, where any ma- dicinal uses of these species. Rather, simply by stru
jor change in any step of the sequence would describing these organisms and the toil of their an(j
have altered the final result. This final result is coming to be, these naturalists show us how roo
therefore dependent, or contingent, upon ev- deeply these creatures reward our curiosity shar
erything that came before— the unerasable and and inspire our sense that they have a rightful and
determining signature of history. place upon the earth. Hes

Gould (1989) observes that historical narra- Even if natural historians appeal to ethical ancj
tives that explain the minute particulars of plants and aesthetic rather than to economic and in- one
and animals at specific times and places “are strumental values, they may nevertheless point peCt
endlessly fascinating in themselves, in many ways to tw o important uses of biodiversity. First, the j \
more intriguing to the human psyche than the particular flora and fauna indigenous to a local- prot
inexorable consequences of nature’s laws.” Bi- ity constitute along with details of landscape the spec
ologist E. O . Wilson (1992) elegantly takes up fundamental characteristics that identify that exo:
this theme in arguing that every kind of organ- place. Thus, insofar as a sense of place is impor- do
ism, large and small— the flower in the crannied tant to human beings— insofar as it is important p|ac
wall— ”/s a miracle,” but one that makes sense—  to people themselves to be native to a place—  mur
is explicable— in the context of a rich historical then it is crucial to maintain an affiliation with natu
narrative. “Every kind of organism has reached its native and indigenous species. Many of us firs:
this moment in time by threading one needle w orry that the global reach of markets brings nati\
after another, throwing up brilliant artifices to with it a kind of cultural homogeneity— that W
survive and reproduce against nearly impos- global unity threatens a kind of global unifor- anCe
sible odds.” To study these artifices— to appre- mity. Only by resisting the leveling effects of the ¡ng c
ciate the toil each species endures to prevail in marketplace can we maintain the integrity of qUiu
the vast labor of evolution— is to be moved to communities— and in this context, ecological p|ac
more than scientific understanding. As Darwin and human communities will stand or fall to- com
understood, this understanding fills our minds gether. w he
with reverence and awe. Second, the world’s endangered and threat- mus

ened species include many migratory animals as we
The Uses of Diversity well as other species whose range is interna- and

The naturalists who built in the 18th and 19th tional. The protection of these species— and mot
centuries the great museum collections of spe- the seas, forests, and other environments that men
cies would be surprised at the direction eco- sustain them— thus becomes an international w e ll
logical science has taken in our century away responsibility. In setting up international institu- safe
from natural history and toward mathematical tions and regimes, as well as in entering and and
modeling and general theory-building. These implementing arrangements like the Biodiversity char
naturalists were rather “wanderers and won- Convention, nations learn to work together to In
derers” who could be fascinated equally by maintain what the ancients called res publica, rei p
starfish and stars; they studied the living world which is to say, a public place or thing (in 0f in
for the love of it, not to gain power over it. For ancient times, typically a monument or town js tc
these scientists, the infinite variety of nature—  square) which every group honors for its his- sour'
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honors for its his­

torical meaning or intrinsic value, not necessar­
ily for its economic utility. Thus the concept of 
res publica is to be distinguished from that of a 
commons, for people create the former be­
cause of a shared sense of moral or cultural 
community; they police the latter to rationalize 
their competition over resources they would 
otherwise waste.

Consider, first, the importance of a sense or 
spirit of place in decisions local communities 
make in favor of protecting indigenous plants 
and animals. The concept of place helps us to  
understand what we deplore about the human 
subversion of nature and fear about the de­
struction of the environment. Many of our moral 
and aesthetic sentiments about nature are 
rooted in the sense of loss of places we keep in 
shared memory and cherish with instinctive 
and collective loyalty. This sense of loss under­
lies our concern about the decline of diversity 
and an attendant loss of security— the security 
one has when one relies on characteristic as­
pects of places one knows well.

Thus, a principal reason we set about to  
protect the habitats of native and indigenous 
species while caring less about the survival of 
exotic (including engineered) organisms has to 
do with our commitment to  continuity of 
places— continuity that requires a sense of com­
munity with the past, with each other, and with 
nature. The preservation of biodiversity is the 
first step we must take in becoming ourselves 
native to a place.

W hat may worry us most in the disappear­
ance of species is the prospect, then, of becom­
ing ourselves strangers to the earth, of never 
quite settling into it, of losing touch with the 
places that help constitute the identity of our 
communities, of therefore being at home no­
where. For the sake of our own identities we 
must maintain the identities of the places where 
we live— and this entails maintaining its flora 
and fauna as well as larger landscapes. The 
motive for saving ecosystems may most funda­
mentally lie in our need to feel at home where 
we live— to attach ourselves to what becomes 
safe and secure because it retains its aesthetic 
and cultural characteristics in the midst of 
change.

In this context, the creation of shared places—  
rei publicae— becomes the most serious w ork  
of international relations. The point of this w ork  
is to allow groups that may compete over re­
sources, ideology, nationality, and other goals

to embrace and act upon values they share. In 
the Biodiversity Convention, in the Mediterra­
nean Action Plan, in regions that govern the 
North Sea, the Baltic, and other international 
waters, in rules regulating trade in endangered 
species, and in other environmental regimes, 
we find nations that may be at odds over other 
issues joining together in a common purpose 
that is ethical, perhaps religious, at its core. It is 
this act of making peace not only with the rest 
of creation but also with each other— learning 
to put aside differences to act on common 
commitments— that may be the most impor­
tant outcome of the preservation of biodiversity.

Conclusion
The American ecologist Robert MacArthur 

xgfn his book Geographical Ecology argued that 
what is important about diversity is not the 
history of individual species— the sort of thing 
that interests naturalists— but the principles and 
patterns that explain diversity from the point of 
view of an a-historical mathematical and pre­
dictive science. “Hence, we use our naturalist’s 
judgment,” MacArthur (1972) wrote, “to pick 
groups large enough for history to have played 
a minimal role but small enough so that pat­
terns remain clearer.” He wondered: “W ill the 
explanation of these facts degenerate into a 
tedious set of case histories, or is there some 
common pattern running through them all?”

W e have discussed two ways of thinking about 
nature. The first is that of MacArthur; commu­
nity and systems ecologists following him in­
voked concepts such as complexity, equilib­
rium, stability, orderly succession, and hierarchy 
that echo the principles of plenitude, gradation, 
continuity, and sufficient reason found in Great 
Chain of Being cosmology. Ultimately, these 
principles go back to Plato who considered 
ideal forms to be the appropriate objects of 
knowledge and believed that actual beings and 
events at best offer only vague clues or hints 
about those forms. On the other hand, we 
described a complementary tradition in ecol-^ 
ogy, going back to Aristotle, that insist upon 
what MacArthur calls “tedious case histories.” 
This approach appreciates the individuality and 
contingency of particular things and claims these 
as the proper objects of knowledge.

Ecologists this century such as MacArthur 
sought to identify Platonic or intelligible forms 
in nature; these ecologists worked in the tradi­
tion of Great Chain of Being cosmology. W hile
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they took up concepts that have clear theologi­
cal origins, however, they demystified them in 
order to give them scientific legitimacy. These 
concepts therefore lost their religious connota! 
tions— their affiliation with and affection for 
nature— and became central to an effort to  
predict phenomena in order better to control 
nature for our efficient use.

In contrast, natural historians took up tech­
niques of observation, taxonomy, and classifica­
tion, as well as thick description and historical 
explanation associated not with religion or cos-jj 
mology but with empirical science ever since 
Aristotle. These naturalists, however, turned 
this task into a nearly religious mission, teach­
ing their readers to appreciate and care about 
the plants and animals they so lovingly described. 
Naturalists such as S. J. Gould and E. O . Wilson 
stand firmly within an Aristotelian tradition of 
empiricism, yet they turn this tradition into a 
spiritual quest. This is the reverse of ecologists 
who followed the path of Platonic rationalism 
and who transformed, however inadvertently, 
an essentially religious cosmology into a basis 
for environmental engineering.

Thus, the recent history of ecology presents 
a paradoxical face. One group of ecologists—  
followers of MacArthur— took up essentially 
religious ideas from Great Chain of Being cos­
mology but divested these concepts of all their 
spiritual connotations to convert them to the 
uses of “hard” predictive and universal science. 
The other group took up the rather dispassion­
ate concepts of systematics and taxonomy, which 
had constituted the core of biological science 
since Aristotle, and have endowed these con­
cepts with an almost religious significance.

Each of these approaches gives us strong 
reasons to value biodiversity. The first tradi­
tion, which seeks to predict natural events on 
the basis of mathematical patterns and prin­
ciples, helps us to understand the economic and 
instrumental role biodiversity plays in sustain­
ing ecosystems. This approach warns us against 
the ex tin c tio n  of species on prudential 
grounds— for example, because one never 
knows when one might have a use for some 
chemical compound they may contain. And even 
biotechnologists need the raw material that 
they may recombine to form new genetic worlds 
for us to conquer and use.

The second approach, which focuses our 
moral attention on case histones, teaches us to 
appreciate the wonder of nature and to attach

ourselves culturally and aesthetically to the 
places nature has given us to live. In this con­
text, we are most loathe to surrender even a 
single species, even if it could be shown not to 
be economically or instrumentally useful. To  
those who make this moral commitment to the 
rest of Creation, even the gesture of identifying 
and naming a species is a morally important act. 
Every parent with a new b ab y^ or every child 
with a new pet-— understands that the process 
of naming is central to the process of taking 
possession and assuming responsibility. The 
prospect of the extinction of millions of spe­
cies, some of which we have not even named, 
must fill us with remorse that is moral, not just 
prudential. W e  say good-bye to what is not yet 
ours; we are relinquishing what we have not yet 
possessed.
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A  PARAD IG M  FOR E N V IR O N M E N T A L  M A N A G E M E N T  D E C IS IO N ­
M A K IN G

The academic community plays a number of 
important roles in supporting those of us who 
are day-to-day practitioners of environmental 
management. One of these is to provide sound 
scientific bases for management actions. ESA is 
to be congratulated for filling this role with the 
journal Ecological Applications. Study of the first 
volumes shows just how effective this series is 
at defining the parameters of applied ecology.

Another crucial contribution from academia 
is ongoing idea generation. To manage the envi­
ronment in protective, cost-effective fashion, 
we need innovative, useful ideas for interpret­
ing findings and projecting risks and benefits. 
Ecology as a whole is just awakening to a key 
analytical idea: that natural systems in general, 
and perhaps ecosystems most particularly, op­
erate through “fuzzy,” rather than “crisp,” pro-

cesses.
Ecosystems have long been studied as ex­

amples of von Bertalanffy-type dynamic control 
systems (von Bertalanffy 1968). This approach 
has been heuristically useful (for example, Gist 
and Crossley 1975, Odum 1986, Elliott et al. 
1988), but has proven to be less effective for 
management. In practice, it is often difficult to 
reproduce experimental findings at the ecosys| 
tern scale. Projected outcomes frequently fail 
to validate, rendering the uncertainty of man­
agement decisions very high, and weakening 
cost-benefit comparisons.

The problem in linking specific experimental 
findings to large-scale management may be that 
von Bertalanffy systems are a limiting case of a 
more general class of constructs: Zadeh (fuzzy) 
systems (Zadeh 1965). Fuzzy systems are de-
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Ethical Considerations in Conservation  
of Biodiversity

Edwin Philip Pister
Desert Fishes Council 
Bishop, California

Preface
One o f the penalties o f an ecological education is that one lives alone in a world o f wounds. 
Much o f the damage inflicted on land is quite invisible to laymen. An ecologist must either 
harden his shed and make believe that the consequences of science are none o f his business. 
or he must be the doctor who sees the mark o f death in a community that believes itself 
well and does not want to be told otherwise (Aldo Leopold [Round River] 1953).

I write this paper with a measure of idealism, quickened by the harsh reality of 
continental species endangcrment and extinction. I recognize that tradition and es­
tablished bureaucracy are not easily overcome. Probably nothing is more intransigent 
than bureaucracy at the policy making level that takes comfort in the status quo. 
However, we are now experiencing the gentle breezes that inevitably precede the 
winds of change, and we would be well advised to heed them. As our profession 
enters into this new era of assuming responsibilities for biodiversity conservation, 
we should become dynamic and enthusiastic leaders, not petulant dissenters. I hope 
that what follows will help to clarify this complex matter.

Introduction
During 1992, at the Western Division and National meetings of the American 

Fisheries Society, sessions addressed an enormously "important issue that perplexes 
our profession, perhaps best defined in the Session titles. Western Division: “ En­
dangered Fish Conservation and Sport Fisheries: Managing Resources Between a 
Rock and a Hard Place;” and National: “ Fisheries Goals for the Year 2000: Bio­
diversity or Benefits?”

A perceptive reader will detect a burgeoning phenomenon first identified by a 
prophetic Aldo Leopold (1949:221) a half century ago and described in A Sand 
County Almanac: “ Conservationists are notorious for their dissensions, . . .  In each 
field one group (A) regards the land as soil, and its function as commodity-production: 
another group (B) regards the land as a biota, and its function as something broader. 
How much broader is admittedly in a state of doubt and confusion.“

Unfortunately, this dichotomy remains^strongly with us today, with the stakes 
vastly higher in terms of actual and potential loss of biodiversity.

Because of its ramifications, it behooves us to examine the underlying causes of 
an intriguing mixture of biology, politics and philosophy in an effort to improve 
overall management direction. The dichotomy is complicated (especi^ly^jyjthia the 
states) by budgetary constraints and practicesjyhicK give lip service to. conservation 
of biodiversity while available financial resources are directed toward conventional 
management goals. Most state nongame programs are left to survive on “ soft” and
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highly unpredictable funding sources, such as tax checkoff revenues (Williams 1986). 
Having undergone a Group A to Group B conversion about 30 years ago, and about 
10 years into my career (Pister 1985, 1987, 1991a), and having spent countless hours 
pondering this phenomenon, I offer the following observations.

Discussion

In general, we find four distinct groups expressing professional concern over the
conservation and integrity of natural biodiversity:
1. University faculty and students who possess a deep appreciation of the ecosystem 

and recognize the research potential within a biota, and whose professional 
existence is strongly related to its integrity. Unfortunately, this group seldom 
takes an active role in biodiversity conservation, assuming that it will be ade­
quately handled under the stewardship mandate of government agencies. Ex­
ceptions to this are the more pragmatic university representatives within (and 
leading) the Society for Conservation Biology, Desert Fishes Council and similar 
organizations. University researchers are strong supporters of Leopold’s Group 
B.

2. Biologists affiliated with the private sector: The Nature Conservancy, World 
Resources Institute, Defenders of Wildlife, National Audubon Society, National 
Wildlife Federation, Environmental Defense Fund, Wildlife Management In­
stitute, etc., and private consulting firms. Established conservation organizations 
will be strongly supportive of biodiversity concepts (Group B), whereas private 
consulting firm personnel will largely reflect the business climate in which they 
operate. A consultant’s projects may be as diverse as an aquaculture proposal 
suggesting importation of a potentially harmful exotic, or a study involving 
collection and evaluation of data concerning a critically endangered species. 
Normally, the consultant will not be an advocate, but will simply do a job or 
supply information to fulfill an obligation to a client.

3. Federal biologists from resource-related agencies: Fish and Wildlife Service. 
National Park Service, Bureau of Land Management, Environmental Protection 
Agency, Forest Service, Bureau of Reclamation, Soil Conservation Service, 
Corps of Engineers, etc. Because management authority for fish and wildlife 
populations in public waters is normally relegated to the states, federal biologists 
generally do not become involved in specific management activities, except 
through cooperative efforts with state agencies. Activity and attitudes relative 
to biodiversity conservation arc determined primarily by basic agency orienta­
tion. For instance, a biologist representing the Office of Endangered Species 
will be disturbed by a Soil Conservation Service proposal to introduce Tilapia 
into a farm pond located within a drainage containing native fishes, or a Corps 
of Engineers plan to dam a river critical to the existence of a threatened native 
plant or rare hydrobiid snail.

4. State fish and wildlife agency biologists. Probably the best example of Leopold's 
A/B dichotomy is found within this group entrusted with the management of 
most public waters, although it prevails within other agencies as well. Here, wc 
often find a deep philosophical chasm separating biologists sitting at adjoining 
desks, and with supposedly similar educational and cultural backgrounds. Why, 
then, does the A/B dichotomy persist?
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Possible Causes
It has been my observation that two basic types of biologist are hired by fish and 

wildlife agencies. First, there are those who develop an early love for fishing and/ 
or hunting and pursue a related career by entering into a fish or wildlife curriculum 
at a college or university. Major specialty course requirements are supplemented 
with offerings designed primarily to sharpen technical skills. Foundation courses in 
the humanities are avoided or minimized, and the student emerges at the bachelor’s 
level better described as trained than educated in the classic sense (Baer 1978, Brown 
1987). Such employees have a tendency to remain in Group A throughout their 
careers. They arc technologically competent and, by reflecting agency policy (often 
with a strong Group A bias), may rise quickly to administiattyc and policy making 
levels/'

By contrast, there exists another type of student whose broad interest in the life 
sciences causes him/her to major in biology, zoology, environmental science or some 
related discipline, often within a Letters and Science curriculum that requires strong 
grounding in the humanities. During the undergraduate years (usually within the 
upper division or even in graduate school), the student develops a deep academic 
interest in fish and/or wildlife and finds that the best way to pursue this interest as 
a career is within a fish and wildlife agency. In many instances, such a person will 
gain little or no interest in hunting, fishing or consumptive use of any type. He/she 
often will be viewed as something of an “ oddball” by the Old Guard, which finds 
it difficult to accept the fact that their obligation (moral, if not legal) is to the entire 
biological resource and not only to a particular political constituency. Almost without 
exception, this person will identify strongly with Group B and, when looking at his/ 
her co-worker at the next desk, will find that the communication gap is primarily 
the result of a very different set of values (Baer 1978). The Group A employee will 
normally devote his/her career primarily to promoting traditional interests in the 
Department of Fish and Wildlife, whereas the Group B employee’s primary concern 
will be over the fish and wildlife resource per se. There can be a major difference 
between the two (Williams 1986).

Changing Times
In the March-April 1979 issue of the American Fisheries Society journal Fisheries, 

five administrators representing different perspectives on fisheries education stated 
their views concerning curriculum structure. It was their consensus 13 years ago that 
the profession would be well served by a broadening of curricula to include more 
humanities courses, and that the concept of pursuing a fisheries speciality only at 
the graduate level should be given serious consideration, as suggested a decade later 
in the same journal by Oglesby and Krueger (1989). This was before such awesome 
environmental issues as global warming, acid rain or tropical rainforest destruction 
had become household terms. Conservation biology as a formal discipline did not 
yet exist, nor did its corollary term, biodiversity. To emphasize how the world 
environment has changed, the March-April 1979 issue of Fisheries displayed a snail 
darter (Percina tanasi) and the Little Tennessee River on its cover. That was a very 
different, and very naive, era.

The past decade has underscored the wisdom of the authors. As we conclude the 
1990s, then enter very quickly into the next century, we may be certain that the
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problems presented to us will become increasingly complex and serious, and that 
each year, as society and technology evolve, the issues requiring considered judgment 
from fisheries scientists will become increasingly difficult to solve. They will, in all 
probability, comprise things that we are unable to comprehend or define at this time. 
It therefore becomes a matter of urgency that our universities not produce graduates 
whose skills become obsolete almost before they receive their baccalaureates. A 
broadly based and relatively unspecialized education emphasizing biological prin­
ciples can accomplish this and. in the process, help to assure that we do not produce 
what can quickly become outmoded missiles without guidance systems.

During my undergraduate years at Berkeley, following World War II. before the 
fish and wildlife speciality in higher education became so widespread, I found it 
perplexing that, as a wildlife conservation student. I could locate in the course list 
but two offerings in the field of wildlife, and one (Ichthyology) related to fisheries 
When I complained to my adviser. A. Starker Leopold, his response was simple and 
direct: “ We intend to educate you here. You can pick up job skills later.” I have 
since learned that it is much simpler to train an educated person than versa.

Despite the fact that during my entire six years up through the master’s degree I 
studied only Ichthyology (scarcely a fisheries management course) and two wildlife 
courses, I somehow survived a 38-year career as a fishery biologist charged with 
conserving the ecological integrity (and managing sport fisheries where appropriate) 
within about a thousand waters in the eastern Sierra-Desert regions of California. 
This area currently supports more recreational use than Yellowstone. Grand Canyon 
and Glacier national parks combined (Federal Energy Regulatory Commission 1986). 
Doing so involved contending with a diversity of problems totally unknown to me 
when I began my career, following graduate school in 1952. My direction was 
provided by a broad grounding in the humanities and ecological principles, and a 
value structure based on the philosophies of Starker and Aldo Leopold (Pister 1987). 
Whereas genetic diversity allows a species the best chance of adapting to new and 
unexpected conditions, in like manner, a broad and less specialized education in the 
management of natural resources will best prepare our biologists to handle new and 
unexpected problems.

What Does the Future Portend?

At a 1991 fisheries leadership workshop sponsored by the American Fisheries 
Society at Snowbird, Utah. Frank Popper, of the Urban Studies Department of Rutgers 
University, presented a keynote address entitled: “ The Return of the American 
Frontier: Some Implications for Fisheries,”  which predicted that, during the twenty- 
first century, large quantities of privately owned or controlled land in the rural West 
will be abandoned and revert to public or quasi-public holdings. This will result in 
enlargement and improved buffering of national parks and forests, their state coun­
terparts, and other public lands. He envisioned major growth in businesses devoted 
to ecological restoration of land damaged by previous extractive uses, as well as a 
burgeoning ecological tourism industry. All this underscores the observation that 
society is moving away from its emphasis on consumptive use toward a different 
component of the biota. We are returning to a frontier that, in Dr. Popper’s words 
(Popper 1991 :A-4): “ will offer a magnificent, once-in-history opportunity to create 
(or recreate) extraordinary habitat, for fisheries and for other habitat uses as well 
The combined rise of preservation, decline of a great deal of extraction, and emptying-
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out of much of the Pacific side of North America will present a remarkable chance 
to undo our past mistakes and neglect. It is not, perhaps, a chance we deserve, but 
it is no more than a chanccS-we also have to be willing to act to take advantage of 
it. If we succeed, the results will be environmentally and economically spectacular, 
the world’s first sustainable-development frontier. If we are not so fortunate, the 
results will be disastrous, the historically familiar creation of yet another human- 
induced wasteland.”

Signs of this shift are already appearing in the bellwether state of California, 
which, in 1989, sold 29 percent fewer angling licenses than in 1980, although the 
state’s population increased by more than 7 million during that decade. In 1980, 
about one in 10 Californians bought a fishing license, for a total of 2.3 million. In 
1989, about 1.6 million fishing licenses were sold, or one for every 20 Californians. 
This concept is clearly illustrated by Figure 1, which presents hypothetical supply 
and demand curves for fish and wildlife resources as we move into the next century, 
and underscores the need to conserve biodiversity. Components of the total biota,

----------- SUPPLY OF CONSUMABLE FISH AND WILDLIFE

---------- DEMAND FOR FISH AND WILDLIFE ORIENTED RECREATION

Figure f . Probable sup p ly  and dem an d  trends o f  North A m erican  fish  and w ild life  resou rces (adapted  
from  Pister 1991b ).
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existing in secure habitats, will then essentially comprise a dictionary from which 
we may write prescriptions for whatever an unquestionably more sophisticated and 
perceptive society may require (Pister 1976, 1991a, 1991b).

Values and Aquatic Organisms
My fishery values were cemented during a very dramatic afternoon on August 19, 

1969, when a graduate student working with me came breathlessly into the office 
and stated with obvious trepidation that unless we came immediately to the rescue 
of the only remaining population of the Owens pupfish (Cyprinodon radios us), which 
was hanging on precariously in a rapidly desiccating, room-sized refugium pond 
located about eight miles away, we would have an extinct species on our hands 
(Miller and Pister 1971). In order to do so, however, I would need to cancel a long- 
planned and highly touted creel Census program scheduled for a major reservoir. It 
was while I was walking back to our pickup truck over rough ground in total darkness 
later that night, holding the entire world population of an endangered species in two 
buckets, one in either hand, that the relative values involved really hit me. I wish 
that everyone working in fisheries science could share a similar experience. It would 
do much to place our values where they ought to be! Even so, 1 am still chastised 
by an occasional individual for concerning myself with “ dickic-fish!” To repeat: 
“ One of the penalties of an ecological education is that one lives alone in a world 
of wounds.”

It disturbs me that any responsible fishery administrator could entertain, for even 
a moment, a thought of introducing another species in the hope of temporarily making 
fishing better, if doing so could create even a minimal chance of further harming 
our already seriously depleted native fish fauna (Williams et al. 1989. Miller ct al. 
1989). Where docs the blame lie here? Are our universities producing ecological 
illiterates without established values, or are ethics of the business world forcing us 
into doing things we know deep down are wrong? In their quest of immediate 
management goals, public agencies sometimes commit errors that, if they were made 
by the general public, could even subject them to prosecution under the law!

Obligations to the Future
A strong point I would make in a discussion of values would be the obligation of 

the fisheries profession to future generations, emphasizing our moral obligation to 
life forms other than ourselves (Partridge 1981, Sikora and Barry 1978). An obvious 
question might be posed as follows: “ Which of the following will aquatic scientists 
(and society) in the year 2092 be most likely to judge us by: the level of angling 
success in 1992 in a certain reservoir, or the integrity of the natural aquatic biota 
that we pass on to them?” In responding to the demands of the consumptive user 
we seldom think of the evolutionary history (in progress for billions of years) and 
precision of the biota we are influencing, often irreversibly and, for all practical 
purposes, forever. The future requires that fish and wildlife agency personnel become 
keenly aware of these concepts. Their power to alter and destroy is awesome, if not 
properly directed.

Bright spots on the horizon. A positive note in recent years has been the accelerated 
hiring of women as biologists by resource management agencies. It is my impression 
that women tend to be more sensitive to the mechanisms of the natural world and.
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as a rule, are far more perceptive than men. It will constitute a major step in the 
right direction for conservation biology when more women move into administrative 
positions within their organizations. It has been my observation that women are more 
likely than men to honor the term “ biologist,”  which presumes understanding and 
respect for all the complexities and wonder inherent within the ecosystem (Ehrenfeld 
1976  ̂ 1978, Rolston 1987). As in many parts of society, the fish and wildlife 
profession has suffered far too long under the almost exclusive domination of males!

Where Do We Go From Here?
Up to this point I have discussed the pragmatic aspects and problems relating to 

the accomplishment of biodiversity conservation. We need now to direct our efforts 
toward establishment of a professional ethic that gives it top priority in the planning 
and budgeting process. To accomplish this, we must hire a generation of fish and 
wildlife biologists who, with their supervisors, share a deep appreciation of the entire 
biota and of the evolutionary and ecological relationships that exist within the eco­
system. Gradually then, through an improved funding system for fish and wildlife 
management agencies and a totally committed and adequate staff to handle this new 
concept of ecosystem management, we may be able to reverse the downward trends 
that, even at this early date, reflect a rapidly diminishing aquatic biota (Rolston 
1987, Williams et al. 1985, 1989). But before this will be possible, we must employ 
individuals who are so appreciative and defensive of all forms of life that they would 
literally work as hard to preserve them as they would a member of their immediate 
family.

Harvard’s Stephen Jay Gould (1991:13) stated this concept with his usual candor: 
“ . . .1 also appreciate that we cannot win this battle to save species and environments 
without forging an emotional bond between ourselves and nature as well— for we 
will not fight to save what we do not love (but only appreciate in some abstract 
sense).”  This is another way of expressing an observation attributed to the German 
philosopher Goethe, that “ Every man is given only enough strength to accomplish 
those things of which he is fully convinced of their importance.”

Eating Our Cake and Having It, Too!
I wish to emphasize that the preceding does not suggest that we totally discard 

traditional management programs, which can no doubt continue indefinitely into the 
future. However, it does presume that, percentage wise, conventional consumptive 
uses will inevitably decline, and will continually be diluted through loss of habitat 
(Pister 1976, 1991b) (Figure 1).

Ethical Applications
For thousands of years, since the time of the ancient Greeks, mankind has looked 

to philosophers to provide direction for societal change, and to lend guidance in 
defining and establishing meaningful values. In 1979, a new journal appeared cov­
ering a field peripheral to the mainstream interests of environmental (and fish and 
wildlife) biologists, yet destined to play an increasingly important role in the future 
of an environmentally conscious world. Environmental Ethics, described on its cover 
as “ An interdisciplinary journal devoted to the philosophical aspects of environmental
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problems,” brings together writings of philosophers and biologists who detect a 
strong need for the application of ethical considerations to the causes in which 
biologists have been engaged for decades, frequently without giving the subject of 
ethics more than a passing thought. This new emphasis on environmental ethics likely 
will become one of the most important concepts shaping our destiny as we move 
into the next century. It will pervade both agency and academe with a philosophy 
emphasizing what we can do for our fish and wildlife resources, rather than what 
they can do for uik Contemporary environmental philosophers have already made 
major contributions in this direction (Callicott 1991, Nash 1989. Rolston 1991).

In a very thoughtful essay concerning conservation of biodiversity , and precipitated 
by the ongoing Mount Graham red squirrel dilemma, Gould (1990) suggested that 
we execute a compact with out planet invoking the Golden Rule, a principle utilized 
by virtually all major religions. Because we cannot ever, in the long run. defeat 
natural law, and nature holds great power over us, it behooves us to execute such a 
pact at the earliest possible date. A high priority for the conservation of biodiversity 
within our profession, which should be a leader in such matters, would constitute a 
major step in this direction.

Picking up on this same theme, Callicott (1991) proposed a Golden Rule or 
summary moral maxim of the Leopold Land Ethic: “ A thing is right when it tends 
to preserve the integrity, stability, and beauty ot the biotic community. It is wrong 
when it tends otherwise”  (Leopold 1949:224-225). From this ethie he derives the 
following “ commandments:” “ 1) Thou shalt not extirpate species or render them 
extinct: 2) Thou shalt exercise great caution in introducing exotic species into local 
ecosystems; 3) Thou shalt exercise great caution in extracting energy from the soil 
and releasing it into the biota: 4) Thou shalt exercise great caution in damming and 
polluting watercourses; 5) Thou shalt be especially solicitous of predatory birds and 
mammals” (Callicott 1987). Other environmental philosophers show related concerns 
{see Hargrove 1989. Nash 1989, Rolston 1986, 1988). Undeviating adherence to 
such a set of “ commandments"' as guidance for a new ethic would place our concern 
over conservation of biodiversity on a firm foundation. It would get us “ off and 
running.”

Conclusion

During a recent assignment at the Leetown. West Virginia training facility of the 
U.S. Fish and Wildlife Service, I took an extra day and drove to Thomas Jefferson's 
home and memorial at Monticello, On his tombstone arc inscribed the three lifetime 
achievements that he wished to be remembered by: “ Author of the Declaration of 
American Independence, of the statute of Virginia for religious freedom, and father 
of the University of Virginia.”

It has been said that a politician's main concern is to be reelected, whereas a true 
statesman devotes his/her efforts to deeper issues of enduring value to future gem 
crations. As I read of Jettcrson's magnificent accomplishments, I thought of those 
in past and present elected office who will be remembered for lesser things. The 
metaphor likewise applies to our stewardship responsibilities, which extend into the 
eternities.

It is my feeling that il Aldo Leopold were alive today, he would be disturbed by 
the fact that persons concerned over the well-being of the nation’s fish and wildlife
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resources should be at even minor odds over such a matter as conservation of 
biodiversity. It is likely that he would reiterate another of his marvellously prophetic 
statements, made 59 years ago in his classic text: Management (1933:405):
"There is, in short, a fundamental unity of purpose and method between bird-lovers 
and sportsmen. Their common task of teaching the public how to modify economic 
activities lor conservation purposes is of infinitely greater importance, and difficulty, 
than their current differences of opinion over details of legislative and administrative 
policy. Unless and until the common task is accomplished, the detailed manipulation 
ot laws is in the long run irrelevant.”

Epilogue

In a pointed, but very gentle book, entitled The Rediscovery o f North America. 
Barry Lopez (1990) described how Europeans have ravaged North America for 500 
years in their relentless pursuit of wealth. The greed and devastation first manifested 
by Pizarro and Cortes are today repeated in the form of acid precipitation, destruction 
of old growth forests and loss of biodiversity. In their quest for gold, the Spaniards 
never became aware of the much greater wealth they were destroying in terms of 
human culture and natural values. Now, half a millennium later, we need to rediscover 
our continent, and to become aware of the enormous wealth that, although jeopar­
dized, still remains. This wealth is not gold or treasure, but consists of infinitely 
more valuable things.

Some hold that this task is hopeless, that the desire for power and wealth is too 
strong. Without denying in any way the dark flaws of human nature, I wish politely 
to disagree. . , . We can say, yes, this happened, and we are ashamed. We repudiate 
the greed. We recognize and condemn the evil. And we can see how the harm has 
been perpetrated. But, five hundred years later, we intend to mean something else 
to the world. . . .  We must turn to each other and sense that this is possible” Lopez 
(1990). p

The dominoes arc showing signs of falling, and we must take heed. There could 
be no finer way to enter into the next millennium than for the North American 
conservation community to recognize that basing its programs on an ethically sound 
foundation will inevitably result in the application of sound biological principle and 
practice.
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Karyotypes of three Garra species from Ethiopia

E. Yu. K r y s a n o v  a n d  A. S. G o l u b t s o v

A. N. Sever tzov Institute o f Evolutionary Animal Morphology and Ecology, 
Leninsky Prospect 33, Moscow 117071, CIS

(Received 9 April 1992, Accepted 2 August 1992}^

Three cyprinid species from  E thiopia, G arra dem beensis, G. m akiensis, and  G. quadrim aculata, 
were found to be characterized by the chrom osom e num bers (2n) o f  50 and  by the arm  numbers*of 
82, 84, and  88, respectively.

Key words: cyprinid karyology^ a r r a ;  E thiopia.

The range of the cyprinid genus Garra includes tropical and subtropical highlands of the 
Old World from Borneo through Central Asia and India to Zaire and Senegal basins 
(Menon, 1964). There are reports on karyotypes of two Indian and two Chinese species of 
the genus (Khuda-Bukhsh et al., 1986; Yu et al., 1987), but no information on chromosomes 
of African Garra species have been published. This note describes the karyotypes of 
Garra dembeensis (Ruppell, 1837), G. makiensis (Boulenger, 1903), and G. quadrimaculata 
(Ruppell, 1837) from Ethiopia which appears to be the region of highest species diversity of 
the genus in the limits of Africa.

j Specimens were collected from three localities (nos. 2, 4, 5) in the central Ethiopia. 
Localities are referred under the same numbers as in our previous report on Ethiopian 
cyprinid karyology (Golubtsov & Krysanov, 1993) where their description was given. 
Live samples were transferred to the laboratory in Addis-Ababa, where chromosome 
preparations were made from the thymus following the method of Kligerman & 
Bloom (1977). Preparations were treated using a MIAMED automatic chromosome 
analyser.

For G. dembeensis [Fig. 1(a)] four, five and two specimens from localities 2, 4 and 5 
respectively, were studied (145 metaphases in total). The diploid chromosome number is 
50. The karyotype comprises 32 meta- or submetacentric and 18 acrocentric chromosomes. 
The arm number is 82.

For G. makiensis [Fig. 1(b)] four specimens from locality 4 were studied (56 metaphases). 
The diploid chromosome number is 50. The karyotype comprises 34 meta- or submeta­
centric and 16 acrocentric chromosomes. The arm number is 84.

For G. quadrimaculata [Fig. 1(c)] five and four specimens from localities 2 and 5 |  
respectively, were studied (94 metaphases). The diploid chromosome number is 50. The 
karyotype comprises 38 meta- or submetacentric and 12 acrocentric chromosomes. The 
arm number is 88.

No geographic variation within the chromosome sets both in G. dembeensis and 
G. quadrimaculata was found. Sex was recorded only for four specimens of the former 
species (two males and two females were studied). In contrast to Garra lamta from India 
(Khuda-Bukhsh et al., 1986), no sexual dimorphism within karyotypes was noted.

The diploid chromosome number in three Garra species from Ethiopia is the same as in all 
studied Asian species (Khuda-Bukhsh et al., 1986; Yu et «/.v 1987). The arm numbers in 
African species lie in the limits (78-90) peculiar to the Asian species (Khuda-Bukhsh & 
Barat, 1987; Yu et aL> 1987). Thus the Asian and African Garra species, together with all 
karyologically studied Labeo species (VasiFev, 1985; Paugy et al., 1990), represent the 
evolutionary diploid lineage of the subfamily Cyprininae (sensu Howes, 1987) in which 
most other taxa appear to be evolutionary polyploids.
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F ig . 1. K aryotypes o f (a) G arra dem beensis, (b) G. m akiensis , and  (c) G. quadrim aculata , taken w ith a 
M IA M E D  video processor. Scale bar, 5 pm.
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Karyological study of some cyprinid species from Ethiopia. 
The ploidy differences between large and small Barbus of

Africa
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C hrom osom e sets o f nine species o f  Barbus and  a species o f  Varicorhinus from  E thiopia were 
investigated. All large Barbus (B. bynni, B. in term edius, B. ethiopicus) and  V. beso  are shown 
to  have 2N  =  150, whereas all small Barbus (B. anem a , B. kersten ii, B. paludinosus, and  three un ­
identified (probably  undescribed) species have 2N  =  50. Based on the karyological- d a ta  and on 
the published m orphological d a ta , an independent origin o f  small and  large'B arbus o f  A frica is 
suggested. The au thors believe th a t large Barbus o f  A frica constitute a m onophyletic group and 
th a t this group .has no sister-group relationships w ith any o f  the small Barbus o f  Africa.

Key words: karyology; ploidy differences; Barbus phylogeny; E thiopia.

I. INTRODUCTION

In spite o f the high species diversity o f the African cyprinids, data on their 
chromosomes are scarce. At the same time, complicated taxonomic situations 
scattered in this group need the use o f various approaches including karyology. 
This is the case for the genus Barbus which in Africa contains about 300 species 
(Leveque & Daget, 1984).

From the taxonomic point o f view, the genus Barbus sensu lato was called ‘ a 
monstrous aggregation’ (Myers, 1960, p. 213) and this is still true. With or 
without appropriate reasons the Indian, Chinese and Indo-Australian species of  
the genus are placed by most modern authors into the Asian genera Puntius, Tom 
Acrossocheilus etc. The remaining species belong to three groups, Barbus sensu 
stricto, whose range includes Europe, the Mediterranean region and the Middle 
East, some Central Asian forms and the large stock o f the African species (Howes, 
1987).

In accordance with morphological characteristics the African species in their 
turn are divided into two groups— the so called small Barbus and large Barbus of 
Africa (Boulenger, 1911; Banister, 1987). The small Barbus are characterized6 by a 
relatively small adult size (mostly much less than 200 mm s .l .) and by the presence 
of radiating striae on the scales | | i n  contrast with the large Barbus, ‘ which 
generally reach a larger adult size (mostly much greater than 200 mm s .l .) and have 
parallel or converging striae on the scales ’ (Banister, 1987, p. 115). Until now the 
phyletic and genetic relationships between these two groups as well as between 
them and other barbins sensu Howes, 1987 have been obscure.

The latest karyological findings seem to promise some progress in this field. 
Among small Barbus from southern Africa N  =  24 is reported for B. viviparus
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Weber, 1897 (Post, 1965) and 2N =  50 for B. barilioides Boulenger, 1914 and B. 
holotaenia Boulenger, 1904 (Rab* 1981). Recently Oellerman & Skelton (1990) 
revealed a high ploidy level (2N =4Î48-150) inBve yellowfish, large Barbus species 
from southern Africa: B. aeneus (BurchellHl822); B. capensis Smith, 1 8 4 l| 
B. kimberleyensis Gilchrist & Thompson, 19lfl| B. natalensis Castelnau, 18OT 
and B. polylepis Boulenger, 1907. These authors also recorded (by refK glg to 
Oellerman’s unpublished thesis) the same ploidy level in additional large Barbus 
species, B. marequensis Smith® 841, and in Varicorhinus nelspruitensis Gilchrist & 
Thompsons 19 f l i i

Oellerman & S»ltoh;(1990) did not discuss the karyological differences between 
RieBarge and small Barbus species. They believe that their datajMpport 4 a 
hypothesis o f monophyletic origin o f the southern African yellowfish and their 
allies ’ (op. cit.,p. 113). So they suggest that in the | m J o f Africa, high ploidy 
levels are peculiar to several cyprinid species from southern Africa. The other 
posM ility involves the occurrence o f high ploidy levels in the large Barbus species 
group as a whole as well as in all African species o f the genus Varicorhinus. In this 
case the differences in ploidy level between small African Barbus species and large 
Barbus and Varicorhinus species should be observed f l  different regions of Africa. 
Up until now there has been no information on karyotypes o f African Barbus 
species other than for those from southern Africa.

The purpose o f this paper is threefold: (a) to estimate the ploidy level in the 
Ethiopian representatives o f the large Barbus species group and in the Ethiopian 
species o f the genus Varicorhinus; (b) to study the karyotypes o f small Barbus from 
Ethiopia, and (c) to account for the karyological peculiarities o f these groups-in 
terms o f phylogeny.

II. MATERIALS AND METHODS

Specimens were collected from 12 localities in central and south-western Ethiopia 
(Table I) using gillnets, cast nets, frame nets, and electrofishing. Locality 1 is in the White 
Nile basin, localities 2 and 3 in the Blue Nile basin and the others are several enclosed 
drainage systems of the Ethiopian Rift Valley (4 and 5 the Awash R. basin; 6 and 7 the 
Ziway-Langeno Lakes basin; 8 to 10 the Abaya Lake basin and 11 and 12 the Chamo Lake 
basin). Field work was carried out in the framework of the Joint Ethio-Russian Biological 
Expedition (JERBE) during December-March 1990-1991. Live samples were transferred 
to the field camps where chromosome preparations were made from the thymus following 
the method of Kligerman & Bloom (1977). For three specimens of B. intermedins Ruppelll 
1837 from the Kulfo R. meiotic metaphases were prepared by the same technique using ripe 
testes. Preparations were treated with the use of an automatic chromosome analyser 
M IAMED (Germany).

In the course of field sampling we failed to record the sex of some karyologically investil 
gated specimens (Table I), as well as to preserve some of them. But the majority of those 
studied, and all of those collected at the same time from all investigated populations were 
preserved and deposited in the Ichthyological Department of the Zoological Museum of 
Moscow State University under the provisional labels of the JERBE.

The systematics of Ethiopian cyprinids are not well-elaborated, but species identification 
was based on the works of Boulenger (1911), Greenwood (1962) and Banister (1973,1987). 
B. kerstenii Peters, 1868 has not been reported previously for Ethiopia. The unidentified 
Barbus species recorded in our study as 1-3 are most likely undescribed taxa. According to 
their size and scale structure they undoubtedly must be considered as small Barbus species. 
Morphological description of these species will be given elsewhere.



On the Relation of 
Synecology and 
Natural History to the 
Wonder of Life:
A Reply to Sagoff

The vocation o f  practicing ecolo­
gists is, for the most part, a labor o f  
love. The struggles and frustrations 
inherent in a career in ecology prob­
ably would not be tolerated if  ecolo­
gists did not feel strongly about their 
chosen subject matter. In this regard,
I find that I agree wholeheartedly  
with the general tenor o f  the senti­
ments expressed in an engaging ar­
ticle by Mark Sagoff (1993) regard­
ing the need to preserve biodiversity. 
These sentiments are essentially em­
bodied in the following proposition:

For the sake o f  our own identities 
we must maintain the identities o f  
the p la ces  where we live—-and  
this entails maintaining its flora  
and fauna as well as larger land­
sca p es . The m otive fo r  saving  
ecosystems may most fundam en­
ta lly  lie in our need to fe e l  at 
home where we livem to  attach  
ourselves to what becomes safe 
and secure because it retains its 
aesthetic and cu ltura l character­
is tic s  in the m idst o f  change. 
(Sagoff 1993:379)

H ow ever, the relationship  de-'V | 
scribed by S a g o ff (1993) between  
“the culture o f  ecology” and non-eco- 
nom ic justifications for preserving 
biodiversity is unnecessarily over-d  
simplified. The article distinguishes 
two approaches to ecology: (1) the 
theoretical study o f  communities and 
ecosystems (synecology), and (2) the 
natural history o f  organisms and spe­
cies (auteco logy). The former ap­
proach is traced to “clear theological 
origins”, as symbolized by the “Great 
Chain o f  B e in g ” m etaphor o f  
Lovejoy (1936). However, the subdis­
cipline o f  synecology, as epitomized 
by the works o f  Robert MacArthur, 
“demystified” this metaphor in order 
to confer scientific legitimacy, and in 
the process synecology was reduced
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to technology. Consequently, syn­
ecology is unable to provide a basis 
for the proper appreciation o f  the 
wonder o f  nature. On the other hand, 
the “rich descriptions’!  afforded by 
natural history, as exemplified by the 
w orks o f  Edward O. W ilson  and 
Stephen Jay Gould, provide such a 
basis for a proper appreciation o f  the 

| wonder o f  nature by focusing our 
moral attention on case h istories. 
“This approach sees ‘the world in a 
grain o f  sand/ And a heaven in a 
wild flower,’ as William Blake wrote 
in ‘Auguries o f  Innocence’ ” (Sagoff 
1993:377). /

Scientists (including ecologists) 
tend to be a hard-nosed lot, among 
w hom  the percentage o f  a theists  
seems to be fairly high. Nevertheless, 
the capacity to appreciate the wonder 
o f  nature (even among theoretical 
com m unity and ecosystem  ecolofd  
gists) is at least as widespread. More 
importantly, it is unclear why the sci4V] 
entiflc study o f the dynamics o f  com­
munities and ecosystems should de­
stroy any sense o f  the wonder o f  na­
ture— or even crush religious fee l­
ings. (In Boulder, Colorado, at least 
one Church o f  Gaia sponsors weekly 
drum-beating sessions!)

In 'th is  regard, it m ust be re-j$ 
m arked that the portraits o f  
M acA rthur, W ilson , and G ould  
painted by Sagoff distort their true 
attitudes towards nature. R obert 
M acA rthur w as no f lin ty -ey e d  
b iotech nocrat. In W ilso n ’s ow n  
words:

He was not a mathematician o f  
the firs t class—very few  scientists 
are . . . — but he joined superior 
ta lent in that f ie ld  with an ex­
traordinary creative drive, decent 
ambition, and a love o f  the natu­
ral world, birds, and science, in 
that order. (Wilson 1984:68)

The co llab oration  b etw een  
MacArthur and W ilson that led to 
the publication o f  The Theory o f  Is­
land Biogeography (MacArthur and 
Wilson 1967) was undertaken not “in 
order better to control nature for our 
efficient use” (Sagoff 1993:380), but 
for the sheer love o f  discovery (W il­

son 1984:67-74). M oreover, island 
biogeography provides the theoreti­
cal mainstay o f  conservation biology 
not only to preserve potentially use­
ful chemical compounds, but also to 
preserve the wonder o f  nature em ­
bodied in every single species that 
Sagoff is so loath to surrender.

M uch pleasure can be derived  
from the pursuit o f antiquarian natu­
ral history for its own sake, but that 
is not the whole story. According to 
Gould (1989:281): “The historical 
scientist focuses on detailed particu- 
lars-^ on e funny thing after an­
other— because their coordination  
and com parison  perm its us, by  
consilience o f  induction, to explain 
the p a s t . . 3|(emphasis added).

Sim ilarly, W ilson (1992:5) del 
scribes his personal thoughts before 
an impending storm over the Ama­
zon:

I  sorted the memories this way 
and that in hope o f  stumbling on 
some pattern not obedient to ab­
stract theory o f  textbooks. I  would 
have been happy with any p a t­
tern. The best o f  science doesn ’t 
consist o f  mathematical models 
and experim ents, as textbooks  
make it seem. Those come later. 
I t  springs fr e sh  fro m  a m ore  
p r im itiv e  m ode o f  thought, 
wherein the hunter’s mind weaves 
ideas fro m  old  fa c ts  and fre sh  
m etaphors and the scram bled  
crazy images o f  things recently 
seen.

Thus w e see that theory per se 
does not capture the wonder o f  na­
ture. Theory is, however, a reflec­
tion— is indeed a product of-^ the  
wonder o f  nature to be found in the 
patterns that cut across rich descrip­
tions o f  minute particulars. Conse­
quently, Sagoff s distinction between 
synecology and natural history in re­
lation to the proper appreciation o f  
the wonder o f  nature (in the tran­
scendental sense o f  Em erson and 
Thoreau, see Norton [1991]) seems 
arbitrary.

Sir J. Arthur Thomson, late Pro­
fessor o f  Natural History at the Uni­
versity o f  Aberdeen, in an essay en­

titled  “The W onder o f  L ife ,” re­
marked on the sentiment expressed  
in the phrase “the world in a grain o f  
sand/ And a heaven  in a w ild  
flower”: i

We must not, however, exagger­
ate a truth into a fallacy by pre­
tending that all things are equally 
impressive. For the intensity o f  
the appeal depends on our p er­
sonal susceptibility  and on our 
knowledge o f what we are looking 
at, as well as on objective quali­
ties. To most o f  us a diamond is 
more impressive than a dewdrop, 
and an eagle than a m idge. 
(Thom son 1936:311, em phasis 
added)

So it is w ith com m unities and 
ec o sy stem s. S y n eco lo g y  has n ot 
“dem ystified” nature. Quite the opifj 
posite: every advance leads further to 
the ultimate mystery as described by 
Thomson (1936:316):

We think o f  the [rich descriptions 
o f  natural history] f  but the big 
fa c t is that the World o f  Life is 
shot through and through, and up 
and down, with a quality which 
affords the h ighest p ro d u c t of- 
evolution one o f  his fin e s t joys, 
and surely gives him glimpses o f  
some harmony lying deep in the 
hea rt o f  things, e sp ec ia lly  in 
those that live. We are wise to re-A  
call Em erson’s profound saying:
“I  do not so much wonder at a 

snow flake , a shell, a sum m er  
landscape, or the g lo ry  o f  the 
sta rs; b u t a t the n ecess ity  o f  
beauty under which the universe 
l ie s ; f  *<|
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ABSTRACT Among the several central meanings of Dar­
winism, his version of Lyellian uniformitarianism—the extrap- 
olationist commitment to viewing causes of small-scale, observ­
able change in modern populations as the complete source, by 
smooth extension through geological time, of all magnitudes 
and sequences in evolution— has most contributed to the causal 
hegemony of microevolution and the assumption that paleon­
tology can document the contingent history of life but cannot 
act as a domain of novel evolutionary theory. G. G. Simpson 
tried to combat this view of paleontology as theoretically inert 
in his classic work, Tempo and Mode in Evolution (1944), with 
a brilliant argument that the two subjects of his title fall into a 
unique paleontological domain and that modes (processes and 
causes) can be inferred from the quantitative study of tempos 
(pattern). Nonetheless, Simpson did not cash out his insight to 
paleontology’s theoretical benefit because he followed the strict 
doctrine of the Modern Synthesis. He studied his domain of 
potential theory and concluded that no actual theory could be 
found—and that a full account of causes could therefore be 
located in the microevolutionary realm after all. I argue that 
Simpson was unduly pessimistic and that modernism’s belief in 
reductionistic unification (the conventional view of Western 
intellectuals from the 1920s to the 1950s) needs to be supplanted 
by a postmodernist commitment to pluralism and multiple 
levels of causation. Macro- and microevolution should not be 
viewed as opposed, but as truly complementary. I describe the 
two major domains where a helpful macroevolutionary theory 
may be sought—unsmooth causal boundaries between levels (as 
illustrated by punctuated equilibrium and mass extinction) and 
hierarchical expansion of the theory of natural selection to 
levels both below (gene and cell-line) and above organisms 
(demes, species, and clades). Problems remain in operationally 
defining selection at non-organismic levels (emergent traits vs. 
emergent fitness approaches, for example) and in specifying the 
nature and basis of levels, but this subject should be the central 
focus in formulating a more ample and satisfactory general 
theory of evolution on extended Darwinian principles.

Darwin’s Uniformitarianism and the Downgrading 
of Macroevolution

We yearn capture the essence of complexity in a line. 
Rabbi Hillef(ca. 30 B.C.-A.D. 10) wrote: “ What is hateful to 
you do not do to your neighbor. That is the whole Torah. The 
rest is commentary.” And Marcus Aurelius, a century later 
and a culture apart, stated: “ Look to the essence of a thing, 
whether it be a point of doctrine, of practice, or of interpre­
tation.”

The publication costs o f this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked “ a d vertisem en t” 
m accordance with 18 U .S.C . §1734 solely to indicate this fact.

But conceptual complexity is not reducible to a formula or 
epigram (as we taxonomists of life’s diversity should know 
better than most). Too much ink has been wasted in vain 
attempts to define the essence of Darwin’s ideas, or Darwin­
ism itself. Mayr (1) has correctly emphasized that many 
different, if related, Darwinisms exist, both in the thought of 
the eponym himself, and in the subsequent history of evo­
lutionary biology—ranging from natural selection, to genea­
logical connection of all living beings, to gradualism of 
change.

It would therefore be fatuous to claim that any one legit­
imate “ essence” can be more basic or important than an­
other. Yet I wish to focus on a Darwinism that is more 
pervasive than some of the other meanings—a status won by 
its role as the fundamental operational, or methodological 
postulate of all Darwin’s theorizing and experimentation.

Charles Lyell was Darwin’s guru and intellectual father 
figure. Darwin commented, in a statement that (for once in 
his writing) does not reek of false modesty in proper Victorian 
tastev; i  always feel as if my books came half out of Lyell’s 
brain (2). Much of Lyell’s thinking did not contribute to 
Darwin’s evolutionism and may have acted as an impediment 
to transmutation—in particular, Lyell’s steady-state vision of 
change without direction. But we can scarcely doubt that 
Lyell s major working postulate and philosophical premise— 
his uniformitarian vision—became just as firmly embedded in 
Darwin’s thought and scientific action.

Lyell’s uniformitarianism held that the full panoply of past 
events, even those of greatest extent and apparent effect, 
must be explained as extrapolations from causes now oper­
ating at their current observable rates and intensities. In other

uivcuiduiy, me sman ana immediate may 
extended and smoothly accumulated—drop by drop and 
grain by grain—through time’s immensity to produce all 
scales of historical events. Time is the great enabler. No 
uniquenesses should be attributed to events of large scale and 
long times; no principles need be established for the great and 
the lengthy; all causality resides in the smallness of the 
observable present, and all magnitudes may be explained by 
extrapolation.

Darwin accepted and promulgated Lyell’s uniformitarian 
vision in all its uncompromising intensity. Extrapolationism 
(the methodological side of uniformity) underlies and unites 
the otherwise disparate pieces and opinions in the Origin o f  
Species. What other principle could coordinate, for example, 
Darwin’s hostility to mass extinction (ref. 3, pp. 317-329), his 
brilliant section on graded structural transition in the evolu­
tion of complex and “ perfect” organs like the eye (ref. 3, pp. 
186-189), his initial case of pigeon breeding as a model for 
change at all scales (ref. 3, pp. 20-28), and even his choice of 
the phrase “ natural selection” as an analogy to small-scale 
changes produced by breeders and called “ artificial selec- 
tion.”
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Consider just two statements from the Origin o f Species on 
the power of geological time to build small and present 
changes into any observed or desired effect. First, on na­
ture’s greater power based on time and fuller scrutiny:

A s man can produce and certainly has produced a great result 
by his methodical and unconscious m eans o f selection , what 
may not nature effect? Man can act only on external and 
visible characters: nature cares nothing for appearances. . .
She can act on every internal organ, on every shade o f  
constitutional difference, on the whole machinery o f  life. . . 
H ow  fleeting are the w ishes and efforts o f  m an! how short his 
time! and consequently how poor will his products be, com ­
pared with those accumulated by nature during whole geo­
logical periods, (ref. 3, p. 83)

Second, on time’s promotion of the infinitesimal to great 
magnitude:

It may be said that natural selection is daily and hourly 
scrutinising, throughout the world, every variation, even the 
slightest; rejecting that which is bad, preserving and adding up 
all that is good ; silently and insensibly working, w henever and 
w herever opportunity offers, at the im provem ent o f  each 
organic being in relation to its organic and inorganic condi­
tions o f  life. W e see nothing o f  these slow  changes in progress, 
until the hand o f  time has marked the long lapse o f ages. (ref.
3, p. 84)

The pure extrapolationism of Darwin’s uniformitarian per­
spective creates an enormous, if not fatal, problem for 
paleontology. We would like to be a source of meaningful 
evolutionary theory, for this discipline explains the pattern­
ing of the objects we study. But if every event at our scale 
may be built by extrapolation from a present that contains all 
causes, then we have no theoretical contribution to make. We 
are still needed in a lesser role, of course, for history is 
massively contingent, as Darwin well knew, and theory must 
therefore underdetermine actual events. But paleontology, in 
this status, only provides phenomenology—a descriptive 
accounting, dedicated to documenting that life followed this 
particular pathway, rather than another route equally plau­
sible in theory. Moreover, paleontology, in Darwin’s view, 
cannot even provide particularly good phenomenology (how­
ever honored faute de mieux) because an imperfect fossil 
record so blots, confuses, and distorts the pathway. Remem­
ber that Darwin’s first geological chapter bears no triumphant 
title, but rather the apologetic: “ On the Imperfection of the 
Geological Record.”

The demotion imposed by pure extrapolationism—to de­
scription devoid of theory—must be the chief source of 
paleontology’s curiously low and almost ironic reputation: to 
be beloved and glamorized by the public (with a series of 
images from Indiana Jones to Jurassic Park), and almost 
invisible within professional halls of status and funding. 
Consider two assessments of our absent contribution to 
evolutionary theory. Sadly, as Julian Huxley notes in begin­
ning the first quote, paleontologists have often defended their 
own debasement—an all too common phenomenon noted 
among slaves, hostages, and other oppressed people who 
adopt the assessments of their captors (psychologists even 
have a label for it, as the Patty Hearst syndrome). Huxley 
wrote in the book that gave our theory its name (ref. 4, p. 38):

A s admitted by various paleontologists, a study o f  the course  
o f evolution cannot be decisive in regard to the method o f  
evolution. All that paleontology can do in this latter field is to  
assert that, as regards the type o f  organism s which it studies, 
the evolutionary methods suggested by the geneticists and 
evolutionists shall not contradict its data.

And even so iconoclastic a morphologist as D. Dwight Davis 
*t;-ed for the Princeton meeting on genetics, paleontology, 
and evolution (ref. 5, p. 77)—the gathering that oversaw the 
foundation of our major professional society and its journal |

Evolution:
Paleontology supplies factual data on the actual rates o f  
change in the skeleton and the patterns o f  phyletic change in 
the skeleton. B ecause o f the inherent limitations o f paleon­
tological data, how ever, it cannot perceive the factors pro­
ducing such changes. Attempts to do so merely represent a 
superim position o f neobiological concepts on paleontological 
data.

Such invalid statements in professional publications often 
follow an unfortunate path towards inclusion in basic text­
books—and errors in this particular medium are almost 
immune to natural selection, as extinction-proof as a living 
fossil in the deep ocean. One major, and very fine, introduc­
tory text (ref. 6, p. 524) states:

E volution can be studied on the population level only with 
living organism s. The fossil record provides too few  data to 
allow such treatment; it merely allow s paleontologists to 
reconstruct the history o f  animal and plant groups [the re­
striction o f  our efforts to descriptive phenom enology]. The 
population approach makes it possible to ask such questions 
as: W hat is the rate o f evolution in a given species? What 
factors influence the course or rate o f evolution? What 
conditions are necessary for evolution to begin or cease?

Funny. I would include these three questions within a set 
most amenable to resolution by the data of fossils and their 
temporal distribution!

As a final illustration of the reductionistic biases that still 
beset this most comprehensive of fields, and of the usual 
tendency to ignore or devalue theory based on whole orga­
nisms or long times, the assigned reporter for Science mag­
azine presented a remarkably skewed and parochial view of 
the conference that honored Simpson’s Tempo and Mode at 
its half-century, and formed the basis for this published 
symposium (7). The meeting itself was broad and compre­
hensive, with talks spanning a full range of levels and 
durations, from molecules at moments to faunas over geo­
logical periods. Yet the reporter ignored about two-thirds of 
the presentations, including all from Simpson’s own profes­
sional domain, and focused entirely upon molecular in­
sights—a central issue to be sure, but surely not the exclusive 
or even the primary theme of a meeting called to honor 
Simpson’s work and its sequelae. Under the headline “ Will 
Molecular Data Set the Stage for a Synthesis,” Science's 
one-dimensional reviewer got Simpson’s title wrong and then 
stated:

Fifty years ago, the great evolutionary biologist George Gay­
lord Sim pson . . . published a classic volum e called Tempo 
and Mode o f  (sic) Evolution. . . . Fifty years later, 250 leading 
evolutionary theorists gathered in Irvine, California at a 
sym posium  in Sim pson’s honor. Appropriately, the aim o f  the 
sym posium  was to provide a Simpsonian overview  o f the field, 
and the conclusion was that its tem po o f change is rapid, and 
one o f  the main m odes o f change is the acquisition o f  new data 
from m olecular biology. As one presentation after another 
confirm ed, m olecular biology is offering researchers a multi­
tude o f  new genetic clues about evolutionary change.

A picture of Simpson, smiling benignly (as he did only rarely 
in life), graces the page. But I can guarantee Science's 
reporter that Simpson’s ghost is raging at the exclusion of his 
own field from the primary account of his splendid party.

Tempo and Mode: A Potential Solution Undermined

The conventional view of the Modem Synthetic theory of 
evolution (often called or equated with Neo-Darwinism) 
envisages two sequential stages of development: formulation 
of the population-genetic core in the 1920s and 1930s through 
the work of R. A. Fisher, Sewall Wright, and J. B. S. 
Haldane; and alignment of more traditional disciplines in



6766 Colloquium Paper: Gould Proo. Natl. Acad. Sci. USA 91 (1994)

natural history with this central theory in a series of books 
beginning with Dobzhansky in 1937 (8), and continuing with 
Mayr in 1942 for systematics (9), Simpson in 1944 for 
paleontology (10), and Stebbins in 1950 for botany (11), 
among several others. Simpson’s Tempo and Mode in Evo­
lution*  published 50 years ago, is our century’s most im­
portant book in paleontological theory, and my profession’s 
chief contribution to the evolutionary sciences.

Simpson wrote Tempo and Mode to assert a distinctive 
theoretical corner for paleontology in evolutionary discus­
sion and to counteract the denigration discussed in the first 
section of this paper. (That he was not entirely successful will 
be evident from the fact that most of the deprecatory quo­
tations, cited earlier in this article, postdate the publication of 
his book. I shall argue, in this section, that Simpson failed 
because he bowed to the wrong solution in claiming that he 
could locate nothing distinctive after correctly defining a 
domain where one might look.) He spoke for paleontology, 
and against the extrapolationist vision, with some bravado in 
his introduction (ref. 10, p. xvii):

They [geneticists] may reveal what happens to a hundred rats 
in the course o f  ten years under fixed and simple conditions, 

v ' but not what happened to a billion rats in the course o f  ten Si milIion years under the fluctuating conditions o f  earth history. 
ijKjV O bviously, the latter problem is much more important.

Tempo and Mode, like so many seminal books, lies com­
pletely outside the traditions of its profession. To be sure, 
paleontologists had written copiously about “ evolution;” 
but, in the profession, this word referred to the documenta­
tion of history, specifically to the establishment of phytog­
eny, not to a study of processes and mechanisms. Paleonto­
logical works on evolution proceeded in descriptive and 
chronological order. If they attempted any closing statements 
on theoretical generalities, they tried to portray such con­
clusions as inductions in the enumerative mode from the facts 
of phytogeny—hence, the various “ laws”—Cope’s, Willis-" 
ton s, Dollo’s—of the classical literature. Simpson turned 
this procedure around. Instead of an exhaustive tome in 
documentation, he wrote 217 pages of stimulating sugges­
tions. He started from the principles of neontological Dar­
winism as he saw the theory emerging. He then asked if major 
features of the fossil record could be reconciled to this 
modem version of Darwinism, without postulating any spe­
cial macroe volutionary theory. Tempo and Mode contains 36 
figures, but only one portrays an animal—actually only the 
lower second molar and fourth premolar of the Eocene 
condylarth Phenacodus, cribbed from Osborn (ref. 10, figure 
9, p. 43). The rest are graphs, frequency distributions, and 
pictorial models. No paleontological innovation could have 
been more stunning than this.

But the most innovative feature of all resides in Simpson’s 
well-chosen title, for he properly selected tempo and mode as 
the two paleontological subjects that might provide novel 
theory, and not just phenomenology, to the evolutionary 
sciences. His title is, therefore, a statement about paleonto­
logical relevance, a defense of the theoretical importance of 
those ten billion rats.

There is much, of course, that paleontology cannot do— 
based on imperfection of the record, and our imposed inabil­
ity to observe or manipulate past processes directly. But, in 
specifying tempo and mode, Simpson sought to isolate and

The Science reporter’s error in citing the book as Tem po and M ode 
o f  E volution is important, and not an insignificant difference in a 
m eaningless preposition. Sim pson was a great and careful writer, 
w ho used words with m eticulous precision (and w as an English 
major in college). H e did not write his book to discourse on the 
tem po and mode o f  evolution in general, but to advance the key 
claim that tem po and mode are paleontology’s distinctive subjects 
tor winning insight into the causes o f evolution.

feature the theoretically tractable subjects of paleontology. 
His argument is both simple and elegant: paleontology has 
unique access to questions of evolutionary tempo, which 
require the direct data of long durations. These paleontolog­
ical tempos can and should be quantified to attain a testable 
generality transcending the “ feel” and expertise of taxo­
nomic specialists on given groups,t Rigorous and quantita­
tive studies of tempo (or pattern) can lead to inferences about 
modes (or processes). Scientific theory is, essentially, the 
attempt to explain nature’s processes. By using uniquely 
paleontological data about pattern to infer the unseeable 
processes of long temporal spans, paleontology may be an 
active purveyor of evolutionary theory.

This strategy of using uniquely paleontological data about 
tempo to infer mode, and thus to develop theory directly from 
the domain of macroevolution, pervades Simpson’s book and 
underlies all his examples. To cite just two cases;

(/) Designation of the three modes. Simpson’s last, and 
best-known, chapter (ref. 10, pp. 197—217) uses data of tempo 
to propose a fundamental division of evolutionary processes 
into three modes, each with different meaning: speciation for 
a low-level process of iterating diversity, with no significant 
input to trends or other larger-scale patterns; phyletic evo­
lution for the ordinary style of directional change, leading to 
evolutionary trends and accounting for some 90% of paleon­
tological data; and quantum evolution for rapid and rare, but 
efficacious, all-or-nothing” transitions from one adaptive 
zone to another through an inadaptive phase (a process 
analogized with Wright’s model of genetic drift).

00  The theory of horotely, tachytely, and bradytely. This 
fascinating and brilliant, if ultimately flawed, theory has been 
widely misunderstood by people who do not grasp Simpson’s 
central strategy of using tempo to infer mode. Many critics 
have stated that Simpson only invented some arcane, Greek- 
based jargon to divide the ordinary continuum of evolution­
ary rates into slow (brady), ordinary (horo), and fast (tachy). 
Not at all. Simpson was trying to identify separate peaks 
(modes in the statistical sense) in the distribution of tempos 
in order to specify distinct modes (in the ordinary sense) of 
evolution. Thus, horotely is not the central tendency of a 
single distribution of rates (with tachytely as the right tail, and 
bradytely as the left tail, as in the conventional misinterpre­
tation); horotely is the entire distribution of ordinary rates, 
while tachytely and bradytely are, in Simpson’s hypothesis, 
smaller distributions with distinct central tendencies at much 
larger and much smaller values than the central tendency of 
the horotelic distribution.

Simpson based this hypothesis upon a fascinating treat­
ment of data on generic longevity. He contrasted extant with 
extinct genera by plotting longevities as conventional survi­
vorship curves. Extinct genera fit the ecological models 
without anomaly, but extant genera yielded a hump of “ too 
many” values at extended longevities—in other words, too 
many living bivalve genera had inhabited our planet for too 
long according to random models of survivorship. Simpson 
called this hump the bradytelic distribution. (The tachytelic

t Am ong leaders o f  the second phase o f  the synthesis, only Sim pson  
was well trained m athem atically, and only he could read the primary 
source material o f  the first phase with full understanding. (Dobzhan­
sky, for exam ple, often stated that he adopted a “ father know s 
best’’ approach in his collaborations with Sewall Wright— that is , he 
sim ply accepted Wright’s verbal interpretation because he could not 
understand Wright’s equations in their own joint papers!) Sim pson  
was mathematically adept and a particularly fine statistician. H is 
textbook, Quantitative Zoology, written with his w ife Anne R oe, 
was a standard source for decades, and remains unmatched for 
clarity and w ell-chosen exam ples. H ow  ironic that words built the 
bndge to the second phase, while formulae constructed the pillars 
and anchor o f  the first phase— so that, with Sim pson’s exception , 
the crucial linkage rested upon faith.
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natural history with this central theory in a series of books 
beginning with Dobzhansky in 1937 (8), and continuing with 
Mayr in 1942 for systematics (9), Simpson in 1944 for 
paleontology (10), and Stebbins in 1950 for botany (11), 
among several others. Simpson’s Tempo and M ode in Evo­
lution ,* published 50 years ago, is our century’s most im­
portant book in paleontological theory, and my profession’s 
chief contribution to the evolutionary sciences.

Simpson wrote Tempo and Mode to assert a distinctive 
theoretical comer for paleontology in evolutionary discus­
sion and to counteract the denigration discussed in the first 
section of this paper. (That he was not entirely successful will 
be evident from the fact that most of the deprecatory quo­
tations, cited earlier in this article, postdate the publication of 
his book. I shall argue, in this section, that Simpson failed 
because he bowed to the wrong solution in claiming that he 
could locate nothing distinctive after correctly defining a 
domain where one might look.) He spoke for paleontology, 
and against the extrapolationist vision, with some bravado in 
his introduction (ref. 10, p. xvii):

T hey [geneticists] may reveal what happens to a hundred rats 
in the course o f  ten years under fixed and simple conditions^ yf 
but not what happened to a billion rats in the course o f  ten 
million years under the fluctuating conditions o f  earth history. 
O bviously, the latter problem is much more important.

Tempo and M ode, like so many seminal books, lies com­
pletely outside the traditions of its profession. To be sure, 
paleontologists had written copiously about “ evolution;” 
but, in the profession, this word referred to the documenta­
tion of history, specifically to the establishment of phytog­
eny* not to a study of processes and mechanisms. Paleonto­
logical works on evolution proceeded in descriptive and 
chronological order. If they attempted any closing statements 
on theoretical generalities, they tried to portray such con­
clusions as inductions in the enumerative mode from the facts 
of phytogeny—hence, the various “ laws”—Cope’s, Willis- 
ton’s, Dollo’s—of the classical literature. Simpson turned 
this procedure around. Instead of an exhaustive tome in 
documentation, he wrote 217 pages of stimulating sugges­
tions. He started from the principles of neontological Dar£ ? 
winism as he saw the theory emerging. He then asked if major 
features of the fossil record could be reconciled to this 
modem version of Darwinism, without postulating any spe­
cial macroe volutionary theory. Tempo and M ode  contains 36 
figures, but only one portrays an animal—actually only the 
lower second molar and fourth premolar of the Eocene 
condylarth Phenacodus, cribbed from Osborn (ref. 10, figure 
9, p. 43). The rest are graphs, frequency distributions, and 
pictorial models. No paleontological innovation could have 
been more stunning than this.

But the most innovative feature of all resides in Simpson’s 
well-chosen title, for he properly selected tempo and mode as 
the two paleontological subjects that might provide novel 
theory, and not just phenomenology, to the evolutionary 
sciences. His title is, therefore, a statement about paleonto­
logical relevance, a defense of the theoretical importance of 
those ten billion rats.

There is much, of course, that paleontology cannot do— 
based on imperfection of the record, and our imposed inabil­
ity to observe or manipulate past processes directly. But, in 
specifying tempo and mode, Simpson sought to isolate and

*The Science reporter’s error in citing the book as Tem po and M ode 
° f  E volution is important, and not an insignificant difference in a 
m eaningless preposition. Sim pson was a great and careful writer, 
w ho used words with m eticulous precision (and was an English 
major in college). He did not write his book to discourse on the 
tem po and mode o f  evolution in general, but to advance the key 
claim that tempo and m ode are paleontology’s distinctive subjects 
for winning insight into the causes o f  evolution.

feature the theoretically tractable subjects of paleontology. 
His argument is both simple and elegant: paleontology has 
unique access to questions of evolutionary tempo, which 
require the direct data of long durations. These paleontolog­
ical tempos can and should be quantified to attain a testable 
generality transcending the “ feel’̂  and expertise of taxo­
nomic specialists on given groups.t Rigorous and quantita­
tive studies of tempo (or pattern) can lead to inferences about 
modes (or processes). Scientific theory is, essentially, the 
attempt to explain nature’s processes. By using uniquely 
paleontological data about pattern to infer the unseeable 
processes of long temporal spans, paleontology may be an 
active purveyor of evolutionary theory.

This strategy of using uniquely paleontological data about 
tempo to infer mode, and thus to develop theory directly from 
the domain of macroevolution, pervades Simpson’s book and 
underlies all his examples. To cite just two cases:

(/) Designation of the three modes. Simpson’s last, and 
best-known, chapter (ref. 10, pp. 197-217) uses data of tempo 
to propose a fundamental division of evolutionary processes 
into three modes, each with different meaning: speciation  for 
a low-level process of iterating diversity, with no significant 
input to trends or other larger-scale patterns; phyletic evo­
lution for the ordinary style of directional change, leading to 
evolutionary trends and accounting for some 90% of paleon­
tological data; and quantum evolution for rapid and rare, but 
efficacious, “ all-or-nothing” transitions from one adaptive 
zone to another through an inadaptive phase (a process 
analogized with Wright’s model of genetic drift).

(//) The theory of horotely, tachytely, and bradytely. This 
fascinating and brilliant, if ultimately flawed, theory has been 
widely misunderstood by people who do not grasp Simpson’s 
central strategy of using tempo to infer mode. Many critics 
have stated that Simpson only invented some arcane, Greek- 
based jargon to divide the ordinary continuum of evolution­
ary rates into slow (brady), ordinary (horo), and fast (tachy). 
Not at all. Simpson was trying to identify separate peaks 
(modes in the statistical sense) in the distribution of tempos 
in order to specify distinct modes (in the ordinary sense) of 
evolution. Thus, horotely is not the central tendency of a 
single distribution of rates (with tachytely as the right tail, and 
bradytely as the left tail, as in the conventional misinterpre­
tation); horotely is the entire distribution of ordinary rates, 
while tachytely and bradytely are, in Simpson’s hypothesis, 
smaller distributions with distinct central tendencies at much 
larger and much smaller values than the central tendency of 
the horotelic distribution.

Simpson based this hypothesis upon a fascinating treat- - - 
ment of data on generic longevity. He contrasted extant with 
extinct genera by plotting longevities as conventional survi­
vorship curves. Extinct genera fit the ecological models 
without anomaly, but extant genera yielded a hump of “ too 
many ’ values at extended longevities—in other words, too 
many living bivalve genera had inhabited our planet for too 
long according to random models of survivorship. Simpson 
called this hump the bradytelic distribution. (The tachytelic

tA m ong leaders o f  the second phase o f  the synthesis, only Sim pson  
was well trained m athematically, and only he could read the primary 
source material o f  the first phase with full understanding. (Dobzhan- 
sk y^ for exam ple, often stated that he adopted a “ father know s 
best’’ approach in his collaborations with Sewall Wright— that is, he 
simply accepted W right’s verbal interpretation because he could not 
understand Wright s equations in their own joint papers!) Sim pson  
was m athematically adept and a particularly fine statistician. H is 
textbook, Quantitative Zoology, written with his wife Anne R oe, 
was a standard source for decades, and remains unmatched for 
clarity and w ell-chosen exam ples. H ow ironic that words built the 
bridge to the second phase, while formulae constructed the pillars 
and anchor o f  the first phase— so that, with Sim pson’s exception , 
the crucial linkage rested upon faith.
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distribution then emerged as a theoretical concept for a 
spectrum of rates too rapid to be recorded in most geological 
circumstances, and therefore responsible for the notorious 
gaps of the fossil record, even in relatively complete strati­
graphic sections.)

Following his usual argument, Simpson then tied each of 
the three distributions of tempos to distinct modes of evolu­
tion—horotely to ordinary anagenesis in phyletic evolution 
(responsible, he argues, for some 90% of the fossil record), 
tachytely to quantum evolution, and bradytely to establish­
ment of stable forms (often called “ living fossils” ) in persis­
tent adaptive zones. As a testimony to his proper restriction 
of science to the operational, Simpson said little about 
tachytely (which can rarely be measured and must be inferred 
from gaps in the record), basing his entire conception upon an 
attempt to identify and quantify the tractable bradytelic 
distribution through analysis of survivorship data, as de-v. . 
scribed above.

Simpson’s general argument is both illuminating and cor­
rect: tempos are a unique paleontological domain; modes 
may be inferred from them, and status as a source for theory 
thus conferred upon paleontology. Why, then, did Simpson s 
work fail to establish such a role for the fossil record and not 
lead to an independent body of macroevolutionary theo­
ry—as the deprecatory quotes cited in section one of this 
paper, all postdating Tempo and Mode, demonstrate? Two 
reasons can resolve this only apparent paradox:

(/) The dilemma imposed upon paleontology by the Syn­
thesis. The second phase of the Synthesis had a central 
theme—to bring each traditional subdiscipline of natural 
history under the explanatory rubric of the first phase, by 
showing that all results could be rendered consistent with 
population genetics and Mendelian principles of microevo- 
lutionary change. Since paleontology had the oldest and 
deepest tradition for denying such a claim, and asserting the 
need for principles contrary to Darwinism in explaining 
evolution in the fullness of time (orthogenesis, various forms 
of vitalism and fmalism), Simpson felt especially compelled 
to argue that the entire past, in all magnitude and duration, 
could be fully encompassed by extrapolation from microev- 
olutionary principles of the moment—Darwinian uniformi- 
tarianism in its purest form.

Thus, although Simpson did enunciate a m ethodology- 
modes from tempos—for discovering uniquely macroevolu- 
tionary theory, he applied the procedure to deny this possible 
outcome. In other words, he developed a method that might 
have yielded theory, and then claimed that none was to be 
found. And this conclusion was no passive or subsidiary 
result of other purposes, but the central goal—and, in Simp­
son’s view, the intellectual triumph—of his work. Paleontol­
ogy became a dutiful son to the synthesis, and no longer an 
unruly child. Simpson concluded, with evident satisfaction 
(ref. 10, p. 124):

The materials for evolution and the factors inducing and 
directing it are also believed to be the same at all levels and 
to differ in m ega-evolution only in combination and in inten­
sity. From another point o f  view  m ega-evolution is, according 
to this theory, only the sum o f a long, continuous series o f  
changes that can be divided taxonom ically into horizontal 
phyletic subdivisions o f any size, including subspecies.

07) Simpson’s later moves to greater conventionality. Of 
his three evolutionary modes, Simpson always emphasized 
the one—phyletic evolution—most supportive of extrapola- 
tionism, for trends in the phyletic mode work by pure, 
step-by-step anagenetic accumulation, the “ march of fre­
quency distributions” through time. He exalted the phyletic 
mode as primary by two strategies. First, by asserting the 
r > dominant relative frequency of this maximally extrapola- 
tionist mode—the 9/10 figure previously cited: “ Nine-tenths

of the pertinent data of paleontology fall into patterns in the 
phyletic mode” (ref. 10, p. 203).

As a second strategy, he downplayed the other two modes. 
He saw speciation as a low-level process, capable only of 
producing iterated variety (and perhaps of protecting adap­
tations by sorting them into several lineages), but not as 
participating in sustained evolutionary trends: “ This sort of 
differentiation draws mainly on the store of preexisting 
variability in the population. The group variability is parceled 
out among subgroups. . . . The phenotypic differences in­
volved in this mode of evolution are likely to be of a minor 
sort or degree. They are mostly shifting averages of color 
patterns and scale counts, small changes in sizes and pro­
portions, and analogous modifications” (ref. 10, p. 201).

But quantum evolution posed a different challenge to the 
dominance of phyletic extrapolationism. Simpson had never 
granted quantum evolution a high relative frequency, but he 
did regard this mode as responsible for some of the most 
profound anatomical transitions in life’s history. In Tempo 
and M ode, Simpson did present quantum evolution as an 
alternative to the phyletic mode, with different primary 
causes (though still tolerably uniformitarian in invoking 
Wright’s genetic drift). But Simpson radically changed his 
view in his larger, and far more conservative, later book, The 
Major Features o f Evolution (12). He now demoted quantum 
evolution from a separate mode to merely an extreme value 
in the phyletic spectrum. He began by denying any efficacy 
to Wright’s process: “ Genetic drift is certainly not involved 
in all or in most origins of higher categories, even of very high 
categories such as classes or phyla” (ref. 12, p. 355). He then 
redefined quantum evolution as one among four styles of 
phyletic evolution, all characterized by “ the continuous 
maintenance of adaptation” (ref. 12, p. 385). Quantum evo­
lution was therefore transmogrified from a distinct mode to 
extrapolative accumulation of adaptive change at fastest 
rates: Quantum evolution, he now claimed, “ is not a different 
sort of evolution from phyletic evolution, or even a distinctly 
different element of the total phylogenetic pattern. It is a 
special, more or less extreme and limiting case of phyletic 
evolution” (ref. 12, p. 389).

I see a kind of supreme irony in Simpson’s argument and 
its ontogenetic development. He made a brilliant and expan­
sive move in recognizing that paleontology had access to 
theory through the quantification of tempos and inference of 
modes. But he then found no theory where it might have 
resided, and he became ever more wedded to the synthetic 
proposition that all in time’s vastness could be rendered by 
extrapolation from Darwinian processes seen in the genetics 
of modem populations. Paleontology therefore remained the 
subsidiary playing field for a game with rules fully specified 
elsewhere. Simpson hoped to win respect for paleontology by 
defining his field as an ally to the synthesis but, as in politics 
and war, faithfulness without independence will be used to 
the utmost, but never really honored with equality.

A Solution in Bonded Independence

Dichotomy is both our preferred mental mode, perhaps 
intrinsically so, and our worst enemy in parsing a complex 
and massively multivariate world (both conceptual and em­
pirical). Simpson, in discussing “ the old but still vital prob­
lem of micro-evolution as opposed to macro-evolution” (ref. 
10, p. 97), correctly caught the dilemma of dichotomy by 
writing (ref. 10, p. 97): “ If the two proved to be basically 
different, the innumerable studies of micro-evolution would 
become relatively unimportant and would have minor value 
for the study of evolution as a whole.”

Faced with elegant and overwhelming documentation of 
microevolution, and following the synthesists’s program of 
theoretical reduction to a core of population genetics, Simp-
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son opted for denying any distinctive macroevolutionary 
theory and encompassing all the vastness of time by extrap­
olation. But if we drop the model of dichotomous polariza­
tion, then other, more fruitful, solutions become available.

The Synthesis arose in a reductionistic age, as best evi­
denced by the contemporary “ unity of science" movement 
initiated by philosophers of the Vienna Circle (see ref. 13, for 
a fascinating account of these links), and by the general 
intellectual context now called modernism, and then so 
dominant in a variety of fields from architecture to classical 
music. Modernism’s emphasis on the abstract, the simplified, 
the fully universal, the underlying principles that build the 
unique and complex from the small and general, all fueled the 
preference within evolutionary biology for a comprehensive 
micro-level theory that could build all scales and sizes by 
smooth extrapolation. Theory introduced at the macro-level 
seemed antithetical—a true dichotomous contrary—to such a

We now live in an age of self-styled “ postmodern refor­
mation—and though this movement has engendered silliness 
in architecture and incomprehensibility in literature, post­
modernism has also greatly benefited intellectual life by 
stressing themes of pluralism, multi-level causality virtues of 
complexity, individuality, and, yes, even a bit of playfulness. 
Modernism’s hegemonic idea of universal reduction to lower- 
level principles and causes has been replaced by respect for 
the legitimacy of multiple levels and perspectives and for 
their causal mechanisms and insights.

In this postmodern context, it should be easy to grasp a 
stunningly simple and utterly unprofound solution to “ the old 
but still vital problem of microevolution. . . [and] macroev­
olution ’’ (But you do need the context to see the "obvious, 
hence the unavailability of this solution under modernism.) 1 
put an ellipses in Simpson’s statement to eliminate the three 
words that cause all the trouble—“ as opposed to. Micro- 
and macroevolution are not opposed, but neither does one 
follow by extrapolation from (and therefore become intellec­
tually subservient to) the other. The existence of genuinely 
independent macroevolutionary theory does not imply that 
“ the innumerable studies of micro-evolution would become 
relatively unimportant.” These studies are vitally important 
both as controlling in their own domain, and powerfully 
contributory to macroevolution as well. Contributory, but 
neither exclusive nor decisive. No dichotomy exists. There is 
no single pathway of reductive explanation. Our evolutionary 
world is a hierarchy of levels, each of legitimacy and irre- 
ducible worth. I propose no California lo ve-fest of Im O  , 
you’re OK .” Genuine pluralism is tough minded and rigorous 
in trying to map theoretical complexity upon our hierarchical 
world. Empiricism adjudicates, and some levels ™ y turn ou 
to be unimportant in nature, though plausible in theory. But 
we must entertain the legitimacy of all logically coherent
levels in order to find out. I .

In seeking an independent body of macroevolutionary 
theory, not construed as contrary to microevolutionary 
knowledge, but viewed as truly complementary in bonding to 
produce a more satisfying total explanation, I would focus 
upon two themes that share the common feature of rejecting 
Darwin’s uniformitarian extrapolatiomsm, not his natural 
selection (or other major meanings of Darwinism).

mCausal boundaries between levels, breaking the possi­
bility of smooth upward extrapolation. Darwin s uniformity 
requires isotropy in extension, all the way from low causal to 
high phenomenological; nothing in the structure of causation 
may break the ever-growing inclusion. But if, on the other 
hand, important new causes arise at higher phenomenological 
levels of long time or great magnitude—even if most ot the 
results be complementary to those produced by lower-level 
causes (though they need not be congruent, and may well be
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contrary or orthogonal)—then the extrapolationist paradigm
is invalid. . .  ,

I believe that nature is so hierarchically ordered in a causal 
sense and that distinct processes emerge at a senes of 
ascending breakpoints in time and magnitude. To mention the 
two themes that have been most widely discussed in pale­
ontological literature during the past twenty years:

(a) Punctuated equilibrium and trends within clades. 
Trends in the anagenetic mode may be understood as pure 
extrapolation and accumulation by selection (or other pro­
cesses) operating at sequential moments in populations. But 
if species tend to be stable after geologically momentary 
origins, as punctuated equilibrium proposes (see ref. 14 for a 
best case, ref. 15 for a compendium of support, and refs. 16 
and 17 for opposition), then trends must be described as the 
differential success of certain species within a clade (as a 
result of greater longevity, higher propensity to speciate, or 
biased direction of speciation)—and the reasons for geolog­
ical success of species are both intrinsically macroevolution­
ary, and distinct from accumulation by natural selection 
within a continuously evolving population. Moreover, if the 
characters causing differential species success are emergent 
properties of species themselves (18), then the reasons for 
macroevolutionary change by species selection within clades 
are formally irreducible to conventional Darwinian selection 
upon organisms within populations.

(b) Mass extinction and patterns of waxing and waning 
among clades. Darwin, as noted above, feared and rejected 
mass extinction {see Raup’s article in this symposium (19)]— 
not because such coordinated dying is inconsistent with 
natural selection (for nothing in this form of Darwinism 
guarantees that organisms can adapt to environmental change 
of such magnitude and rapidity), but because mass extinction 
breaks the extrapolative causal continuum that the unifor­
mitarian meaning of Darwinism requires. Mass extinctions 
are not random, but survival through them works by different 
rules (see ref. 20 for a general argument, ref. 21 for an 
intriguing example) from those that regulate success in Dar­
winian struggles of normal times. Darwinian accumulation 
through normal times cannot, therefore, encompass the his­
tory of life. If mass extinctions only accelerated, but other­
wise coincided in causal direction with events of normal 
times (the “ turning up the gain” model in my terminology 
ref. 22), or if mass extinctions were only minor patterning 
agents, then the extrapolative Darwinism of normal times 
would still rule. But mass extinctions are not coincident, and 
they are truly massive (up to 96% species death of marine 
invertebrates in a well-known estimate for the largest, late 
Permian great dying ref. 23). They are, therefore, causal 
patterning agents separate from the daily Darwinism of 
normal times.

(//) The hierarchical reconstruction of the theory of natural 
selection. Darwin’s key notion, that natural selection works 
almost entirely upon individual organisms as primary units, 
arises from several aspects of his thinking—from, for exam­
ple, his uniformitarianism (for organisms are the noticeable 
biological objects of moments), and his overthrow of Paleyan 
teleology. (What a delicious irony—to claim that good or­
ganic design and ecological harmony, once seen as proof of 
God’s wise benevolence, truly arise only as the side conse­
quence of a process with apparently opposite ethical mean­
ing-organism s struggling for their own benefits alone, de­
fined as individual reproductive success.) Classical Darwin­
ism, as a single-level theory causally focused upon 
organisms, makes sense in traditional terms (while the at­
tempt of Dawkins and others to reduce the level of causality 
even further to genes can only be called hyperdarwmism, or 
more of the same; see ref. 24). Williams (ref. 25, p. 6) 
correctly identifies conventional Darwinian methodology. 
“ In practice, higher levels of selection are seldom invoked,
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and biologists routinely predict and find that the Pr0Per^ s^  
organisms are those expected tf selection operates mainly on 
the varying capabilities of individuals. »

In fids context, I believe that the most portentous and 
far-ranging reform and expansion of Darwinism in our gener 
ation ha's been the growing (26-28), if so far Ul-coord.nated, 
attempt to reconstruct the theory of natural selection as a more 
general process, working simultaneously on biological objects 
at many levels of a genealogical hierarchy. The revised theory 
is in no way antithetical to Darwinian natural selection mi 
should be read as an extension rather than a re p la c e m e n t^  
the hierarchical theory has a structure very different from 
conventional, single-level Darwinism working on individual 
organisms—so the revised theory is a fascinating novelty, not 
a S e T n c lu s iv e  extrapolation. After aU, there u a  H i o f  
difference between the claim that nature B | | M |  
objects are optima or maxima set by one canonical form of 
selection and the statement that such stabilities are balances 
among distinct levels of selection that may work coinciden­
tally orthogonally, or contrarily. Since most of these newly 
recognized levels are intrinsically macroevoluttonary (species 
selection, clade selection, and some forms of interdemic 
selection), and since their ways and modes are distinct from 
conventional natural selection on individuals, the hierarchical 
theory also affirms a substantial theoretical space for macro-BmMMIIIBIH■»«gn
five basic properties: birth points, death P0,nts> s“^ ' f  
stability through their existence, reproduction, and inhe 
tance of parental traits by offspring. (The first three proper­
ties are required to individuate any named item as a distinct 
entity rather than an arbitrary segment of a continuum, th 
last two are prerequisites for agents of Darwinian selection, 
defined as differential reproductive success.) Organisms are 
the quintessential biological objects endowed with these five 
properties, hence their role as canonical Darwinian individ-

UaBut"many o T h e ^ k S  of biological objects mainlai"  thesef 
five properties, and can therefore act as causal agents of 
selection The hierarchical theory is therefore explici y 
causal and not merely phenomenological. We may start with 
gene selection—not the false Dawkinsian version, which tries 
M S B  all higher-level processes down to this supposedly 
universal locus of causality, but the proper form of genes 
acting “ for” themselves, as in the badly named Phen° ^ non 
of “ selfish DNA” (29,30). (In the general th e o ^ o f  selection 
all objects work for themselves by struggling for differential 
reproductive success at their own level: multiply replicating 
DNA producing no benefits to organisms thereby, can only 
be viewed as selfish if all evolutionary change be judged by 
i ^ c t  upon organism s-the very Darwinian parochialism 
now sunerseded by the hierarchical theory!)

L vhT g up a level, Buss (31) has made a fascinating case 
foradistinctform  of cell-lineage selection with cancer as one 
mark of its pyrrhic victory over conventional selection on 
organisms. We next encounter ordinary Darwinian selection 
orforganisms, a powerful mode surely responsible for adap- 
:ive design of bodies [but not, therefore, Dawkins 

«  ̂ intrinsic or more important than other evolutionary 
phenomena, like waxing and waning 
clades through geological time—a phenomenon that y 
cannot t  f X  render^  by differential merits of adaptive
design among organisms]. _ ,hP

Moving to levels above organisms, we first encounter the 
confusing field of selection among groups or demes with 
sp ec ies-a  theme once infused with woolly thinking (ref. 33, 
^h is to rica lly  needed correction) that gave the entire subject 

J name, but now being treated more 
d ra in in g  much of enormous value in vanous modes termed 
.m erdem i »¡.-group. « .  (34, 35). Above this comple>
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field, we encounter the two clear levels of truly macroevo- 
lutionary selection, largely based upon paleontological data, 
and capable of producing important phenomena of evolution­
ary pattern not fully rendered by causes at lower teveJs~  
species selection (36-38) for trends within clades and clade 
selection (25) for differential waxing and waning of mono-
phyletic groups. ,

The developing field of hierarchical selection theory is 
beset with conceptual difficulties so thorny that I sometime 
wonder if our innately dichotomizing minds are sufficiently 
well constructed for thinking about simultaneous levels in­
teracting in all possible modes (or perhaps I m just stupid, 
although the issues seem to beset others as well), wo 
problems have been paramount in the developing discussion.

■  How shall selection itself be identified and defined. 
Since we desire an explanatory theory, we must clearly 
distinguish (18) the causal process of selection (differential 
survival based on active and intrinsic properties of the 
biological objects under review), from the descriptive phe­
nomenon of sorting (differential survival that might be caus­
ally based upon selection at lower or higher levels, yielding 
sorting as an effect). Even with this proviso, several partly 
contradictory criteria for the definition of selection as a 
causal process at higher levels have been proposed. Most 
firm and unambiguous, but most elusive and hard to docu­
ment, is the “ emergent trait” approach (18, 37), where 
selection is only identified if explicit features responsible for 
sorting can be specified as emergent in the objects being 
sorted. Differential success based on emergent traits is surely 
selection by anyone’s definition and permits us to speak ot 
genuine adaptation at higher levels—but emergent traits may 
be rare, and are surely hard to define, often demanding 
narrative knowledge of selective processes not available from
data of fossils. , ,

The “ emergent fitness“ approach (39) is more general and 
operational (through use of ANOVA-type models applicable 
to quantitative data of fossils), but fitnesses are not traits, and 
the analog to adaptation is thereby lost, along with clear 
correspondence to vernacular notions of “ advantageous. 
This approach does, however, provide the enormous advan­
tage of including selection upon variability as a legitimate 
form of causality at higher levels. . .

Williams (25) has proposed an even more inclusive defini­
tion for clade selection, an interesting position for a man who 
formerly criticized all proposed forms of group selection so 
brilliantly, and who became identified thereby as a champion 
of lower-level selection (33). Williams seems to define as 
higher-level selection any form of sorting between groups 
that can be described as nonconcordant with any simultane­
ously observed mode of sorting at the organism level (see his 
interesting hypothetical example in ref. 25, pp. f ° 7 f 2);.r  .

M i How shall the items and units of selection be identified 
and defined? Two major contributors to this debate on 
hierarchical selection—Eldredge (40) and Williams (25) 
have tried to establish parallel hierarchies of equal causal 
import: genealogical and ecological for Eldredge, maten 
and codical for Williams. I believe that these efforts ar 
ill-advised and that only the genealogical and matenal se­
quences should be viewed as causal units participating in
Darwinian selection. . . , . f

Williams makes his distinction between entities and i™or- 
mation, speaking (ref. 25, p. 10) of “ two mutually exduswe 
domains of selection, one that deals with ma‘en al e"tifies an 
another that deals with information and might .
codical domain.”  But I do not think that the cod'cai dornam 
has meaning or existence as a locus for causal units of
selection, for two reasons: ■  williams uses(a) Odd mapping upon legitimate *ntu.t.onŝ  W,l .ams uses
a criterion of selection that arises from an important literature 
developed by Hull (41), Sober (42), and others on replicators
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and interactors—and that requires relatively faithful replica­
tion across generations in order to qualify an entity as a unit 
o f selection. (Sexual organisms, dispersed and degraded by 
half in each offspring of the next generation, do not qualify on 
this criterion—a major argument advanced by gene selec­
tionists for locating causality instead at the lower level of 
faithfully replicating sequences Of DNA.) Williams accepts 
this criterion for his codical domain, thus leading to the 
following peculiar position: genes are units of selection (as 
the replicating consequence in the codical domain of selec­
tion upon organisms in the material domain); gene pools are 
also units of selection (as replicating consequences of higher- 
level selection upon groups to clades); whereas genotypes, m 
an intermediate category, are not units of selection (except m 
asexual organisms, where replication is faithful). Thus the 
codical domain skips a space in the hierarchy, and contains 
no organismic level of selection (except for asexual forms) 
because the corresponding codex is impersistent.

This linkage of selective agency to faithful replication has 
been so often repeated in the past decade that the statement 
has almost achieved status as dogma in evolutionary theory. 
Yet I think that this criterion is entirely wrong. Selection isn t 
about unitary persistence—never was, and never should have 
been so formulated. Selection is about concentration—that 
is the differential passage of more of ‘ ‘youness”  into the next 
generation, an increase in relative representation of the 
heritable part of whatever you are (whether you pass yourself 
on as a whole, or in disaggregated form into the future of your 
lineage). Consider the standard 19th Century metaphor for 
selection: a sieve. The sieve is shaken, and particles of a 
certain size become concentrated, as others pass through the 
net (lost by selection). Integral “ you” may be disaggregated 
in this process, but so long as the next generation contains a 
relative increase in your particles, and so long as you 
qualified as an active causal agent of the Darwinian struggle 
while you lived, then you are a unit of selection (and a 
winning unit in this case).

(¿>) The codical domain as bookkeeping only. We may 
indeed, and legitimately as a practical measure, choose to 
keep track of an organism’s success in selection by counting 
the relative representation of its genes in future generations 
(because the organism does not replicate faithfully and there- 
fore cannot be traced as a discrete entity). But this practical 
decision for counting does not deprive the organism of status 
as a causal agent, nor does it grant causality to the objects

C°TheHsting of accounts is bookkeeping—a vitally important 
subject in evolutionary biology, but not a form of causality.
I think that Williams’s codical domain is not an alternative 
realm of causality, as he claims, but just a fancy name for the 
necessary bookkeeping function of evolutionary calculation. 
Williams almost seems to admit as much in two passages (ref. 
25, pp. 13 and 38):

For natural selection to occur and be a factor m evolution, 
replicators must manifest them selves in interactors, the con­
crete realities that confront a biologist. The truth and usetul- 
n ess o f  a biological theory must be evaluated on the basis oi 
its su ccess in explaining and predicting material phenomena^
It is equally true that replicators (codices) are a concept of 
great interest and usefulness and must be considered with 
great care for any formal theory o f  evolution, (ref. 25, p.

Fine. But codices are units of information useful in book- 
keeping, not material entities out there in the Darwinian 
struggle—and bookkeeping is not causality.

However we ultimately define the levels in a genealogical 
hierarchy of effective selection upon each, and however we 
decide to codify the criteria for identifying selection at these 
levels, the hierarchical, multi-level theory of natural selection 
should put an end to an unhappy and unhelpful conflict rooted

in the false mental tactic of dichotomization: the modes of 
macro- and microevolution as intrinsically opposed and in 
battle for a common turf. This model led the Synthesis to 
deny any theoretical status to macroevolution at all—thus 
preserving hegemony for a microevolutionary theory that 
could supposedly encompass all scales by smooth extrapo­
lation. But macroevolution is complementary, not opposi­
tional—and each domain holds unique turf (while maintaining 
a rich and fascinating interaction with all other realms). A 
grant of independence and theoretical space to a previously 
rejected domain does not mark a retreat or a submission, but 
rather a commitment to probe all the richness of nature with 
all the mental equipment that our limited faculties can mus­
ter. For a fine poet once stated this “ Happy Thought” in A 
Child's Garden o f  Verses:

The world is so  full o f  a number o f  things,
I’m sure w e should all be as happy as kings (43).
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Diel Habitat Selection by Brown Trout in the 
Rio Grande Rivefl Colorado, after Placement of Boulder Structures
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^ ^ ) s t r p c t m  Brown trout Salm<Mrfitta  distribution and m icrohabitat use were m easured in 10 
study sections o f  the R io Grande River, Colorado, where three types o f  structures m ade from large 
boulders had previously been placed. On average, 65% o f  the adult brown trout and 69% o f  the 
juvenile brown trout observed were holding positions near structures. Brown trout used primarily 
wingdam s, m idchannel boulder clusters, and natural bank cover, and avoided single boulders and 
areas with no structures. Juvenile and aduft brown trout show ed a significant preference for wing- 
dam s during the day at both high and low  flows, but adults shifted from wingdam s to m idchannel 
boulder clusters at night during low  flows. D istributions o f  water depth and m ean water velocity  
at positions used by brown trout differed significantly between age-classes but were generally not 
significantly different at high versus low  flows, between day and night, or between fish using and  
not using structures. Results suggest that brown trout selected feeding sites primarily based on  
water velocity and cover, and that boulder structures provided m ore locations that were energet­
ically favorable for brown trout.

The lack of suitable physical habitat in many 
streams and rivers is thought to limit fish abun­
dance, growth, and survival (White 1986). When 
faced with this lack of appropriate habitat, fishery 
managers often evaluate potential habitat defi­
ciencies and prescribe stream habitat enhance­
ment to improve conditions. Knowledge of mi­
crohabitat requirem ents o f fish, and an 
understanding of how enhancement structures 
modify the physical environment, are essential for 
project success.

Despite the widespread use of habitat enhance­
ment, few investigators have studied stream chan­
nel morphology and trout distribution after hab­
itat structures were installed to determine whether 
more favorable positions were created and wheth­
er trout used them. Instead, the majority of post­
project evaluations have focused on population 
responses (e.g., Hunt 1971, 1992), which may re­
quire 5-7 years to reach their full extent (Hunt

1 Present address: U .S . Forest Service, Gardiner Rang­
er District, Post Office Box 5, Gardiner, M ontana 59030, 
USA.-
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1976). Moreover, with few exceptions (e.g.* Ward 
and Slaney 1981; Hunt 1988), investigators have 
not compared the relative use of various structure 
designs by fish, and none have compared use of 
structures during day versus night.

In this study we examined whether boulder 
structures placed in a southern Colorado river in­
fluenced diel distribution and microhabitat use of 
brown trout Salmo trutta over a range of stream- 
flows. Our objectives were first to determine if 
boulder structures of three designs influenced diel 
position choice of brown trout and whether this 
position choice changed with streamflow or fish 
life stage. Second, diel microhabitat use, as char­
acterized by water depth, mean water velocity, and 
cover, was measured for brown trout associated 
and not associated with structures, to assess which 
microhabitat attributes were most important in 
determining position choice. —

Study Area
The Rio Grande River, in southwestern Colo­

rado, is a fourth-order river (Strahler 1952) with 
headwaters originating in the San Juan Mountains. 
Our study area was a 3.8-km reach in the Coller 
State Wildlife Area (CWA; map location: T40N,

0
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R2E, sections 11-13), 8 km west of South Fork, 
Coloradogjat an elevation of 2,560 m. Mean 
month! jd ischarge during the 1989-1991 water 
years ranged from M  8 m 3| |  during late fall and 
winter base flow to a maximum of 59.7 m 3S  dur­
ing spring snowmelt runoff B gland  et al. 1990, 
1991, 1992« Flows during the 1989, 1990, and 
1991 water years were 89,;,92, and 107% of the 
long-term average. A reservoir about 65 km up­
stream from the CWA was dewatered for repairs 
during summer 1990, so flows were unregulated. 
However, rainfall eroded fine sediment from the 
reservoir bed and caused increased turbidity. 
Summer water temperatures ranged from 6 to 17°G 
(R. B. Nehring, unpublished data for 1982-1984 
and 1990).

The study reach had predominantly low-gra­
dient riffles and runs with small to large cobble 
substrate. Mean channel width was 55 m, and sin­
uosity was approximately 1.2. The reach was rel­
atively devoid of boulders and debris jams, prob­
ably due to log and railroad tie drives from about 
1875 through 19&§;(V. Spero, U.S. Forest Service, 
personal communication).

In 1978 the Colorado Division of Wildlife began 
a large-scale habitat enhancement program by 
adding boulders to the channel. Single boulders, 
midchannel horseshoe-shaped boulder structures 
(three to five boulders, concave downstream), and 
boulder bank deflectors (12^15 boulders in a line 
that angled downstream, hereafter called wing- 
dams) were placed throughout the CWA in No­
vember 1978, 1982, and 1985. Altogether, 883 
boulders, 1-2 m in diameter, were placed in the 
channel at a cost of $57,000. Midchannel boulder 
clusters covered 3-6% of total channel width, 
whereas wingdams covered 6-20%. In 1985, eight 
bouldeifjfog combination structures were also in­
stalled, but the logs broke loose and washed away 
during snowmelt runoff. Flows during 1987, which 
were "among the highest on record (170% of aver­
age), scoured pools downstream from the boulder 
structures and created the habitat conditions pres­
ent during the study.

From 1981 to 1991, the salmonid assemblage 
in the CWA consisted primarily of wild brown 
trout and a lesser number of wild rainbow trout 
Oncorhynchus mykiss. For example, the popula­
tion of age-1 and older fish ih mid-November 1990 
was estimated as 4,144 brown trout and 702 rain­
bow trout throughout the CWA (Nehring, unpub­
lished). Density estimates of trout 35 cm or longer 
were 27 brown trout and 3 rainbow trout per hect­
are. Longnose dace Rhinichthys cataractae and a

few large white suckers C am kom usicom m ersoni 
were also present.

Special regulations requiring anglers to release 
all trout less than 400 mm long had been in effect 
in the CWA since 1983. However, only a few brown 
trout that lived to age 6 reached 400 mm in the 
CWA (Nehring, unpublished), so angling mortal­
ity was low. Angling occurred primarily during 
June through A ugusilbut effort was low ^§250 
h/hectare/year; Nehring, personal observation), so 
fishing had little effect on trout populations.

Methods
In spring 1989, the 3.8-km reach was divided 

into 50 sections, each 75 m long. Sections were 
categorized as having high ® 4 0  boulders), me­
dium (21-40 boulders), or low density ^ ^ 0  boul­
ders) of habitat structures based on the total num ­
ber o f boulders. Three study sections were 
randomly selected from each category. An addi­
tional low-density section, which had only one 
structure, was added in 1990. Habitat in this tenth 
section was similar to that throughout the reach 
before boulder placement. Gradient ranged from 
0.1 to 0.4% among the 10 sections.

In all, 85 transects were used to quantify phys­
ical changes caused by structures in the study sec­
tions during summer 1990. More transects were 
placed in sections with high structure density than 
in low-density sections. Total depth (cm), mean 
water velocity (cm/s) at 0.6 depth from the surface, 
and substrate (modified Wentworth classification; 
Orth 1983) were measured at 1,5-m intervals across 
transects.

M easuring Trout Positions
Locations of juvenile and adult brown trout and 

rainbow trout were determined by underwater ob­
servation during day and night from July through 
September 1990. Angling was also used to deter­
mine daytime locations of feeding fish when un­
derwater visibility was less than 1.0 m. Maximum 
underwater visibility was greater at night (approx­
imately 3.0 m) than during the day (1.5-2?0 m) 
due to scattering of sunlight by suspended fine 
particles (Fausch and White 1981). As a result! 
during the day trout were often more easily located 
from above the water surface than by snorkeling. 
The small number of rainbow trout observed dur­
ing the study (N  = 56) precluded analysis; so the 
data are not reported here.

Underwater observation procedures were sim­
ilar to those of Bovee (1986) and Lijf(1988). A 
static-line, drop-line system with mountaineering

*
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Distribution of two congeneric charrs in streams 
of Hokkaido Island, Japan: considering multiple factors across scales
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A b stract Salvelinus leuedmaenis  ̂ white-spotted charr) 
and S. malma  (Dolly Varden) are distributed throughout 
Hokkaido Island, Japan, but sites where they occur in 
sympatry are rare. In general, S. malma  inhabit upstream 
reaches and S. leucomaenis extend downstream to the 
ocean. Factors influencing their distribution were ana­
lyzed at four spatial scales ranging from the wholfe island 
to individual stream pools .̂ At the island Jlcale, S. leu­
comaenis were found in the warmer south-west region 
and at lower altitudes, elsewhere, whereas S. malma were 
found in the colder north-east and at higher altitudes. At 
a regional scale, the downstream limit of S. malma  and 
upstream limit of S. leucomaenis shifted to lower altitude 
from south-west to north-east across the island, coinci­
dent with the decrease in temperature. Further analysis 
showed that transition points from S. leucomaenis or 
sympatry to S. malma  in individual watersheds were clo­
sely related to an index of cumulative mean monthly 
temperatures exceeding 5°C. However, at the scale of a 
single watershed, the transition occurred at different 
altitudes, gradients, and temperatures in two tributaries^ 
apparently because stream discharge, habitat, and distur­
bances from floods interacted with these abiotic factors 
to limit distribution. The two charr species developed 
interspecific dominance hierarchies in individual pools, 
and there was strong complementary density compensa­
tion among stream pools that could be explained by 
interspecific competition but not by differences in habi­
tat. However, patterns at watershed and regionaltScales 
suggested that interspecific competition interacts with

K. D. Fausch (M ^ff
Department of Fishery and Wildlife Biology,
Colorado State University,
Fort Collins, CO 80523i;USA
S. Nakano
Nakagawa Experimental Forest, Hokkaido University, Nakagawa, 
Otoineppu, Hokkaido 098, Japan
K; Ishigaki
Tomakomai Experimental Forest, Hokkaido University, Takaoka, 
Tomakomai, Hokkaido 053, Japan

temperature in complex wayi$ We conclude that the im­
portance of various abiotic and bioticgglfors in 'shaping 
Hokkaido charr distribution# tiepend| on the scale at 
which they are viewed.

K ey w ords Multiple factors • Scale • Altitudinal f 
distributions - Temperature • Interspecgc competition

Introduction

Ecologists have! long beem intrigued by distributions of 
closely related specieSin. vertebrate communiti^Ihat are 
arrayed along altitudinal gradients;?where abiotic factors 
and species composition change quickly over short disS 
tances (Hairston 1949; Diamond 1970^Terborgh l971; 
Schluter 1982; Brown and Bowers 1984). Congeneric 
species in such communities are often found to. occupy 
adjacent, non-overlapping positions along the gradient, 
and to expand their distribution at locations where their 
congener is absent, patterns that are frequently interpret­
ed as evidence for interspecific competition (|.g.,[Tér- 
borgh and Weske 1975; Diamond||978). Rarely, howev­
er, have alternative hypotheses for the distributions beeit 
considered (Wiens 1989a; but see Schluter and Grant 
§982).

In reality, limitH o f  species distribution^ areHnflu- 
enced by a hosPof factors that com ble' or interact to 
produce the patterns found in nature (Hall et al. 1992; 
Table 1). Progress in understanding the multiple factorsj 
that limit species distributions on altitudinal gradients 
will most likera b e . m adpby considering eadff as. an 
alternative hypothesi| to be tested using data on rele­
vant abiotic and biotic variables (Wiens 1989a). More­
over, because différent factors may operate at different 
spatial and temporal scales (e.g., Wiens 1986; Bennett 
1990), multiscaled investigations are required to place 
the role of each into an appropriate context (Wiens 
1989b)/

Like other taxa, salmonid fishes in streams show com­
plementary distributions along altitudinal gradients in
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Fig. 11 ¡Map vqf Hokkaido 
Island, Japan, showingBtçs,(at  ̂
which S a ly e l in i is  m a lm a  ( f i l le d  

:circle^)9^.deucprna^msjQpen 
czrcBfl and both species in 
sympatry.(/z//ed t r ia n g le s )  were 
preset, Ip^ome regioris/many 
sites with the same speciès r ' 
composition overlapped, | |  to 
improve clarity not-all are 
shown. Locations of the 
Chihase River | S |  Lake 
Shikotsu (S h ), Poroshiri 
w ^ y shedRS Lake 
Shikaribetsu. ($ | and Lake 
Akan (A) are also; shown. The 
d a s h e d  lin e  through Honshu 
’Island on the insSof Japan is S  
the |3uthem limit of S. 
leu co m a en islÛ is tn b x x tio n .
Names refer to regions 
discussed in the text

many parts 8  the world (e.g., Ishigaki 1969, 1984; Vin­
cent and Miller 1969; Gard and Flittner 1974; LarsoS 
and Moore 1985;pFausch 1988B1989). In many c a s e i  
on^ species occupies the high-gradient headwater reach- 
e ||a t  higher altitudes whereas another inhabits lower- 
gradienfi reache^ downstream, often with little overlap 
(Fausch 1989). Often the downstream species is an exot­
ic salmonid that has gradually encroached upstream, 
forcing the native species into headwater habitat (e.g., 
Townsend and Crowl 1991). Rarely have distributions of 
native congeneric salmonids been studied, however (but 
see Hartman and Gill 1968).

Here we analyze distributions of two closely related 
native congeneric charrs (genus Salvelinus) in streams of 
Hokkaido, the northern island of the Japanese archipela­
go. We present data at four spatial scales., ranging from 
the whole island to individual stream pools, and relate 
distributional limits to relevant abiotic factors and the 
presence of the other species. The results of these ana­
lyses are used to show how certain factors vary in impor­
tance, and interact, across spatial scales, and to suggest 
others that appear unlikely to strongly affect distributions 
of the two species.

Background and methods

Zoogeographie distribution

The worldwide distribution of S. leucomaenis (white-spotted charr) 
is from the Kie Peninsula in Honshu, the main island of the Japa-

Table 1 Factors that may limit distributions of charr in Hokkaido 
(modified and extended from Wiens 1989a)

1. Historical factors (e.g., evolution, speciation)B|
K . Barriers that prevent dispersal

3. Climatit? factors producing physiological stref&l|§
4. Lack of suitable habitat
5. Area too small to support viable population
6. Disturbance, via wide fluctuations in physico-chemical factors
7. Absence of a critical resource, such as food type
8. Interactions with one or more interspecific competitors
9. Predation

10. Disease or parasites^/
1L Chance
12. Interactions among factors

nese archipelago (Fig. 1), north to the Okhotsk Sea and Kamchat­
ka Peninsula (Ishigaki 1984; Kawanabe 1989; Chereshnev 1991). 
The distribution of its congener, S. malma (Dolly Varden) is from 
southern Hokkaido north around the Pacific rim to Puget Sound, 
Washington (Armstrong and Morrow 1980; S. malma reported 
from all but one site farther south in North America were S. con- 
fluentus, Cavender 1978). Thus, the two species overlap in dis­
tribution from Hokkaido north to Kamchatka. They belong to the 
same subgenus of Salvelinus (Behnke 1989), are morphologically 
similar, and phylogenetically closely related (Cavender 1989; Mu- 
rata et al. 1993).

In Hokkaido, most populations of S. leucomaenis are largely 
anadromous, but also have mature male parr that reside in streams 
throughout life (Ishigaki 1984; Nakano and Maekawa, impress^’ 
They are, however, easily landlocked in streams within 20-30 
years following construction of barriers to upstream migration. In 
contrast, most populations of S. malma are entirely fluvial. Only a 
few anadromous S. malma have been captured, almost exclusively 
in streams of the Shiretoko Peninsula (Hikita 1962; Ishigaki 1967; 
Maekawa 1973; Komiyama et al. 1982).



Distribution on Hpkkaidolfeland

Data f̂eri the distribution of charr species in Bokkaido Island were 
aswMbled from 16 sourcelKhigaki 1969, 1984; Nakamura and 
Takeuchi 1¿¿(3; Abe et al. fe^tjgaekaw a 1977; Goto et al. 1978, 
1982, 1989; Komiyama 1^8lE982;^|w am ura 1982; Anonymous 
198pl komiyama and Takahashi 1988; Furukawa-'I'anaka 1989; 
Shimoda et: al. 1993; S. Nakano, unpublished data,, collected 
1989-1992). About half the data were collected by ishigaki (198 J |  
153 of 360 Rh BBSH and mostBf the rest (172 of 207 sitdjtby 
f ig  investigators (A. Goto!; H. KawamuM E. Komiyama, K. mam  
kawa, S. Ñakano). Seven lenticifites were also sampled. Although 
relative abundance wa|Évailable for all sites sampled by Ishigaki 
(19§pgand for 15 others, we used oñly presencé/absence data in 
our analBg ^*

Most investigators captured fish withfieveral gear types, pri­
marily cast-nets, ¿liSng nets! (a small one-man baggeine #n a 
flame), angling gear, and hand nets. Nakano also used a backpack 
electrofishing unit (Smith-Root, Inc., Vancouver, Wash., USA) and 
underwater observation to document presence/absencej, and Is­
higaki (1969)* and Maekawa (4977) used gill nets at lenticgteffl 
All the methods,, used had a high probability of detecting the two 
speciéi of charr if they were present.

The gradient and mean altitude of all loticBteliwere deter­
mined from 1:50,000 scale topographic maps. Maps viere also in­
spected for waterfalls or high-gradient cascades. Dams and weirs 
were not considered when ¡assessing historical charr distribution® 
because populations of both species are known to persist upstream 
from such man-made migration barriers (Shimoda et al. 1993;|Na- 
kano and Maekawa, in presgi We analyzed the distribution data by 
plotting the presence of both speciesgs, functionsgf altitude and 
gradient, for five regions of|§tokkaido (Fig.11).

Streams ̂ create interconnected hierarchical networksSso s ites 
within the same watershed are not strictly independent, although 
nearly all sites were at least 500 m apart. Thjfrlack ofjtafistical in­
dependence, as well as possible pseudorephcation^fen.s'w Hurlbert 
1984) due to considering multiple sites within watersheds,géaused 
us to adopt a conservative approach and avoid statistical analyse^ 
However, though not a random sample, the large number of sites 
(n=360) is distributed throughout most regions of Hokkaido with 
at least moderate topographic relief, and any b|a£ probably favored 
locating reaches where the two species were sympatric, and points 
of transition between the two specie!, due to the intere« df iny^S 
tigators (e.g., Ishigaki 1984; S. Nakano, unpublished data). There­
fore, becausé ’each watershed can be considered as an independent 
sampling unit, we focused further analysis on points of transition 
from S. leucomaenis (or sympatry) to S. malma along 54 stream 
courses where we could estimate this from adjacent i lites 
(Poroshiri and Migi Sawa not included). We then plotted these as 
functions of altitude, gradient, and a warmth index (WI) developed 
by Kira (1977) to explain distribution limits of plants in Japan. 
The indexM the sum of the remainders left when 5°C is subtracted 
from mean monthly temperatures that exceed 5 m  (e.g., during 
April through October near Shikotsu Lake). All sites were divided 
into WI classes based on 15°C isoplethsjphown in Yabe (1993, 
Fig. 2; and personal communication).

Distribution in Poroshiri Stream

During June and July of 1991 and 1992 we made detailed mea­
surements of temperature, gradient, discharge, and charr distribu­
tions in one third-order (1:25,000 scale; Strahler 1957). stream in 
the Hidaka Mountain region of south-central HfekkaiddK(Fig. 1). 
Poroshiri Stream has one major tributary, "called Migi Sawa 
(Right-hand Stream), and drains into a reservoir downstream (see 
Fig. 1 of Nakano and Furukawa-Tanaka 1994). Both streams have 
S. malma in allopatry in the headwaters and both species in sym­
patry downstream, and the life history of both species is entirely 
fluvial. The study area iS n  a remote, private watershed, so an­
gling rarely occurred.

We measured gradient » 1 3  locations along the stream courses 
ifsing a ley|f and leveling rod in the, field, as well as calculating it 
at^pecific locations from a 1:25,000 map. Gradients calculated 
from 1:25,000 and 1:50,000 scale mafis <Were' \Vithin'0,.3^ of each 
other (n=4).

Water temperature wlff measured at four locations during ' 24 
June to IM uly 1992: at the upstream end of the S. leuàomdenïs' 
distribution in Poroshiri Stream (960 m altitude) and Migi Sawa 
(860 m), at 860 m altitude in Poroshiri Stream for comparison 
with Migi Sav8S and at 785 m in Pptp*shiri."Temperature Was" also 
measured at the 785-m |ife in 1991. Temperature (0.1®® resolu­
tion) integrated over 1-h periods (2, h at 785-m site) was* measured 
Rising calibrated KÂDEC-U recording thermographs (Kona Sys- 
¡Sm Co. Ltd.,' Sapporo, Japan) at the three upstream sites and a 
Ryan TempMentor thermograph at the 785-m site (Ryan Instru­
ments, Redmond, Washington, USA);

Stream discharge||||s measured on 12 July 1992 B  the three 
upstream sit^sS>860 m)/where temperature was measured, using 
the filS. Geological Survey midsection method (Orth 1983). Di|g; 
chargé in Poroshiri Stream typically reachesTts lowest level in Ju­
ly, after Sôwmelt runoff Ipbsides.

We determined distribution and relative abundance of charr by 
electrofishing, angling;)cast-netting, and underwater observation. 
We estimated charr abundance by two-pap^removal electrofishing 
(cf. Riley and Faiisch 1992) at twof sites in Poroshiri Stream elites 
B and C, one pass only at CMue to equipment failure; see Fig. 5) 
and two?f|ites in Migi Sawa (G and I) on 10-12 July 1991. The 
site||anged from 40 to 85 m long. We captured fish by angling in 
four longer reache J p f  the two streams during 15 June to 12 July 
1991: downstreamBEympatric reaches in Poroshiri (D; electrofish­
ing and1 bast net aUo used) and Migi Sawa (H)f and upstream 
reaches where S. malma were allopatric in Poroshiri (A) and Migi 
Sawa (E and F). Charr were alsfgpaptured in the most upstream

angling only) and downstream reachesjD) in Poroshiri during 
ftSlime to 10 July 1992. These methodsrivere judged sufficient to 
determine changes- ih relative abundance of the two charr species 
along the altitudinal gradient. Upstream boundaries of S. Mu- 
gomaenis distribution were verified by underwater observation.

We measured the fork length (mm) of each fish , captured, and 
for mosBsamplej determined ages using otoliths (Heiser 1966; 
Jekrld 1983). Uerigths of each age-class weré compared using 
analyllj of'variance":i(ANOVA) based on general linear models 
k|8AS 1992) to.ass^Bdifferencés in growth between species and 
among different reaches.

Habitat measurements were made at the four sites where charr 
abundance was estimated by electrofishing (B, C,; G, I), the same 
day that fish were captured. Stream width at the water surface was 
measured perpendicular to flow at equal intervals spaced 2.fi5.0 
m apart, depending on site length. Area and maximum depth of 
each pool were also measured.

Population deniuy jjf age-1 and older charr in individual pools 
of Poroshiri Stream wastestimated by underwater observation dur­
ing mid-Jun||to mid-July of 1991 (n=59) and 199B(n=56), and 
AugulÈ l993 (/t= 8 || Pools in the downstream sympatric reach (D) 
and upstream allopatric reach (A) were observed in all 3 years. In 
1993, pools in the middle, sympatric reach (785-875 m) were also 
observed. Area and maximum depth of each pool were measured.

Results

Charr distribution acroljHokkaido

Wherriviewed at the scale of the whole island, each spe­
cies of charr was distributed throughout most of Hokk­
aido (Fig. I), but S. leucomaenis were more widely dim  
tributed to the west and south, whereas S. malma were 
distributed mostly in eastern Hokkaido and the central 
mountain region; and patchily elsewhere. Many river
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Fig. 2 Motherms of mean annual air temper&ture|^rafor Hokkai­
do Island, based-on data from 1979 to 198® after*'"Anonymous 
199d)

^steins wem inhabited by both specie^ but stri<|r|&m- 
pafry in streams (i.e^ both species found aUhf sameBite) 
was relatively uncommon (f36 o ® 6 0 p te§ i Poroshiri was 
an additional sympatfiC%ite).

Thejiwo charr species were dl^fipMympatric in any 
Hokka|§o lakmffinialma are f%nd only m two high-al­
titude lakes isolated by barriers to upstream dispersal! 
Bankei Pond (910 m altitude);-15 km north of Shikotsu 
■Lake|| and Lake Shikaribetsu (800 m) in the Hidaka 
Mountains (Fig. 1*|. The latter supports a unique subspe- 

» | s  adapted to the lacustrine environment called miyabe 
charr (51 mi' miyab'eM which has more gill rakers than 
any other population worldwide (Maekawa 1978, 1984): 
In contrast, S. leucomaenis were found in many low-alti­
tude lakes,' of whicfi Akan Lake (420 m) and Okotanpe 
Lake (520 m; clos|] to Shikopif Lake) are among the 
highest.

The distribution of charr species aero»Hokkaido co­
incided with differences in air temperature produced by 
ocean currents and weather patterns (Fig. 2® Mean annu­
al air temperatures are 2-4°C higher in Oshima Peninsu­
la (7^9°C) than in Shiretoko Peninsula (5^C). Mean air 
temperatures are also 5&C or less throughout much of the 
Hidaka Mountains and at the highest altitudegin the 
Shikotsu region. Asfa result, the distribution of S. malma 
nearly coincided with the warmth index WI. Overall, 
9 4 *  of sites with allopatric S. malma (n= 123) were in 
regions where WI<50, whereas only 38B  of sites with 
allopatric S. leucomaenis were (n=21®|; Of sympatric 
sites (n=27; includes Poroshiri) 6 7 || had WI<50.

Longitudinal distribution within regions

In regions of Hokkaido where the two charr species co­
occur, such al Shibetsu, Hidaka, and Shikotsu, their lon-

1,000

800

LUÛ3

AC

■ S. leucomaenis 
•  S. malma 

^SSympatry

Fig. 3 Altitude ( a b ' c and gradient (bmm) distribution of fit^s 
with S. le ^^m e n is l S.  ̂malma, and both species in sympatry in 
five regions of Hokkaido (see Tig. 1). Vertical lines denoteJsites 
with altitude rang§J>100 m in altitude. Poroshiri Stream in the 
Hidaka region had charr in sympatry over 730-960 m altitude and 
4.4-1 lip  gradient, and S. malma in allopatry over 960-1050 m 
Ijtitude and;i^3(^Htradient. Two sites in Shikotsu and one in 
Oshima Peninsula were influenced by cold springs (C, top panel) 
and so were not included in offeri bars showing altitude ranges for 
each speciHH

gitudirial distribution differed, with S. malma occupying 
primarily the mountain headwaters and S. leucomaenis 
extending downstream onto the plains, usually to the 
river mouth. Within each region, S. malma generally in­
habited sites at higher altitude and S. leucomaenis those 
at lower altitude, with broad overlap between species 
(Fig. 3)7 However, the lower limit of the altitudinal dis­
tribution of S. malma and the upper limit of S. leuco­
maenis distribution generally decreased from south-west 
to north-east across Hokkaido, coincident with the gener­
al decrease in mean temperature (Fig. 2). The altitude 
range of sympatric sites also showed a similar decline in 
the same direction in the three central regions, despite 
the small sample size. The northern Hokkaido region 
was not included in this analysis because charr were col­
lected at only 29 sites.

As a result of the shifts in longitudinal distribution, 
the two peninsula||Shiretoko and Oshima, each had only 
one species. Throughout Shiretoko Peninsula, S. malma
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Fig. 4 D istr ib u tio n S o f .Altitude (^ g .,  0 -1 0 0  m, " e t c *  gradient 
( e . g . , a n d  warm th index (WI; P ^ t e x t )  for all 360  siteH 
w here S. leucomaenis malma, or both speciesj&picurred on  
H okkaido, and at transition points from  S. demmmaeniM '(or 
sym patry) to 5. malma a long 54  individual stream courses.^ S ites  
either lay on isopleths o f  the W I (e .g ., 5 0 6H  see F ig, 2 in Yabe 
199JJ or in intervals b etw een  isopleths (e. g .:J R Io O flB jH

occupied the entire lengths o f short, steep streams that 
drain directly to the ocean. In contrast, in Oshima Penin­
sula S. malma  occurred only in one moderate-gradient 
reach with many cold springs? located above a high-gra­
dient reach with cascades and small falls^; whereas & ;/ew- 
comaenis occupied many other mountain streams. A l­
though the two species w ere sympatric in this Chihase 
River tributary |p ig .  1)m S. malma  dominated in abun­
dance (9:1, n=39m  Similarly, the two sites in Shikotsu  
where S. malma  occurred in allopatry at the low est 
altitude are also small, cold, low-gradient spring-fed  
streams.

Charr distributions also varied with stream gradient 
among the regions (Fig. 3). Although both species occu­
pied low-gradient sites in the three central regions o f  H o­
kkaido, the highest gradient to which each E xten d ed  
shifted across the island. For exam ple, S. leucomaenis 
occupied streams o f  more than 30% gradient in Oshima 
Peninsula, but lived only in streams o f  about S A gradien t 
or less in Shibetsupln  contrast, S. ma/ma extended to 
gradients o f 40%jiin the steep streams o f Shiretoko Pen­

insula, but to onlyipt0-15|§> in Shikotsu. However, w e 
suspect that the m aximum gradient togwhich S. malma  
ex ten d ®  higher than estim ated heré ,̂ because investiga­
tors generally fo c S e d  more on the upstream lim it o f  the 
S. leucomaenis distribution than ón that o f  S. malma.

Although the two charrs appear to overlap broadly in 
altitude and gradient within regionsm(Fig. 3), m ost over­
lap w S  due to different distributions am ong streams 
rather than sympatry in any given stream. Both altitude 
ànd gradient at* transition points f i  $  leucomaenis 
(or ’lym patry) to m  malma  differed significantly among 
the three central r e g io n i  (Shikotsu, Hidaka, Shibetsu) 
where sufficient sample | | | e s  were available for testing 
(K ruskal-W aiH  test,* PcO .0001 for b o th S  These ̂ transM 
tion p o in t*gen era lly  descended to lower altitude and 
gradient from south-weH  to R orth-east. For Shikotsu  
¡(/z=9fflRidaka (n=22H and Shibetsu (n=20), the median  
altitude transitions was, 515 m (tyyo cold4ow -a ||itu de  

Mtes deletedBFig. 3 Ì 5 Ì Ì  m, and 64 m, respective!^, and 
the median gradient was 6 .6 ® t2 .9 ^ » ii id  0.8%.

Partitioning the 'effec^ ^ B  altitude and gradient on 
charr d iS ib u tion s is difficult because the two were corre­
lated acrosHsitep|(r=0.26, P<0.01, n = 3 6 0 ia n d  relatively 
few  high-gradientKites occurred at low  a ltitu d eS  except 
jit the two peninsulas where the species were notwsym- 
patriqfjFor exam ple, there was no critical altitude or gra­
dient |® o c ia t e d  with the transition points ( j ig . 4). The 
ranges o f  these variab ili encom passed thosegbr all sites 
and the dim inutions o f the two sam ples wer.||similar. On­
ly three transitions might have been due to waterfalls 
shown on maps, where only S. malma  was p rose*  above 
the falls but S. leucomaenis was present below. At several 
Mega including th ijone in Oshima R ettim i  a, the species 
y^ere sympatric above falls. In contrast, to JlJitude and 
gradient, the transition points did occur over a relatively 
narrow range o f WI va lu ej (a correlate o f  stream temper- 
ature| when compared to all sites. Overall, 7 8 g a p f transfer 
tion points either lay on the 5 0 ^  isopleth o f  WI or in the 
interval between the 35 and 50°cS op leth s^ com p ared  to 
only 4 9 of  alLfsites. Moreover,, five QfM ght transition 
pointS located  on the 20oC f)r:>350C. feopleths .(seven i^  
Hidaka, one in northern Hokkaido) wereRstim ated from  
single sites with allopatric S. malma  which had no down­
stream site for comparison,;$o it ^ lik e ly  that these transi­
tion points were warmer than estimated. Similarly, all 
four transition points 4n the 5 0 -65°C  interval (all in Shi­
betsu) were within 5 km o f the 50°C isopleth.

Distribution in Poroshiri Stream  

Abiotic factors

A lthough the distribution o f  charr species; ¿n Poroshiri 
Stream fo llow ed  the sam e lo n g itu d in a l pattern a s | |n  
other H okkaido streams, abiotic variables at the transi­
tion between sympatry and allopatry were;¿substantially 
different in the main stream and its. tributary: The two  
charr species were sympatric in downstream  rea ch e*
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Table 2, C haracteristics o f  habitat and charr populations at four 
sym patric sitps^in Poroshiri Stream and jM ig i ♦Mf^aksampled b |l  
electrofish ing, 10-&2 July 1991, and water temperature at fpur 
locations^ letters refe f t o H t e S n  F iB B '. W ater temperature^ ’w em

integrated by therm ographs® ver 1 -2  h periods (spe text) and then  
averaged, so values, show n are 'considered t£ue meaiM. R a n g H  for 
p ool area a reB h o w n  |m  bracket s.|fch arr  density, and i l l  9mm 
confidence intervals (C l), w ere calculated for age-1 and older fish

Site ! M ean M ean width Total area M ean m axim um M ean pool Cha m í í

(altitude, m)p&
temperature pool depth area per 100 m 2*/*

(m ) ( m ^ (m , SE) (m 2, SE)M¿ Í 9 « p ^

Poróáhiri Stream  
BgJJpstream  sym patry 305 0 .5 8 (0 .0 6 ) - 10.5 (2 .9 ) 29.5  ( 1 8 ) 9
(9 4 0  m ) [ 4 .4 J 1 .0 ]
C. M iddlepym patry  
(8 6 0  m)

8.7&V M B 199 0 .59  ( 0 . 0 5 ) | | 7 .4  ( L i l i  
[ ¿ 9 -1 3 .3 ]

' ^ 2 0 .  l B I

D . D ow nstream  sym patry  
(785  m)

8 .6 b

M igi S&aÿva
G. U pstream  sym patry 7.1 2.9 117 0 .39  (0 .04 ) 5 .5  (0 .8 ) 9 .6  (4 .5 )M
(850  m ) [3 .6 -8 .8 ]

W D dw nstream  sym patry 291 0 .3 6  (0 .02 ) 5 .7  (1 .1 ) 29.1 ( 5 .4 ) ^
¡§ 8 0  r f ÿ i [ l í - í l S P S

a A n underestim ate, because based on one electrofish ing p a # o n ly  
bM ean temperature at thiSWlte in 1991 w as 8.7°C  
c Temperature not recorded

DISTANCE FROM SOURCE (m)

Fig. 5 L ongitudinal profiles o f  Poroshiri Stream and M igi Saw a  
from  headw aters dow nstream  to a reservoir, show ing relative  
abundance o f  tw o charr sp ecies and gradient at se lected  locations. 
The profile  for M ig i Saw a is o ffse t by 50 m  (refer to right 
ordinate) for> clarity. Arrows ind icate the upstream  lim it o f  S. 
leucomaenis distribution in each K trèam , and small numbers 
between profiles are altitudes for four sites w here temperature and 
discharge w ere m easured (see  text) - Letters refer to reaches where  
charr w ere sam pled. A ltitude (m ) o f  reaches; A 9 6 0 -1 0 5 0 , B 940 , 
C 860 , D 7 3 0 -7 8 5 , E  9 5 0 -1 0 0 0 , F 8 7 0 -9 3 0 , G 850, H  830, /  780

occurring in about equal proportions by number at sites  
below  800 m altitude in both Poroshiri Stream and M igi 
Sawa (Fig. 5). The proportion o f  S. leucom aenis  de­
clined gradually upstream in both streams, but its up­
stream lim it was at 100 m  higher altitude in Poroshiri 
(960 m) than in M igi Sawa (860  m). There were no per­
m anent barriers to upstream dispersal o f  charr to at 
least 1050 m  in Poroshiri and 1000 m in M igi Sawa, the 
highest sites where S. malm a  were captured. The up­

stream lim its o f  S. malm a  distribution were not deter­
m ined.

Stream gradient ranged from 4.4.% where the species 
were sympatric just upstream from the reservoir, to 
2 0 - 3 0 *  in reaches at 9 6 0 -1 0 5 0  m  altitude in Poroshiri 
and at 8 6 0 -1 0 0 0  m in M igi Sawa where S. malma  was 
allopatric. The gradient was 16%tpt the upstream lim it o f  
S. leucomaenis distribution in Poroshiri, but was only  
about 10% at the upstream lim it iruMigi Sawa (Fig. 5).

Water temperature was generally lower at upstream  
sites o f  higher altitude than at those downstream, but 
temperatures in  M igi Sawa were colder than at the same 
altitude in Poroshiri (Table 2). M ean temperature at the 
upstream lim it o f  S. leucomaenis distribution in Poroshiri 
(960 m) was 8.2°C, 0.5°C  colder than the two sites 
downstream (860 and 785 m) which had nearly identical 
temperatures^ In contrast* temperature at the upstream  
lim it o f  S. leucomaenis in  M igi Sawa (860 m) averaged 
7 p °C , 1.1 °C colder than at the analogous point in  
Poroshiri (960 m) and 1.6°C colder than at the same alti­
tude (860 m) in Poroshiri. Temperatures were nearly 
identical during the mid-June to mid-July study periods 
in 1991 and 1992 at the downstream site (785 m) in 
Poroshiri (Table 2).

Habitat for charr was more restricted at the upstream  
lim it o f'th e  S. leucomaenis distribution in M igi Sawa 
than at either upstream site in Poroshiri. Stream dis­
charge measured on 12 July 1992 was the same at the 
two Poroshiri sites (0 .24 m 3 • s_1)> but was less than half 
this at the upstream lim it in M igi Sawa (0.11 m 3 • s-1). 
Discharge im m ediately downstream from the M igi Sawa  
confluence in Poroshiri (755 m) was about tw ice that o f  
upstream sites (0.51 m3 • s_1) on the same day. A  severe 
flood  apparently occurred between the two summers on­
ly in M igi Sawa, because afterwards riparian saplings 
were bent sharply downstream w hile those upslope were
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A. UPSTREAM  

ALLOPATRY

B. SYMPATRY  

ALLOPATRY  

BOUNDARY

S. m alm a S. le u c o m a e n is

G,l. M iGl-SAW A  

SYMPATRY

Fig. 6 A g e  com position  o f  sam p les o f  charr tfp tu red  by angling  
on ly  (a ), electrofish ing o n ly '($ |, or by several m e th o d s B fe  D, B e  
text),jin  three reached ¿of Poroshiri Stream  and tw o in B f ig i  Saw a  
during 15 June to 12 July 1991 ileffers refer to locations in f i g .  5). 
Sam ple size  (n) is  show n for each" s f e .  'TheW M fqr agm  isjghow n  
for th e  M igi Saw a allopatric reach

intact. In Migi Sawa the bouldeSfrewn floodplain aver­
aged about 20 m wide and lacked riparian? Vegetation! 
whereas the riparian zone in Poroshiri was narrower and 
well vegetated with trees and shrubs.

The Migi Sawa channel was substantially narrower 
at both sympatric sites where charr were sampled bvj 
electrofishing than at either * Sympatric %ite in Poroshiri 
(Table 2), and had pools with shallower maximum depth 
(Wilcoxon’s two-sample test, P<0.002). Pool area varied 
widely, but was not Significantly different between the 
two streams (P>0.10). Habitat characteristics were simi­
lar at the two sites within each stream.

Charr populations

Density, age composition, and growth of charr also dif­
fered among sites. Total density of charr at the upstream 
limit of S. leucomaenis)distribution in Migi Sawa (site 
G) was only about a third that at the analogous point (B) 
in Poroshiri (P<0.00001 by8-test; Table 2). Although the 
estimate for the 860-m site in Poroshiri (C) underesti­
mated true charr density because it was based on only 
one electrofishing passifft nevertheless was significantly 
greater (P<0.00001) than the density at the same altitude 
in Migi Sawa (G).pndeed, density at the most down­
stream site in Migi Sawa (I) was similar to the most up­
stream sympatric site in Poroshiri (B).

The age structure of S. malma populations was sub­
stantially older than S. leucomaenis at all sympatric sites,

Fig. 7 D ensity  o f  S '  Imtomaenis Versus density o f  S. malma f o f  
ind ividual p ool sign  Poroshiri Stream  during,(sum m ers o f  1991 
through 1993)' D ensity  w'as« m easured by underw ater observation. 
Open symbols refer to p oo lM n  the Upstream reach w here & malma 
w ere a llop atrrfjand  filled symhoM  refer to the dow nstream  reach  
Where both s p e c S w e r e f  sym patric

especially those up^ëamgKjg. 6; P<0.Çft by G-teèf at 
Htes B and D B  Poroshiri, P=0.24 at sites G and I com­
bined in Migi Sawa due to small sample size; ages 3 and 
4 combined for all tests*')!; Older S. malma bmage 4-6  
were prevalent in all Except the most downstream reach 
of Poroshiri in 1991,* whereas age-4 S. leucomaenis were 
rare or absent at all three sympatric sites where fish were 
aged. The same pattern held forltll 992, whgijrharr were 
sampled only froffl the most upstream and downstream 
re ache s’ Poroshiri. -In that||ear, age-4 S. malma made 
up 4 4 ®  of the ̂ sample at thé upstream allopatric Site 
(A, n=39) and lg ||ja t the downstream sitôt(D, n - 52), but 
age-4 S. leucomaenis made up only 7Ëbüf thejsample 
at the downstream ;sl§*ft=6 i f .  Electrofishing provided 
relatively unbiased estimates of age structure, because 
an estimated 8 1 -9 4 ^ o f  the populations were captured 
after two passes, assuming constant capture probabilities; 
(cf. Riley and Fausch 1992). Angling and cast-netting 
selected for larger fish and probably underestimated 
abundance of age-1 charr, but were comparable within a 
given reach. Despite potential biases, all sampled indicat­
ed that age-1 S. leucomaenis were more abundant than 
age-1 S. malma. For examplèffin the two Yëaches sam­
pled by electrofishing near the upstream end of S. leuco­
maenis distribution, age-1 S. leucomaenis made up 65-67% 
of the fish captured whereas age-1 S. malma made up on­
ly 2 2 -4 0 » éfi

Growth of both species of charr was similar in each of 
the three sympatric reachesftampled. A general linear 
model (ANOVA) of fish length as a function of specie^; 
reach, and age showed a significant effect of species for 
1991 ( P = 0.02 by ANOVA) but not for 1992 (P=0.08). 
Interactions were never significant. However, predicted 
mean lengths for S. malma and S. leucomaenis of ages 
1—3 differed by only; l - 7 ®  in each reach in  1991, and



the 9 5 confidence intervals overlapped point esiimate|| 
for the other species in both @91 and 1992. Thai, the 
small differences in* growth bet#ep»M cies were not bi­
ologically significant. >

Both,-species of charr. grew filte r in downstream, than 
upstream reached of Poroshiri Stream, but S. malma  at 
upstream slfe grew no Waller when aloiHthan in sym-pa- 
try with S> leucom aenm  In 1991, 5. leucomaeniWwere 
Bgnificantly longer «  a given age in the^downstream 
rea^MD) than at the upstream limit pf their distribution 
in Poroshiri (B; P=0.04 by ANOVABsampfe size too low 
|h Migi SawaBand S, malma  were-longer in the down- 
steam Rach (D) than in reacheBat the upstream end 
the sympatric zone (B | ® farther upstream w  allopahy 
(A; PcO.OOOl f t r  both by a posteriori c^inwsts in||991, 
and for A vs D in 1992). However, length^pf S. malma  iB  
fn§ upstreama^Mies were no different when in allopatjy; 
versiiisyropatry with S,;fleucomaenis, eithetiin Poroshiri 
(A B; P=0.49) or Migi Sawa-«EySfG; P = 0 .7M |

Densities of the two charr specie|i in individual poolH 
throughout PorosnnjvStream were negatively correlated in 
each H |  the 3 ye^K(B|g27). The ;j^l»onships were 
strongest after logarithmic transformaSn of: S. leBm- 
maenis fleljity for all years (1991: r= -0.76, P<0.0001B 
n=59*1992^ r= -0.55, P<0.000||n=56,; d 9 9 i  r= -0.56, 
P<0.000|| n=87). The:® malma  wefe at high^g: density 
in the upstream ipppatric reach4, whereas S. leucomaenis 
were at highest deK^y downstream, so total charr density 
inc^hwvo; reaches was not significantly different in any 
year (Wilcoxon’s two- sample test, P -0 .20-0.76), Neither 
lotal density, nor th$fe of eitheiR^cieB wafgsigniffeantly 
correlated with maximum pool depth, an indicator of pool 
size, (e .g i maximum depth and area were significantly 
correlated in all 3|§ears; r=0.40-0.60; P=0.002-0.0001h 
except for S. malma  density in 1992 (r= -0.38, P=0.003)i 
However, this negative correlilion was due to higher den­
sity of S, malma  in the upstream allopatric reach, where 
pools were si gnificantlWshal lower than downstream (Wil- 
coxonjs two-sample test, P=0.04).

Discussion

Different abMtic and biotig3factoJ| appear important in 
influencing distributions of the two charr species in Hok­
kaido streams when viewed at different scales||Here we 
evaluate the most promising hypotheses about factors 
that affect charr distributions (Table^l), reject those that 
appear untenable, and explore the linkages among ifac­
tors across scales. We know of few other ecological stud­
ies that have considered alternative hypotheses in this 
kind ®¥ analysis (Wiens 1989a;* Hall et al. 1992; but see 
Schluter and Grant 1982; Townsend and Crowl 1991|).%,

Abiotic factor si -

When viewed at spatial scales varying from the whole is­
land to a single watershed, our data indicate that temper-

ature and other interrelated^abipt® factors that producé  ̂
physiological stres«strongl4; aff^MchaM distributions; 
For example, the upp^S^Sfof S. leuc&Maenmdisiribu- 
tion and the loweffl^Bt of S. malma  shift from higher fo 
Tower altitude»m)m south-wef t to north-e§skacrosSHok- 
k||do; in a predictableMomplementary patjeiyi (Fig. %m 
which éèiiBdbs with a decrease in me^à annual air lim- 
p®ature in th«% ne directfln (Fig. 2). Moreover, nea^lB 
all/fite^With allopatric S. malma  with
W l|50 an index of cumulative mean monthly |§m- 
peratur^Bexlceeding 5 °G)jl whereat two-thirdáBof th l 
sympatric sites and onlflabout one-third of sites with all­
opatric > leucomaenis were ‘encompassed by thllBso- 
pleth. AnalysjBÉT transition points from S. leucomaenis 
(or sympatry) to 5. malma  Bn 54 independent watersheds 
also revealed that mosfj either lay on the 5OfSÉfòpleth or 
in the 35-50°^ interval. Thu% regional and altitudinal 
shifts in temperature apparently combine i shape charr 
distributions acro& Hokkaido.

These patterns of charr distribqfon with temperature 
suggest eitherfeiat S. malma  are limited by high water 
temperatures that occur throughout the south-west* and at 
lpw altitudes in central regions, p r that, S. leucomaenis 
áre limited by low temperatures in the north-east and at 
high altitudes in central Hokkaido, or both. The first hy­
pothesis is further supported by the presence of S. malma 
only in cold,Bpring-fed streams in Oshima Peninsula and 
at the two lowest-altitude Ijiltes where it occurs in Shi- 
kotsu. It perhaps not surprising that S. malma  ascend 
to higher gradients in northeastern than southwestern 
Hokkaido (Fig. 3), and that S. leucomaenis show the op­
posite patterai given the'Significant correlation between 
altitude and gradient. However; the patterns for altitude 
and gradient differ in that both species also live in low- 
gradient streams in all regions where the species are 
widely distributed, ? suggesting that gradient is not of pri­
mary importance in influencing charr distributions.

Despite evidence from patterns across Hokkaido that 
altitude and temperature are of primary importance in 
shaping charr distributions, data at the scale of a jingle 
watershed indicate that the relationship is imprecise and 
that abiotic factors may interact. 5. leucomaenis ascend­
ed to substantially higher altitude and gradient in Poro­
shiri Stream than in its main tributary (Fig. 5). However, 
Poroshiri also had warmer summer water temperatures at 
a given altitude than Migi Sawa (Table 2¡| greater base- 
flow discharge deeper poofe,: and a more benign flow 
regimeftuggesting that S. leucomaenis may be able to 
ascend upstream and persist where abiotic factors and 
disturbance from floods are less harsh.

Altitudinal distribution patterns in other guilds of 
stream* salmonids also suggest that the importance of 
temperature relative to other abiotic factors changes with 
scale: Fausch (1989) reported that brown trout {Salmo 
trutta), originally introduced from Europe, are distribut­
ed in North America north to the 5.5-8°C isotherms of 
mean annual air temperature, and that rainbow trout {On- 
corhynchus mykiss) have become established north to the 
4-7;°C isotherms in the central and eastern United States
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where they were llitrodueed outside their native range. 
The# patterns life those reported by Rooljp988a,i b|' 
foM birds®i%dicate%hat temperature plays' an important 

in shaping distributions at S ntineh®  scales. How­
ever, altitudinal Rstributions^p^brown and rainbow trout" 
ih individual Rocky Mountain watershedsgcould riot be 
explained by lowllbmperatufcjj even after adjusting for 
latitude and p^entiB competitorsBsuggelSg that other 
siteppecific abioticfiactqgs play a role. Similarly distri­
bution of brook charr (Salvelinus fontinali^) is limited by 
high tempdrature at dqntinental and regional scales in 
North America (Meggner 1990||but|i^ppareii^Mimited 
more by factors related to' high gradient - in individual 
watershedBof the ^Appalachian arid Rocky mountains 
(Larson and Moore 1985; Fausch 1988i||989BB 

\Hypotheses about historical factorsjand barrieS to 
dispersal (Table 1) are difficult to test since they usually 
Bivdive .evolutionary timê  scalesifHowever&ollted pop­
ulations of both charr specif have distinilp morphologies 
(MaekawaH977, 1984; Takami and Kinoshita 1990) and 
isozyme profiP^(e';gBMitsubishi et al. 1992)^sugges?-^ 
ing that both 'species^; have been present 'on H o^Sdo 
long enough to disper^ throughout the Bland, respond 
to abiotic factors? and interact with # c h  other. A plausifl 
ble hypothesis is that both charr species dispersed south 
from their centers of^oglgin by' anadromy during cooler 
glacial periods B04Bl05 Bears agoybut that S\ malma 
shifted to fluvial life-history at the southern edge ofits 
range -in Hokkaido and retreated into colder headwaters 
as the climate warmed. A similar pattern of fluvial head­
water populations is seen for S. leucomaenfmneai the 
southern edge of its range in Honshu (Kawanabe 1989); ,.

Three factors related to abiotic featureBor*pther re­
sources (Table 1) appear unlikely toBtrOngly influence 
charr distributions in Hokkaido, although we have little 
direct data to evaluate their importance. Because both 
species use similar pool habitats ||Furukawa-Tanaka 
1989; Fig. 7 || and feed on similar aquatic and terrestrial 
invertebrates (Furukawa-Tanaka 1985; Nakano and Fur- 
ukawa-Tanaka 1994), the lack of suitable or sufficient 
habitat, or of a critical resource such as food, appear un­
likely to explain why distributions of the two species are 
so different.

Biotic factors

1989pThus, these factqif! like habitat and other critical 
resources, see% unlikely’to explain why the species’ dis- 
fibutil^s. are different; ‘

The eljfidence that interspecific competition limits 
Charr distribution^ in Hokkaido is^ Bronge^ at scales 
within and among pools in PoroshilJ Stream. For exam­
ple, intensive underwater observation in individual pool# 
over 4 summei revealed that individuals of/the two spe­
cks defend positions in interspecific dominance hierar- 

(Furukawa-Tanaka*989; Nakano and Furukawa- 
Tanaka^k%94; K. Dli'ausch andiS. Nakano, unpublished 
data). Moreover, density of the two species among pools 
throughout Pijoshiri Stream wai'ffltrongly negatively 
correlated® each of 3 years (f|ig. 7),&dicating that in­
terspecific competition is at least ||im iltr in intensity 
to intraspecific competition, if not stronger (tf. Under­
wood 1986): An alternative hypoth^^B  thai major ha­
bitat differences in upstream vqrshs downstream reaches 
could 4C(̂ hnt for the di||grences in density (Wiens 
1989a). However^ the only significant ..correlation of 
charr density with pool s| h  (for S: malma in 1992) was 
negaSe; apparpntlB due to the prevalence of shallow 
poolsgffl the upstream allopatric reach, which helps re­
fute this alternative. OverflBlpch complementary den­
sity compensation «consistent with the hypothecs that 
interspeoWicgompetition plays a^Song role-at thisV-scale
(c f® o n 4 lf i8 5 ) .

Bioticqi^wfi«0%sMuch as; intpspecific competition, 
which necessarily occur as a result! of interactions be­
tween gdividual fish; become- more difficult to detect at

SCALE ABIOTIC BIOTIC

HOKKAIDO

REGION

TEMPERATURE

TEMPERATURE-
ALTITUDE

AMONG POOLS

INTERACTIONS AMONG ^
ABIOTIC FACTORS |  O O

INTERSPECIFIC COMPETITION 

AND TEMPERATURE INTERACT

INTERSPECIFIC COMPETITION 

AND HARSH PHYSICAL 

CONDITIONS INTERACT

DENSITY
COMPENSATION

WITHIN POOLS

INTERSPECIFIC
DOMINANCE

HIERARCHIES

Strong interspecific competition is suspected to set dis­
tribution limits in many|palmonid guildSbut is easiest to 
detect where introduced species displace native ones 
(e.g., Fausch and White 1981, 1986; ‘ŝ ee’review by Fausch 
1988); Introduced salmonids can also limit native fishes 
to refuges ,upstream of barriers by strong predation 
(Townsend and Crowl 1991). However,;we suspect that 
neither predation nor disease play strong rolelph influ­
encing Hokkaido-feharr distributions (Table ill becahse 
the two species are probably susceptible to similar preda­
tors due to their similar ecology, and similar pathogens 
due to their close phylogenetic relationship (Cavender

F ig . 8 A  cpncrotual m odel o f  how  the im portance o f  various 
factors in in fluencin g lim its o f  charr distributions in H okkaido  
depends on th Jp ca le  at w h ich  they are analyzed. Temperature and 
altitude have clear effects at island and reg io n a l stca le s | but interact 
in  com plex  waty^with other abiotic factors at. the sca le  a f  a single  
watershed. In Contrast, interspecific Competition * i *  readily  
observed in individual p ools o f  Poroshiri Stream, and density, 
compensation occurs am ong pools,* butdow  apparent survival o f .S. 
leuComaenidml its upstream  lim it in the Poroshiri w atershed m ay  
be due to interactions betw een  harsh physical conditions. and 
Gpmpetitiph with S. malma. Sim ilarly, distribution patterns at the 
reg io n a l‘scale  su ggest m at interspecificmimpetition interacts w ith  
temperature in com plex  w a y s^ se e  text). Horizontal lines ind icate  
that abiotic and b iotic  factors w ere not considered at these sca led *



10

larger Jbales;' and may interact with abiotic f*torsVlt is 
perhaps notHurprising that growth’« 5 .  malma  was no 
different in allopatry versus adjacent reaches where: the 
speci&s were sympatric, given that charr populations are 
generally regulated more by mortality or emigration than 
growth dbring ages 0-2  (e.g., Mifradden 1969BsJpj 

■¡975). However, age composition of the two species 
(Fig. 6) Isluggdst'dd that S. leucomaenis either^ survived 
poorly from aglll toft/relative to S. m alm a , near-fils up­
stream limit, or thatmuvMnile S: leucom aenism m igm ted  

¡Sownstream. Thislppy be due either to competition from 
S. m alm a , harsh p h w la l conditions,for both.

A n a l« !  o f niche /shifts at the R I B  oMregiorls®| the 
whole Rland,^^musBnec!esMrily^Ssume thalBall other 
things are equalfB thew m eris paribus  clveat q»f Wiens 
(1989a), which is unlikely to hold true at such large spa­
tial shales becausHmany^fattorsvcombine and interact to 
produce the patterns observed (Hall et al. 1992)1 Despite 
this^lhe low incidence of sympatry (27 of 360 sites)* for 
S, leucomaenis and malma  in Hokkaido, though not 
testable w ing contingency analyses; dullto lack oMtatis- 
tlcauJ independence among Siteilis bioldgieally signifi- 
cant,^Sour Blew, because many investigators supplying 
data specifically  searched for Buch locations S($.g., 

whigaki 1984gThese datafiljclicate a rather sharp bound­
ary between species along ;jmlvidual stream courses 
(S. Nakano, personal observation^ suggesting parapatric 
distributions and the occurrence of pretjfnt or past inter­
specific'competition. iJnfortunately^hypotheses about in- 

yrspecific competition operating in the past (i.e.,Bthe 
ghost”; Connell 1980) are not amenable to direct testing 
(W ien|jl989a). Although transplant experiments (e.g., 
McPeek 1990) would be an ideal way to test present in- 

^^Specific competition, the high movement fates of 
streampalmonids (Riley et al. 1992; Gowan et al., in 
p reR  and ethical problems of transplanting fishes make 
them nearly impossible to carry out. Therefore, such ex­
periments are best conducted in artificial streams (e.g., 
Fausch and White 1986).

Overall, our analyses indicate that the importance of 
different factors in shaping Hokkaido charr distributions 
depends on the scale at which they are viewed (Fig. 8; 
Bennett 1990; Cortwright and Nelson 1990). Physiologi­
cal tolerance to temperature has clear effects on charr 
distributions ;at island and regional scales, but at the scale 
of a single watershed temperature appears to interact and 
combine in complex ways with other abiotic factors, in­
cluding disturbance from floods (cf. Meffe 1984; Bram- 
blett and Fausch 1991). In contrast, interspecific compe­
tition can be directly observed in individual pools of 
Poroshiri Stream, and plays a strong role in regulating 
density among poofi but detecting it at larger scales is 
complicated by interactions with abiotic factors/ For ex­
ample, one hypothesis is that S. malma  are limited down­
stream primarily by a suite of abiotic factors? related to 
temperature, whereas¿S. leucomaenis are limited up­
stream by interactions between harsh physicochemical 
conditions and interspecific competition with S. malma. 
An alternative is that competitive superiority shifts from

S. leitcomaenis to S. malma  as temperature decreases up1 
stream (Dunson and FravisB99lBDe Staso and Rahel 
1994). A clearer itMpstanding of how interactions be­
tween ^ftp ||ature and intetlpecific Competition influì 
enee" distributMfBof charr species inVHokkaido &iust 
. àwait tests of 'Critical hypothesgRftch M thesèpvia field 
and laboratory experiment^.
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VMagisteria
Science and religion are not in conflict, for their teachings occupy distinctly different domains.

By Stephen Jay Gould

Incongruous places often inspire ariom-i 
alous stories. In early 1984, I spent sev-; 
eral nights at the Vatican housed in a 
hotel built for itinerant priests. W hile 
pondering over such puzzling issues as 
the intended function o f the bidets in 
each bathroom , and hungering for 
something other than plum jam  on my 
breakfast rolls (why did the basket only 
contain hundreds o f identical plum 
packets and not a one of, say, straw­
berry?), I encountered yet another 
among the innumerable issues o f con­
trasting cultures that can make life so in­
teresting. O ur crowd (present in R om e 
for a meeting on nuclear winter spon­
sored by the Pontifical Academy o f Sci­
ences) shared the hotel with a group o f 
French and Italian Jesuit priests w ho 
Were also professional scientists.

At lunch, the priests called me over to 
their table to pose a problem that had 
been troubling them. What, they wanted 
to know, was going on in America with 
all this talk about “scientific creationism”? 
O ne asked me: “Is evolution really in 
some kind o f trouble; and if so, what 
could such trouble be? I have always been 
taught that no doctrinal conflict exists be­
tween evolution and Catholic faith, and 
the evidence for evolution seems both en­
tirely satisfactory and utterly overwhelm­
ing. Have I missed something?”

A lively pastiche o f French, Italian, 
and English conversation then ensued 
for half an hour or so, but the priests all 
seemed reassured by my general answer: 
Evolution has encountered no intellecT 
tual trouble; no new arguments have 
been offered. Creationism is a home­
grown phenomenon o f American socio­
cultural history— a«splinter movement 
(unfortunately rather more o f a beam 
these days) o f Protestant fundamentalists 
w ho believe that every word o f  the 
Bible must be literally true, whatever 
such a claim might mean. We all left sat- 
isfied, but I certainly felt bemused by 
the anomaly o f  my role as a Jewish agfj 
nostic, trying to reassure a group of 
Catholic priests that evolution remained 
both true and entirely consistent with 
religious belief.

Another story in the same mold: I am 
often asked w hether I ever encounter 
creationism as a live issue among my 
Harvard undergraduate students. I reply 
that only once, in nearly thirty years of 
teaching, did I experience such an inci­
dent. A very sincere and serious fresh-^ 
man student came to my office hours 
w ith the following question that had 
clearly been troubling him deeply: “I am 
a devout Christian and have never had 
any reason to doubt evolution, an idea 
that seems both exciting and particularly 
well documented. But my roommate, a 
proselytizing Evangelical, has been in­

sisting with enormous vigor that I can­
not be both a real Christian and an evo^ 
lutionist. So tell me,,; can a person be­
lieve both in God and evolution?” 
Again, I gulped hard, did my intellectual 
duty, and reassured him that evolution 
was both true and entirely compatible 
with Christian belief—a position I hold 
sincerely, but still an odd situation for a 
Jewish agnostic. .
. These two stories illustrate a cardinal 
point, frequently unrecognized but ab­
solutely central to any understanding of 
the status and impact o f the politically 
potent, fundamentalist doctrine known 
by its self-proclaimed oxymoron as “sci­
entific creationism”— the claim that the 
Bible is literally true, that all organisms 
were created during six days of twenty- 
four hours, that the earth is only a few 
thousand years old, and that evolution 
must therefore be false. Creationism does 
not pit science against religion (as my 
opening stories indicate), for no such 
conflict exists. Creationism does not raise 
any unsettled intellectual issues about the 
nature of biology or the history o f life. 
Creationism is a local and parochial 
movement, powerful only in the United 
States among Western nations, and 
prevalent only among the few sectors of 
American Protestantism that choose to 
read the Bible as an inerrant document, 
literally true in every jo t and tittle.

I do not doubt that ope could find an
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occasional nun who would prefer to 
teach creationism in her parochial 
school biology class, or an occasional or­
thodox rabbi who does the same in  his 
yeshiva, but creationism based on bibli­
cal literalism makes little sense in either 
Catholicism or Judaism, for neither reli­
gion maintains any extensive tradition 
for reading the Bible as literal tru th  
rather than illuminating literature, based 
partly on metaphor and allegory (essen­
tial components o f all good writing) and 
demanding interpretation for proper 
understanding. Most Protestant groups, 
o f course, take the same position— the 
fundamentalist fringe notwithstanding.

The position that I have just outlined 
by personal stories and general ̂ state­
ments represents the standard attitude o f 
all major W estern religions (and o f 
W estern science)^ today. (I cannot, 
through ignorance, speak o f Eastern re­
ligions, although I suspect that the same 
position would prevail in most cases 
The lack o f conflict between science 
and religion arises from a lack o f overlap 
between their respective domains o f 
professional expertise— science in the 
empirical constitution o f the universe, 
and religion in the search for proper 
ethical values and the spiritual meaning 
o f our lives. The attainment o f wisdom 
in a full life requires extensive attention 
to both domains—-for a great book tells 
us that the truth can make us free and 
that we will live in optimal harmony 
with our fellows when we learn to do 
justly, love mercy, and walk humbly.

In the context o f this standard posi­
tion, I was enormously puzzled by a 
statement issued by Pope John Paul II on 
O ctober 22, 1996, to the Pontifical 
Academy o f Sciences, the same body 
that had sponsored my earlier trip to the 
Vatican. In this docum ent, entitled 
“Truth Cannot Contradict Truth,” the 
pope defended both the evidence for 
evolution and the consistency o f  the 
theory with Catholic religious doctrine. 
Newspapers throughout the world re­
sponded with front-page headlines, as in 
the New York Times for O ctober 25:

“Pope Bolsters C hurch’s Support for 
Scientific View o f Evolution.”

N ow  I know about “slow news days” 
and I do admit that nothing else was 
strongly competing for headlines at that 
particular moment. (The Times could 
muster nothing more exciting for a lead 
story than Ross Perots refusal to take 
Bob D ole’s advice and quit the presiden-

In his 1996 statement, John 
Paul II defends both the 
evidence for evolution and 
the theory’s consistency 
with. Catholic teachings.

tial race.) Still, I couldn’t help feeling 
immensely puzzled by all the attention 
paid to the pope’s statement (while 
being wryly pleased, o f  course, for we 
need all the good press we can get, espe­
cially from respected outside sources). 
The Catholic Church had never o p ^  
posed evolution and had no reason to do 
so. W hy had the pope issued such a 
statement at all? And why had the press 
responded with an orgy o f worldwide, 
front-page coverage?

I could only conclude at first, and 
wrongly as I soon learned, that journal­
ists throughout the world must deeply 
misunderstand the relationship between 
science and religion, and must therefore 
be elevating a minor papal comment to 
unw arranted notice. Perhaps most 
people .really do think that a war exists 
between science and religion, and that 
(to cite a particularly newsworthy case) 
evolution must be intrinsically opposed 
to Christianity. In such a context, a 
papal admission o f evolution’s legitimate 
status might be regarded as major news 
indeed— a sort o f modern equivalent for 
a story that never happened, but would 
have made the biggest journalistic splash 
of 1640: Pope Urban VIII releases his 
most famous prisoner from house arrest 
and humbly apologizes, “Sorry, Signor 
Galileo . . . the sun, er, is central.”®

But I then discovered that the promi­

nent coverage o f papal satisfaction with 
evolution had not been an error o f non- 
Catholic Anglophone journalists. The 
Vatican itself had issued the statement as 
a major news release. And Italian news­
papers had featured,’ if anything, even 
bigger headlines and longer stories. The 
conservative II Giornale, for example, 
shouted from its masthead: “Pope Says 
We May Descend from Monkeys

Clearly, I was out to lunch. Some­
thing novel or surprising must lurk 
w ithin the papal statement, but what 
could it be?-^ejpecially given the accu­
racy o f my primary impression (as I later 
verified) that the Catholic Church val­
ues scientific study, views science as no 
threat to religion in general or Catholic 
doctrine in particular, and has long ac­
cepted both the legitimacy o f evolution 
as a field of study and the potential har­
mony o f evolutionary conclusions with 
Catholic faith.

As a form er constituent o f  Tip 
O ’Neill’s, I certainly know that “ all pol­
itics is local”— and that the Vatican un^’J 
doubtedly has its own internal reasons^ 
quite opaque to me, for announcing 
papal support ofeevolution in a major 
statement. Still, I knew that I was miss-r/ 
ing some important key, and I felt frus­
trated. I then remembered the primary 
rule o f intellectual life: when puzzled, it 
never hurts to read the primary docu­
ments— a rather simple and self-evident 
principle that has, nonetheless, com ­
pletely disappeared from large sectors o f 
the American experience.

I knew that Pope Pius XII (not one of 
my favorite figures in twentieth-century 
history, to say the least) had made the 
primary statement in a 1950 encyclical 
entitled Humani Generis. I knew the 
main thrust o f his message: Catholics 
could believe whatever science deter­
mined about the evolution o f  the 
human body, so long as they accepted 
that, at some time o f his choosing, God 
had infused the soul into such a creature,
I also knew that I had no problem with 
this statement, for whatever my private 
beliefs about souls, science cannot touch
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such a subject and therefore cannot be 
threatened by any theological position 
on such a legitimately and intrinsically: 
religious issue. Pope Pius XII, in other 
words, had properly acknowledged and 
respected th e , separate domains o f sci­
ence and theology. Thus, I found myself 
in total agreement w ith Humani 
Generis-—but I had never read the docu- , 
m ent in full (not much o f an impedi­
ment to stating an opinion these days) : \

I quickly got the relevant writings 
from, o f all placek, the Internet. (The 
pope is prominently on-line, but a Lud^;^ 
dite like me is not. So I got a computer- 
literate associate to dredge up the docu­
ments. I do love the fracture of 
stereotypes implied by finding religion 
so hep and a scientist so square.) Having 
now read in full both Pope Pius’s Hu­
mani Generis o f 1950 and Pope John 
Paul’s proclamation o f O ctober 1996, I 
finally understand why the recent state­
ment seems so new, revealing, and wor- j 
thy o f all those headlines. And the mes­
sage could not be more welcome for 
evolutionists and friends o f both science 
and religion.

The text o f Humani Generis focuses 
n the magisterium (or teaching author-

V of the Church— a word derived not 
ion? any concept of majesty or awe but 
from the different notion o f teaching, 
for magister is Latin for ^teacher.” We 
may, I think, adopt this word and con­
cept to express the central point of this 
essay and the principled resolution of 
supposed “conflict” or “warfare” be­
tween science aiid religion. N o such 
conflict should exist because each sub­
ject has a legitimate magisterium, or do­
main of teaching a u th o W — and these 
magisteria do not o v erlap \h e  principle 
that I would like to designate as 
NO M A , or “nonoverlapping rnagiste- 
ria”). The net o f science covers the em ^ 
pirical universe: what is it made of (fact) 
and why does it work this way (theory). 
The net of religion extends over ques­
tions of moral meaning and value. These 
two magisteria do not overlap, nor do 
they encompass all inquiry (consider, for
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1
starters, the magisterium o f art and the 
meaning o f beauty). To cite the arch 
clichés, we get the age o f rocks, and re­
ligion retains the rock of ages; we study 
how the heavens go, and they determiné 
how to go to heaven.

The Catholic C hurch had 
never opposed evolution. 
W hy had the pope issued 
such a statement at all?

This resolution might remain all neat 
and clean if the nonoverlapping magiste- 
ria (NOM A) o f science and religion 
were separated by an extensive no mans 
land. But, in fact, the two magisteria 
bump right up against each other, in te r#  
digitating in wondrously complex ways 
along their jo in t border. Many o f our 
deepest questions call upon aspects o f 
both for different parts o f a full answer—  
and the sorting o f legitimate domains 
can become quite complex and difficult. 
To cite just two broad questions involv­
ing both evolutionary facts and moral ’ 
arguments: Since evolution made us th< 
only earthly creatures w ith advance 
consciousness, what responsibilities/,, 
so entailed for our relations with father 
species? What do our genealogical ties 
with other organisms imply about the 
meaning of human life?

Pius XIIs Humani Generic is a highly 
. traditionalist document by i  deeply com  
servative man forced to face all the 

ívisms” and cynicisms that rode the wake 
of World War II andfinformed the Strugs 
gle to rebuild hitman decency from the 
ashes o f the } qlocaust. Thé encyclical, 
subtitled “Concerning some false opin­
ions which threaten to undermine the 
foundations o f Catholic doctrine,” be­
gins with a statement o f embattlement:

Disagreement and error among men on 
moral and religious matters have always, 
been a cause of profound sorrow to all 
good men, but above all to the true and 
loyal sons of the Church, especially today,



when we see the principles of Christian 
culture being attacked on all sides.

Pius lashes out, in turn, at various ex- ’'j 
terrial enemies of the Church: panthe­
ism, existentialism, dialectical material- / : 
ism, historicism, and of course and 
preeminently, communism. He then 
notes with sadness that some well- 
meaning folks within the Church have 
fallen into a dangerous relativism a 
theological pacifism and egalitarianism, 
in which all points of view become 
equally valid”—in order to include 
people of wavering faith who yearn for 
the embrace of Christian religion but do 
not wish to accept the particularly 
Catholic magisterium.

What is this world coming to when 
these noxious novelties can so discom- 
bobulate a revealed and established 
order? Speaking as a conservative s con­
servative, Pius laments:

Novelties of this kind have already borne 
their deadly fruit in almost all branches of 
theology. . . . Some question whether 
angels are personal beings, and whether 
matter and spirit differ essentially. . . .
Some even say that the doctrine of 
Transubstantiation, based on an 
antiquated philosophic notion of 
substance, should be so modified that the 
Real Presence of Christ in the Holy 
Eucharist be reduced to a kind of 
symbolism.

Pius first mentions evolution to decry 
a misuse by overextension often promul­
gated by zealous supporters of the 
anathematized “isms”:

Some imprudently and indiscreetly hold 
that evolution . . . explains the origin of 
all things . . .  . Communists gladly 
subscribe to this opinion so that, when the ! 
souls of men have been deprived of every 
idea of a personal God, they may the 
more efficaciously defend and propagate 
their dialectical materialism.

Piuss major statement on evolution
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occurs near the end o f the encyclical in 
paragraphs 35 through 37. He accepts 
the standard model o f N O M A  and be­
gins by acknowledging that evolution 
lies in a difficult area where the domains 
press hard against each other. “It remains 
for US now to speak about those ques­
tions which, although they pertain to 
the positive sciences, are nevertheless 
more or less connected with the truths 
o f the Christian faith

Pius then writes the well-known 
words that permit Catholics to entertain 
the evolution o f the human body (a fac­
tual issue under the magisterium o f sci­
ence), so long as they accept the divine 
Creation and infusion o f the soul (a the­
ological notion under the magisterium 
o f religion).

The Teaching Authority of the Church 
does not forbid that, in conformity with 
the present state of human sciences and 
sacred theology, research and discussions, 
on the part of men experienced in both 

fields, take place with regard to the 
doctrine of evolution, in as far as it 
inquires into the origin of the human 
body as coming from pre-existent and 
living matter—for the Catholic faith 
obliges us to hold that souls are 
immediately created by God.

I had, up to here, found nothing sur­
prising in Humani Generis, and nothing 
to relieve my puzzlem ent about the 
novelty o f Pope John Pauls recent state­
ment. But I read further and realized 
that Pope Pius had said more about evo­
lution, something I had never seen 
quoted, and that made John Pauls state­
m ent most interesting indeed. In short,; 
Pius forcefully proclaimed that while 
evolution may be legitimate in prin­
ciple, the theory, in fact, had not been

proven and m ight well be entirely 
wrong. One gets the strong impression, 
moreover, that Pius was rooting pretty 
hard for a verdict o f falsity

In 1950, Pius forcefully 
proclaim ed that while 
evolution may be 
legitimate, the theory had 
not been entirely proven. 
O ne gets the strong 
impression that he was 
rooting pretty hard for a 
verdict o f falsity.

C ontinuing directly from the last 
quotation, Pius advises us about the 
proper study o f evolution:

However, this must be done in such a way 
that the reasons for both opinions, that is, 
those favorable and those unfavorable to 
evolution, be weighed and judged with 
the necessary seriousness, moderation and 
measure. . . . Some, however, rashly 
transgress this liberty of discussion, when 
they act as i f  the origin of the human 
body from pre-existing and living matter 
were already completely certain and 
proved by the facts which have been 
discovered up to now and by reasoning on 
those facts, and as i f  there were nothing in 
the sources of divine revelation which 
demands the greatest moderation and 
caution in this question.

To summarize, Pius generally accepts 
the N O M A  principle o f nonoverlapping 
magisteria in perm itting Catholics to 
entertain the hypothesis o f evolution for 
the human body so long as they accept

the divine infusion o f the soul. But he 
then offers some (holy) fatherly advice 
to scientists about the status o f evolution 
as a scientific concept: the idea is not yet 
proven, and you all need to be especially 
cautious because evolution raises many 
troubling issues right on the border of 
my magisterium. One may read this sec­
ond theme in two different ways: either 
as a gratuitous incursion into a different 
magisterium or as a helpful perspective 
from an intelligent and concerned out-': 
sider. As a man of good will, and in the 
interest o f conciliation, I am happy to 
embrace the latter reading.

In any case, this rarely quoted second 
claim (that evolution remains both un­
proven and a bit dangerous)— and not 
the familiar first argument for the 
N O M A  principle (that Catholics may 
accept the evolution o f the body so long 
as they embrace the creation o f  the 
soul)—‘defines the novelty and the inter­
est o f John Paul’s recent statement.

John Paul begins by summarizing 
Pius’s older encyclical o f 1950, and par­
ticularly by reaffirming the N O M A  
principle— nothing new here, and no 
cause for extended publicity:

In his encyclical “Humani Generis*’
(1950), my predecessor Pius X II had 
already stated that there was no 
opposition between evolution and the 
doctrine of the faith about man and his 
vocation.

To emphasize the power o f  N O M A , 
John Paul poses a potential problem and 
a sound resolution: How can we recom ;; 
cile science’s claim for physical continu­
ity in human evolution with Catholi­
cism’s insistence that the soul must enter 
at a moment of divine infusion:

(Please turn to page 60)

Interestingly, the main thrust o f  these paragraphs does not address evolution in general but lies in refuting a doctrine that Pius calls “ polygenism,” or the 
notion o f  human ancestry from multiple parents— for he regards such an idea as incompatible with the doctrine o f  original sin, ‘‘which proceeds from a sin 
actually committed by an individual Adam and which, through generation, is passed on to all and is in everyone as his own.” In this one instance, Pius may 
be transgressing the N O M A  principle— but I cannot judge, for I do not understand the details o f  Catholic theology and therefore do not know how  sym­
bolically such a statement may be read. If Pius is arguing that we cannot entertain a theory about derivation o f  all modern humans from an ancestral pop­
ulation rather than through an ancestral individual (a potential fact) because such an idea would question the doctrine or original sin (a theological con­
struct), then I would declare him out o f  line for letting the magisterium o f  religion dictate a conclusion within the magisterium o f  science.
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(Continued from page 22)
• With man, then, we find ourselves in the 

presence of an ontological difference, an 
ontological leap, one could say. However, 
does not the posing of such ontological 
discontinuity run counter to that physical 
continuity which seems to be the main 
thread of research into evolution in the 

field of physics and chemistry? 
Consideration of the method used in the ' ' 
various branches of knowledge makes it 
possible to reconcile two points of view 
which would seem irreconcilable. The 
sciences of observation describe and 
measure the multiple manifestations of life 
with increasing precision and correlate 
them with the time line. The moment of 
transition to the spiritual cannot be the 
object of this kind of observation.

The novelty and news value of John 
Pauls/statement lies, rather, in his pro­
found revision of Pius’s second and 
rarely quoted claim that evolution, 
while conceivable in principle and rec­
oncilable with religion, can cite little 
persuasive evidence, and may well be 
false. John Paul states— and I can only 
say amen, and thanks for noticing—that, 
the half century between Pius’s survey­
ing the ruins of World War II and his 
own pontificate heralding the dawn of a 
new millennium has witnessed such a 
growth of data, and such a refinement of 
theory, that evolution can no longer be 
doubted by people of good will:

Pius X II added . . . that this opinion 
[evolution] should not be adopted as 
though it were a certain, proven doctrine. 
. . .  Today, almost half a century after the 
publication of the encyclical, new . 
knowledge has led to the recognition of 
more than one hypothesis in the theory of 
evolution. It is indeed remarkable that 
this theory has been progressively accepted 
by researchers, following a series of 
discoveries in various fields of knowledge. 
The convergence, neither sought nor 

fabricated, of the results of work that was 
conducted independently is in itself a 
significant argument in favor of the theory.



#
In conclusion, Pius had grudgingly 

admitted evolution as a legitimate hy­
pothesis that he regarded as only tenta­
tively supported and potentially (as I 
suspect he hoped) untrue. John Paul, 
nearly fifty years later, reaffirms the le­
gitimacy o f  evolution under the N O M A  
principle— no news here-—but then 
adds that additional data and theory have

T he net o f  science covers 
the empirical universe: 
w hat is it made o f (fact) and 
w hy does it w ork this way 
(theory) . T he net o f 
religion extends over 
questions o f moral m eaning 
and value.

placed the factuality o f  evolution be­
yond reasonable doubt. Sincere Chris­
tians must now  accept evolution not 
merely as a plausible possibility but also 
as an effectively proven fact. In other 
words, official Catholic opinion on evo­
lution has moved from “say it ain’t so, 
but we can deal with it i f  we have to” t 
(Pius’s grudging view o f  1950) to John 
Paul’s entirely welcom ing “it has been 
proven true; we always celebrate nature’s 
factuality, and we look forward to inter­
esting discussions o f  theological implica­
tions.” I happily endorse this turn o f  
events as gospel— literally good news. I 
may represent the magisterium o f  sci­
ence, but I welcom e the support o f  a 
primary leader from the other major 
magisterium o f  our complex lives. And I 
recall the wisdom  o f  King Solomon: “As 
cold waters to a thirsty soul, so is good  
news from a far country” (Prov. 25:25).

Just as religion must bear the cross o f  
its hard-liners, I have som e scientific 
colleagues, including a 'few prominent 
enough to wield influence by their writ­
ings, w ho view  this rapprochement o f  
the separate magisteria with dismay. To 
colleagues like me— agnostic scientists 
w ho w elcom e and celebrate the rap­

prochement, especially the pope’s latest 
statement — they say: “C ’mon, be hon­
est; you know that religion is addle- 
pated, superstitious, old-fashioned b.&f 
you’re only making those welcom ing  
noises because religion is so powerful, 
and we need to be diplomatic in order 
to assure public support and funding for 
science.” I do not think that this attitude 
is com m on among scientists, but such a 
position fills m e w ith dismay— and I 
therefore end this essay with a personal 
statement about religion, as a testimony 
to what I regard as a virtual consensus 
among thoughtful scientists (who sup­
port the N O M A  principle as firmly as 
the pope does).

I am not, personally, a believer or a 
religious man in any sense o f  institu­
tional commitment or practice. But I 
have enormous respect for religion^and 
the subject has always fascinated me, be­
yond almost all others (with a few ex­
ceptions, like evolution, paleontology, 
and baseball). M uch o f  this fascination 

i lies in the historical paradox that 
throughout Western history organized 
religion has fostered both the most un­
speakable horrors and the most heart­
rending examples o f  human goodness in 
the face o f  personal danger. (The evil, I 
believe, lies in the occasional confluence 
o f  religion w ith secular power. The 
Catholic Church has sponsored its share 
o f  horrors, from Inquisitions to liquida­
tions— but only because this institution 
held such secular power during so much 
o f  Western history. W hen my folks held / 
similar power more briefly in Old Testa­
m ent times, they com m itted just as 
many atrocities with many o f  the same 
rationales.)

I believe, with all my heart, in a re­
spectful, even loving concordat between 
our magisteria— the N O M A  solution. 
N O M A  represents a principled position 
on moral and intellectual grounds, not a 
mere diplomatic stance. N O M A  also 
cuts both ways. If religion can no longer 
dictate the nature o f  factual conclusions 
properly under the magisterium o f  sci­
ence, then scientists cannot claim higher
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insight into moral truth from any supe- ’ about us (speaking metaphorically). I re-
rior knowledge o f the world’s empirical gard such a position as liberating, not
constitution. This mutual humility has depressing, because we then become
important practical consequences in a free to conduct moral discourse and
world o f such diverse passions. nothing could be more important— in

R eligion is too im portant to too our own terms, spared from the delusion
many people for any dismissal or deni- that we might read moral truth passively
gration of the comfort still sought by from nature’s factuality. 
many folks from theology. I may, for ex- But I recognize that such a position 
a m p le, privately suspect that papal insis- frightens many people, and that a more
tence on divine infusion o f the soul rep- spiritual view o f nature retains broad ap-
resents a sop to our fears, a device for peal (acknowledging the factuality o f
maintaining a belief in human superior- evolution and other phenomena, but
ity within an evolutionary world offer­
ing no privileged position to any crea­
ture But I also know that souls represent

If religion can no longer 
dictate the nature o f factual 
conclusions, then scientists 
cannot claim moral truth 
from  any superior 
knowledge o f the world’s 
constitution.

a subject outside the magisterium of sci­
ence. My world cannot prove or dis­
prove such a notion, and the concept of 
souls cannot threaten or impact my do­
main. Moreover, while I cannot person­
ally accept the Catholic view o f souls, I 
surely honor the metaphorical value of 
such a concept both for grounding 
moral discussion and for expressing what 
we most value about human potential­
ity: our decency, care, and all the ethical 
and intellectual struggles that the evolu­
tion o f consciousness imposed upon us.

As a moral position (and therefore not 
as a deduction from my knowledge of 
nature’s factuality), I prefer the “cold 
bath” theory that nature can be truly 
“cruel” and “indifferent”— in the ut­
terly inappropriate terms o f our ethical 
discourse— because nature was not con­
structed as our eventual abode, didn’t 
know we were coming (we are, after all,; 
interlopers o f the latest geological mi­
crosecond), and doesn’t give a damn

still seeking some intrinsic meaning in 
human terms, and from the magisterium 
o f religion). I do appreciate, for e x ^ J  
ample, the struggles o f a man who wrote 
to the New York Times on November 
1996, to state both his pain and his em  
dorsement o f  John Paul’s statement:

Pope John Paul IPs acceptance of 
evolution touches the doubt in my heart.
The problem of pain and suffering in a 
world created by a God who is all love 
and light is hard enough to bear, even if 
one is a creationist. But at least a 
creationist can say that the original 
creation, coming from the hand of God 
was good, harmonious, innocent and 
gentle. What can one say about evolution, 
even a spiritual theory of evolution? Pain 
and suffering, mindless cruelty and terror 
are its means of creation. Evolution's 
engine is the grinding of predatory teeth 
upon the screaming, living flesh and bones 
of prey. . . . I f  evolution be true, my faith 
has rougher seas to sail.

I don’t agree with this man, but we 
could have a wonderful argument. I 
would push the “cold bath theory; he 
would (presumably) advocate the theme 
o f inherent spiritual meaning in nature, 
however opaque the signal. But we 
would both be enlightened and filled 
with better understanding of these deep 
and ultimately unanswerable issues. 
Here, I believe, lies the greatest strength 
and necessity o f NOM A, the nonover­
lapping magisteria o f science and reli­
gion. N O M A  permits— indeed en­

joins— the prospect o f respectful dis­
course, o f  constant input from both  
magisteria toward the common goal o f 
wisdom. If human beings are anything 
special, we are the creatures that must 
ponder and talk. Pope John Paul II 
would surely point out to me that his 
magisterium has always recognized this 
distinction, for in principio erat verbum—  
“In the beginning was the Word.”

Stephen Jay Gould teaches biology, geology, 
and the history of science at Harvard Univer­
sity. He is also Frederick P. Rose Honorary 
Curator in Invertebrates at the American 
Museum of Natural History.

Postscript
Carl Sagan organized and attended the Vat- 
iCdn meeting that introduces this essay; he 
also shared my concern for fruitful cooperation 
between the different but vital realms of sci­
ence and religion. Carl was also one of my 
dearest friends. I  learned of his untimely 
death on the same day that I read the proofs 

for this may- I cou^  onty recâ  Nehru’s ob­
servations on Gandhi’s death that the light 
had gone out, and darkness reigned every­
where. But I then contemplated what Carl 
had done in his short sixty-two years and re­
membered John Dry den’s ode for Henry Pur­
cell, a great musician who died even younger: 
“He long ere this had tuned the jarring 
spheres, and left no hell below.”

The dayI  I  spent with Carl in Rome were 
the best of our friendship. We delighted in 
walking around the Eternal City, feasting on 
its history and architecture— and its food! 
Carl took special delight in the anonymity 
that he still enjoyed in a nation that had not 
yet aired Cosmos, the greatest media work 
in popular science of all time.

I  dedicate this essay to his memory. Carl 
also shared my personal suspicion about the 
nonexistence of souls— but I cannot think of 
a better reason for hoping we are wrong than 
the prospect of spending eternity roaming the 
cosmos in friendship and conversation with 
this wonderful soul.
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FISHES FROM THE EOCENE OF CENTRAL FRANCE

By Stanley H. Weitzman
Department of Anatomy, Stanford University School of Medicine

INTRODUCTION

The la rg e  and v a r ie d  fam ily  o f fre sh -w a te r  te le o s te a n  f is h e s  known as 
C haracidae forms th e  most g e n e ra liz e d  o f  th e  l iv in g  groups o f  th e  o rd e r 
O s ta r io p h y s i. The o rd e r i s  one o f  th e  l a r g e s t  among te le o s te a n  f is h e s ,  
and, except fo r  a few fa m ilie s  o f c a tf is h e s , i s  s t r i c t l y  confined to  fre sh  
w ater. The fam ily  C haracidae in h a b its  t r o p ic a l  America and A fric a , and 
p robab ly  has done so f o r  a long tim e (Myers, 1938). Confinem ent o f  th e  
ch a rac id s  to  th ese  sou thern  co n tin e n ts , and th e i r  absence in  th e  n o rth ern  
ones, i s  the  most im portant o f the evidence adduced by Eigenmann (1909) and 
Regan (1922) fo r  the ex is ten ce  o f a Mesozoic o r e a r ly  Cenozoic c o n tin e n ta l 
c o n n ec tio n  between A fr ic a  and South Am erica - a  s u b je c t  t h a t  a g a in  i s  
rece iv in g  a tte n tio n  (Mayr, 1952; D arlington, 1957). F o ss il evidence o f the 
p re se n c e  o f  th e  C h arac id ae  in  th e  n o r th e rn  c o n t in e n ts  would be o f  th e  
utm ost im portance in  e x p la in in g  th e  p re se n t d is ju n c t  d i s t r ib u t io n  o f the  
members o f  t h i s  fam ily . P i to n ’ s r e p o r t  in  1938 o f two g en era  and two 
sp ec ie s  o f  Characidae from the  L u te tian  of Puy-de-Dome, France, apparen tly  
proved th a t  t h i s  fam ily e x is te d  in  Europe in  th e  e a r ly  Cenozoic. In th e  
p re se n t paper I have a ttem p ted  to  e v a lu a te  P ito n ’ s d a ta  and co n c lu sio n s, 
and to  make a more secu re  id e n t i f i c a t io n  o f  th e  fam ily  to  which h is  pre-1 
sumed characids belong.

THE CHARACIDAE

B efore p roceed ing  to  a c o n s id e ra tio n  o f  th e  French f o s s i l s ,  i t  seems 
d e s i r a b le  to  p ro v id e  some background m a te r ia l  on th e  C haracidae and th e  
f o s s i l s  so fa r  re fe rre d  to  the  fam ily.

The o rd e r  O s ta r io p h y s i i s  c h a r a c te r iz e d  by th e  m o d if ic a t io n  o f  th e  
a n te r io r  v e r te b ra e  in to  a pars susten tacu lum  and i t s  a s s o c ia te d  o s s ic le s  
which a re  to g e th e r known as th e  Weberian appara tus (SagemehlB 1885; Bridge 
and Haddon, 1893; C hranilov , 1929; Watson, 1939; Nelson, 1949; Weitzman, 
1954; and o th e rs ) . The Weberian ap p ara tu s  d is t in g u is h e s  th e se  f is h e s  from 
a l l  o th e r o rders o f p rim itiv e  te le o s ts .

As noted above, th e  Characidae a re  s t r u c tu r a l ly  the  most g en era lized  of 
th e  O sta rio p h y si. Regan (1911) d iv ided  th e  C haracidae in to  s e v e ra l fam i­
l i e s ,  bu t my own work (Weitzman, 1960a; 1960b) in d ic a te s  t h a t ,  f o r  th e  
p resen t, Regan’ s fam ilie s  should not be recognized.

D arlington (1957) d iscussed  the  problem o f how the d is ju n c t d is t r ib u t io n  
o f  th e  c h a ra c id s  came ab o u t, and concluded th a t  th e  C haracidae  reached  
South America sometime during the C retaceous, e i th e r  from A frica  by a land 
b ridge, o r from tro p ic a l  Asia across the Bering Land Bridge by way o f  North 
America. He a lso  p o s tu la te d  th a t  charac id s  once e x is te d  in  t ro p ic a l  Asia, 
and t h a t  th e re  w e ll may have been a c h a ra c id  fauna common to  A sia  and 
A fr ic a . D arlin g to n  favo red  th e  h y p o th es is  th a t  c h a ra c id s  reached  South 
A m erica from A sia by way o f North America, and l a t e r  became e x t in c t  in  
North America and Asia. Since no f o s s i l  characids a re  known from Asia, and 
th e  N orth American re c o rd s  o f  f o s s i l  c h a ra c id s  a re  very  dub io u s, t h i s  
h y p o th es is  s u f f e r s  from lack  o f  evidence. However, th e  f o s s i l  f is h e s  of 
A sia a re  l i t t l e  known, and i t  i s  q u ite  p o s s ib le  th a t  f o s s i l  ch a rac id s  may
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be found thereo f P i to n 's  record  o f Eocene f o s s i l  ch a rac id s  from Prance has 
g iven su p p o rt to  th e  id ea  th a t  ch a ra c id s  have e x is te d  in  H o la rc tic a . As 
w i l l  be shown below, I do n o t b e l ie v e  t h a t  P i t o n 's  f o s s i l  f i s h e s  a r e  
ch arac id s , o r even members o f the o rd er O stariophysi. Thus the  slim  leg  o f 
support fo r  H o la rc tic  occurrence o f ch a rac id s  i s  removed. The hypotheses 
o f c o n tin e n ta l d r i f t  and o f  a Mesozoic connection  between A fric a  and South 
Am erica a re  n o t dead - even among g e o p h y s ic is ts  (Runcorn, 1959) u s in g  
geophysical evidence. I b e liev e , th e re fo re , th a t  the  concept o f  ch a rac id s  
c ro s s in g  a f i l t e r  land  b r id g e  between A f r ic a  and South Am erica sh o u ld  
rece iv e  a t  l e a s t  as se rio u s  co n sid e ra tio n  as the  concept o f th e i r  m igration  
acro ss  Asia and North America to  reach South America.

F o s s i l  c h a ra c id s  a re  few in  number, and so f a r  have he lp ed  l i t t l e  to  
so lve  the  problems o f characid  d is t r ib u t io n . The b e s t known a re  those from 
an apparen tly  Late T e rtia ry  l ig n i te  a t  Tremembe, near Taubate, in  th e  s ta te  
o f  Sao Paulo , B ra z il .  P ish e s  from th i s  d e p o s it  were f i r s t  d e sc r ib e d  by 
Woodward (1898), and d iscussed  l a t e r  by Eigenmann and Myers (1929), and by 
S chaeffe r (1947), who reduced the known forms to  a s in g le  genus. R ecently, 
Travassos and da S ilv a  Santos (1955), w ith more knowledge o f  ch arac id s  and 
abundant m a te r ia l ,  have shown th a t  fo u r Recent genera a re  re p re se n te d  by 
f o s s i l  sp ec ies  a t  Tremembe. These a re  unquestionably charac id  f o s s i l s .

C ockere ll (1921) d e sc rib ed  f is h  s c a le s  from a Miocene d e p o s it  in  Peru 
which he r e f e r r e d  to  a new genus (C h a r a c ile p is ) o f  th e  C h arac id ae , and 
o th e r  s c a le s  (E ry th r in o le p is ) from North American C retaceous marine depos­
i t s  on which he based a new but presumably re la te d  fam ily (C ockerell, 1919). 
There i s  no re a l  evidence th a t  th e  s c a le s  o f  E r y th r in o le p is  a re  th o se  o f 
c h a rac id s  o r c h a ra c id - l ik e  f is h e s .  Hay (1929; p. 719) r e fe r re d  th e  Upper 
C retaceous f i s h  genus I s c h y r lz a  Leidy, from th e  e a s te rn  and so u th e a s te rn  
U nited  S ta te s ,  to  th e  C harac idae , bu t no re c e n t  work has confirm ed h i s  
t r a n s f e r  o f  t h i s  genus from th e  E socidae ,f where i t  was fo rm erly  p laced  
(Hay, 1902, p. 398). L e id y 's  specimens were te e th , and th e  evidence used 
to  p la c e  them in  th e  C h arac id ae  i s  o f  d o u b tfu l v a lu e . O ther th an  th e  
r e f e r r a l  o f fragm ents from T e r t ia ry  d e p o s its  in  Peru to  th e  Recent genus 
M yle tes  (P eyer, 1929), o f  A frican  m a te r ia l  to  th e  R ecent genus A le s te s  
(mentioned by Romer, 1945, p. 583), and o f  A frican  P le is to c e n e  f is h  te e th  
to  th e  genus Hydrocyon1 by Greenwood (1959), th i s  com pletes th e  reco rds o f 
r e a l  and presumed f o s s i l  C haracidae.

TOE FOSSIL PISHES OP TOE MENAT SCHISTS

A s c h is t  sa id  to  be o f  L u te tia n  age, a t  Menat, Puy-de-Dome, in  c e n tra l  
Prance, has produced sev era l fresh -w a te r f ish e s . However, the  most a r r e s t ­
ing o f the  d isco v e rie s  in  th i s  lake d ep o sit was announced by P ito n  in  1938, 
when he d e sc rib ed  from i t  two new genera and two new s p e c ie s  o f  presumed 
Characidae, Prohydrocyon p e lle g r in i  and Procharacinus a rvern ien s ts .

The s c h is t  o f Menat (da ted  as  L u te tian ) i s  roughly eq u iv a len t in  age to  
th e  B ridger (Middle Eocene) o f North America (Wood and o th e rs , 1941). In 
a d d itio n  to  the  two supposed Characidae mentioned above, f is h e s  from Menat 
have been i d e n t i f i e d  by P ito n  as  Amia v a le n c ie n n e s i  (A g a ss iz ) , fam ily  
Amiidae; Chela arambour£i P ito n  and Chela b r o n in ia r t i  (A g ass iz ), fam ily  
C yprin idae; and P e r c i l ia  a n iu s ta  (A g assiz ), fam ily  S e rran id ae  (P ito n  a s ­
s ig n s  th i s  to  the fam ily P e rc id ae ). The id e n t i f ic a t io n  o f an Eocene perco- 
morph from Prance w ith a Recent genus (P e r c i l ia ) o f fre sh -w a te r  S erran idae

*Myers (1950) has shown that Hydrocynus Cuvier 1817 Bust replace Hydrocyon 
Cuvier 1819. Usage of Hydrocionichtkys Travassos for Eydrocynus nas been 
discussed by Myers and Weitznan (1960).
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known only from C hile  (see  Eigenmann, 1909, p. 290) should be looked upon 
w ith  s u s p ic io n . M oreover, r e f e r e n c e  o f  th e  supposed c y p r in id s  to  th e  
t r o p ic a l ,  sou th -A sian , R ecent genus Chela should  be re in v e s t ig a te d ,  e s ­
p e c i a l l y  in  th e  l i g h t  o f  th e  work on t h i s  genus and i t s  r e l a t i v e s  by 
S ila s  (1958).

P ro fe sso r George S. Myers o f S tanfo rd  became in te re s te d  in  th e  presumed 
f o s s i l  c h a ra c id s  s e v e ra l  y e a rs  ago, and o b ta in ed  a d d i t io n a l  in fo rm a tio n  
abou t them through Miss M arie-H élène S ache t, o f  W ashington, D. C. Miss 
S a c h e t 's  f a th e r , th e  l a t e  Dr. Sachet, was in  charge o f  th e  c o l le c t io n s  o f 
th e  S o c ié té  S c ie n tif iq u e  du Bourbonnais e t  du Centre de France, Moulins, in  
which P i to n 's  types were deposited . Through h is  kindness, and th a t  o f Miss 
Sachet, photographs o f the  type o f Prohydrocyon p e l l e i r in i  were ob tained  by 
P ro f . Myers. D octo r S ach e t in form ed him t h a t  th e  ty p e  and on ly  known 
example o f Procharacinus a rvern ien s is  was c a rr ie d  away by an o f f ic e r  o f the 
German occupation fo rces  during World War I I .  P ro fesso r Myers has asked me 
to  express h is  indeb tedness to  th e  l a t e  Dr. Sachet and to  Miss Sachet fo r  
th e i r  g re a t kindness and a id .

In  connection  with my o s te o lo g ic a l work on th e  C haracidae, P ro f. Myers 
has re c e n tly  tu rned  over to  me th e  in fo rm ation  on th e  type specimens given 
above and the  photographs of Prohydrocyon p e l l e i r i n i . I  am g re a tly  in d eb t­
ed to  him fo r  th i s  and fo r  h is  h e lp fu l su g g estio n s concern ing  the  p re se n t 
paper.

DISCUSSION OF THE SUPPOSED CHARACINS OF MENAT

In examining the  rhotographs o f Prohydrocyon p e l l e i r in i  (F igs. 1 and 2), 
a s  w ell as P i to n 's o r ig in a l  paper (1938), I  found good reason to  doubt th a t  
th e s e  f i s h e s  a re  t r u l y  c h a ra c id s . A se a rc h  f o r  c h a ra c id  O s te o lo g ic a l  
c h a ra c te rs  in  th e  d e s c r ip tio n s  and in  th e  photographs fa i le d  to  rev ea l any 
d a ta  to  confirm  P i to n 's  con ten tion  th a t  these  a re  f o s s i l  charac ids.

P i t o n 's d e s c r ip t io n s  do n o t in c lu d e  any s t r u c t u r a l  com parisons w ith  
ch a rac id s . With re fe ren ce  to  Prohydrocyon p e l l e i r i n i , he sa id : ‘Ties ch a r­
a c t e r s  de ce p o is so n  s o r t  n e t s .  D ents p r é s e n te s ,  n a g e o ire  a d ip e u se , 
m âchoire  form ée p a r  i n t e r m a x i l l a i r e s  [= p re m a x il la r ie s ]  e t  m a x i l l a i r e s .  
C 'e s t  un C haracinidae  [=C haracidae], I l  se  rapproche des Hydrocyoninae  
mais i l  e s t  à  peu p rès  im possible de la  f a i r e  r e n t r e r  dans un genre connu." 
Of Procharacinus a rv e rn ie n s is , “Comme la  précédente, c e t te  espèce a p p a rtie n t 
d 'u n e  m anière in d is c u ta b le  à l a  fa m ille  des C h a r a c in id a e ,. . , .E lle  se ra p ­
p roche égalem ent de l a  t r i b u  des H ydrocyoninae sans q u ' i l  s o i t  non p lu s  
p o s s ib le  de la  c l a s s e r  dans un genre connu." In  h i s  d e s c r ip t io n s ,  P ito n  
gave th e  u su a l body p ro p o r tio n s  and f in  co u n ts , bu t d id  n o t d is c u s s  th e  
o s te o lo g y . In  read in g  P i t o n 's t e x t  one re c e iv e s  th e  im p ressio n  th a t  he 
b e lie v e d  th e se  f i s h e s  to  be c h a ra c id s  m erely because they  resem bled th e  
C yprinidae (c a rp - lik e  f ish e s )  but had te e th  on the  jaws. This i s  e s p e c ia l­
ly  apparen t from sta tem en ts in  h is  in tro d u c tio n .

In h is  t e x t  and f ig u re s  (draw ings and legends) P ito n  made no re fe re n ce  
to  a Weberian apparatus, and I  can fin d  no evidence o f one in  e i th e r  o f the  
two pho tographs o f  th e  type  o f Prohydrocyon p e l l e i r i n i  (F ig s . 1 and 2 ). 
U nless one knows ch arac id  c ra n ia l  o steo logy  very w ell and has e x c e lle n tly  
p re se rv ed  f o s s i l s ,  i t  i s  r is k y  to  id e n t i f y  any f o s s i l  f i s h  as a c h a ra c id  
w ithout f i r s t  id e n tify in g  a Weberian app ara tu s . The Weberian ap para tus i s  
no t always easy to  see in  f o s s i l  charac ids, but i t  can o ften  be d e tec ted  by 
n o tin g  th e  presence o f the  n eu ra l complex, n eu ra l p e d ic le  and s h o r t  n eu ra l 
sp in e  o f th e  fo u rth  v e rte b ra  (Weitzman, 1954, p. 252, f ig .  10). I  have had 
no d i f f i c u l ty  in  id e n tify in g ^ th e se  s tru c tu re s  in  B ra z ilia n  f o s s i l  characids 
from th e  l ig n i te  near Taubaté.

The p re m a x il la r ie s  o f  P i t o n 's f i s h e s  a re  n o t q u i te  l ik e  th o se  o f  any
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Pig. 1. Prohydrocyon p e l le g r in i ,  P iton , holotype, leng th  80 mm.

Pig . 2. Prohydrocyon p e l le g r in i ,  P iton , holotype..
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Recent characid . His published  drawings o f Prohydrocyon and Procharacinus 
show in  both a long p rem ax illa ry , alm ost, i f  no t com pletely, excluding the  
m ax illa ry  from th e  gape. A long, to o th -b e a rin g , p o s te r io r  p ro cess  o f the  
p rem ax illa ry  accompanies th e  m ax illa ry  fo r  most o f I t s  len g th . The photo­
graphs o f Prohydrocyon in d ic a te  th a t  P i to n 's  draw ings a re  probably  r e l a ­
t iv e ly  a c c u ra te  w ith regard  to  t h i s  c h a r a c te r i s t i c .  The p rem ax illa ry  o f 
Recent American e h a rac id s  i s  alm ost always sh o rt, n e i th e r  extending p o s te ­
r io r ly  along the  gape, nor alm ost ( i f  no t com pletely) excluding th e  m axil­
la ry  from the  gape. In  th e  few American eh a rac id s  in  which th e  prem axil­
la ry  alm ost excludes the  m ax illary  from the  gape, fo r  example, Serrasalmus, 
Mylossoma, P oecilobrycon, and Nannostomus, i t  appears to  be a s p e c ia l iz a ­
tio n  in  which the  p rem ax illa ry  has increased  in  s iz e  a t  the  expense o f the  
m a x illa ry . There i s  no long, to o th -b e a r in g  p ro cess  o f  th e  p re m a x illa ry  
accompanying th e  m ax illa ry  fo r  most o f i t s  len g th . In  A frican  eh a rac id s , 
however, Boulenger (1901, pp. 132-135) noted th a t  th e  m ax illary  i s  excluded 
from the  gape in  the sp e c ia liz e d  genera C ith a rin u s , E ugnathichthys, Phago, 
Ich thyborus, and Neoborus. In a d d itio n , the  m orpho log ically  co n se rv a tiv e  
A frican  genus A le s te s  has a long p o s te r io r  p ro cess  ex tend ing  along  about 
h a l f  to  tw o -th ird s  the  len g th  o f the  in f e r io r  border o f th e  m ax illary . In 
some sp ec ie s  o f A le s te s  th i s  p rocess may be to o th -b ea rin g . But th e  m axil­
la r y  o f  A le s te s  i s  n o t m ainly  behind o r  above th e  p re m a x il la ry , a s  i t  
appears to  be in  the  photograph o f Prohydrocyon. And in  none o f the  above 
A frican charac id  genera a re  the  p re m a x illa r ie s  and m a x illa r ie s  shaped l ik e  
those of Prohydrocyon, as i l l u s t r a t e d  in  the  accompanying photograph.

P ito n  gave no info rm ation  about the  te e th  except th e i r  number and p o s i­
t io n  on th e  jaw s. He d id  n o t mention w hether they  a re  c o n ic a l o r  m u lt i­
cuspid . His drawings show sim ple co n ica l te e th ; presumably th i s  i s  why he 
compared h is  f o s s i l s  w ith such eh arac id s  as Eydrocynus, th e  l a t t e r  having 
con ica l te e th . Myers (1958, p. 29) has suggested th a t  m ulticusp id  te e th  on 
th e  jaws a re  probab ly  p r im it iv e  fo r  e h a ra c id s . I f  t h i s  i s  t ru e  (and th e  
evidence from l iv in g  e h a ra c id s  c e r ta in ly  in d ic a te s  t h a t  i t  i s )  one might 
expect to  fin d  m u lticu sp id  ra th e r  than co n ica l te e th  in  f o s s i l  eh a rac id s . 
However, s in c e  l i t t l e  i s  a c tu a l ly  known about th e  e v o lu tio n  o f  te e th  in  
eh a ra c id s , th e re  being alm ost no f o s s i l  record , i t  cannot be assumed th a t  
th e re  were no e h a ra c id s  w ith  s im p le , c o n ic a l t e e th  d u rin g  th e  Eocene. 
S e v e ra l s p e c ie s  and genera  o f  l iv in g  e h a ra c id s  have c o n ic a l ,  u n ic u sp id  
te e th , and such forms may have e x is te d  s in ce  the  Eocene.

In examining P i to n 's  drawings (ap p aren tly  meant to  be re c o n s tru c tio n s ) ,
I was im m ediately s tru c k  by th e  very unusual m orphological r e la t io n s h ip s  
o f  th e  bony elem ents. The draw ings a re  so odd th a t  i t  seems l ik e ly  th a t  
P ito n  had l i t t l e  r e a l  knowledge o f  th e  t e l e o s t  s k u l l .  Moreover, exami­
n a tio n  o f  th e  pho tog raphs o f  Prohydrocyon  i n d ic a te s  th a t  th e  e r r o r s  in  
P i to n 's  in te rp re ta t io n s  could no t have been derived  from moving and damage 
o f bone elem ents during fo s s i l iz a t io n .

The d raw ings show an " o c c i p i t a l "  where one would e x p e c t to  f in d  a 
p a r i e ta l ,  th e  su p ra o c c ip ita l  and th e  e p io tic ;  a “n a sa l"  where th e  ethmoid 
should be located ; and an “ethmoid" in  th e  p o s itio n  o f the  a n te r io r  h a l f  of 
the  f r o n t a l .

In  t e l e o s t s  th e  m e tap te ry g o id  i s  in te r n a l  to  th e  p re o p e rc le  and th e  
quad ra te  u su a lly  r e s t s  on th e  d o rs o -a n te r io r  p o rtio n  o f  th e  a n te r io r  p re - 
o p e rc u la r  arm, n ev e r c o v e rin g  i t  e x te n s iv e ly .  In  P i t o n 's  draw ing th e  
m etapterygoid  i s  shown as  ly in g  e x te rn a l to  th e  p reo p e rc le , and th e  quad­
r a te  i s  shown as covering alm ost th e  e n t i r e  p reo p e rcu la r  arm. Although in  
P i to n 's  f ig u re  o f  Prohydrocyon  th e  “qu ad ra te"  covers th e  a n te r io r  arm o f 
th e  p re o p e rc le , th e  photo o f t h i s  specimen shows th e  e x te rn a l su rfa c e  o f 
th e  p reoperc le  to  be com pletely exposed.

The a r t i c u la r  o f t e le o s ts  i s  a s in g le  bone forming the  p o s te r io r  p a r t  of 
th e  lower jaw. Two la rg e , very e longate  a r t i c u l a r  bones, one p laced  p o s t­
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e r io r  to  the  o th e r, a re  shown in  P iton*s drawing of Prohydrocyon p e l le g r in i .  
The p o s te r io r  a r t i c u la r  shown in  Piton* s f ig u re  l i e s  in f e r io r  to  the  “quad­
r a t e ” , th e  l a t t e r  being  in  r e a l i t y  th e  upper p a r t  o f th e  a n te r io r  arm of 
th e  p re o p e rc le . As n o ted  above, Piton* s p o s t e r io r ly  p la c e d  a r t i c u l a r  
appears to  be no th in g  more than  th e  in f e r io r  p a r t  o f  th e  a n te r io r  arm o f 
th e  p re o p e rc le .  The a n t e r i o r  a r t i c u l a r  in  Piton* s f ig u r e  does l i e  in  
th e  u su a l p o s i t io n  o f  th e  a r t i c u l a r ,  bu t i t  i s  p robab ly  drawn too  long, 
and th e  dentary  too sh o rt. However, exam ination o f the  photograph (Pig. 2) 
g iv es  l i t t l e  a id  in  d e te rm in in g  th e  r e l a t i v e  le n g th s  o f  th e  d en ta ry  and 
a r t i c u l a r .

SYSTEMATIC POSITION OP PROHYDROCYON AND PROCHARACINUS

Prom th e  above d is c u s s io n , th e re  seems to  be no r e a l  ev id en ce  th a t  
Procharacinus  and Prohydrocyon  a re  ch a rac id s ."  I s  th e re  any ev idence o f 
t h e i r  t ru e  r e la t io n s h ip s ?  F o rtu n a te ly  th e re  i s .  A lthough th e se  f o s s i l s  
a re  g re a tly  in  need o f reexam ination, Piton* s f ig u re s  and d e sc r ip tio n s , and 
e s p e c ia l ly  th e  photographs a t  hand, suggest th a t  th e se  f is h e s  a re  members 
of  the  Thanmatiiridae. an e x tin c t fam ily o f presumably salmonoid f ish e s .

U n til re cen tly , th e  genus Thaumaiurus had been placed in  the  Salmonidae. 
V oiet (1934') d esc rib ed  and defin ed  th e  fam ily Thaum aturidae, ana on pages 
57 he gave an”account o f  the  system atic  re la t io n s h ip s  o f th i s  family . 
Berg (1940, p. 427) diagnosed th e  fam ily Thaumaturidae, basing  His d iagno- 
s i s  on Voigt* s work, and fo llow ing  th e  la tte r*  s lead , assigned  th is"  fam ily 
to  th e  "s^boipHpr Salmnnoi d e l . However, some a sp ec ts  o f the  osteology o f  the  
T haum aturidae as  d e sc r ib e d  by V oig t le a d  me to  wonder i f  th e  fam ily _ i s  
c o r r e c t ly  p laced . For example, th e  morphology o f t he m a x illa ry  and p r e ­
m ail l l a ry T onesr the  apparen t absence“ o f an orD itospnenoia, ana a tendency 
for~iK e p a r i e t a l s  to  be s e p a ra te d ^ ro m  each o tn e r  by tn e  s u p ra o c c ip i ta l  
suggest a p o ss ib le  re la t io n s h ip  w ith th e  haplomous f i s h e s . 2 The re la tio n ^
ships"ofTH e^Thaum aturidae need-to  be in v e s tig a te d  fu r th e r .

According to  Berg (1940, p. 477), members o f the  Thaumaturidae a re  known 
from the  Lower Eocene to  the  A quitanian [=Lower Miocene] o f Western Europe. 
Piton* s f o s s i l s  were sa id  to  be from the  L u te tian , which equals th e  Middle 
Eocene. T his i s  w ell w ith in  th e  tim e-range o f  th e  Thaum aturidae. V oigt 
(1934) described  members o f the  Thaumaturidae from th e  Middle Eocene Braun- 
kohle o f G e ise ta le , near H alle on th e  Saale R iver, in  Saxony, Germany.

Voigt* s drawings and photographs o f  Thaumaturus spannuthi Voigt show a 
s t r ik in g  resem blance to  the  photograph o f Prohydrocyon p e l le g r in i .  Unfor­
tu n a te ly , th e  photographs o f  P. p e l le g r in i  do no t a llow  d e ta i le d  examina­
t io n  o f th e  few c ra n ia l  c h a ra c te rs  given by Berg o r o f th e  s e v e ra l l i s t e d  
by Voigt. However, Berg s ta te d  th a t  the  m axillary  has few te e th  (apparen t­
ly  th e re  a re  none in  P iton*s specim ens), th a t  i t  sca rce ly  borders the  mouth 
and th a t  i t  i s  m ainly s i t u a t e d  behind th e  p re m a x illa ry , which does n o t 
reach th e  p o s te r io r  end o f th e  m ax illa ry ; th i s  i s  t r u e  o f P iton*s f ig u re s  
and o f  th e  photograph o f  th e  ho lo ty p e  o f Prohydrocyon p e l l e g r in i .  Berg 
c a l l e d  th e  p re o p e rc le  “ c re sc e n t- lik e * * , b u t in  Voigt* s p h o to g rap h s and
drawings (Voigt, 1934, t e x t - f ig .  13; p i .  1, f ig .  2) i t  has an acu te  p o s te r ­
io r  ang le ; th e  p re o p e rc le  in  th e  pho tographs o f  Prohydrocyon p e l le g r in i  
a ls o  has an a c u te  p o s te r io r  a n g le . Berg l i s t e d  40 to  42 v e r te b ra e  fo r  
members o f th e  Thaumaturidae; P iton  counted 40 fo r  Prohydrocyon, and exami­
n a tio n  o f  th e  photograph in d ic a te s  th a t  he was probably c o r re c t .  The fo s ­
s i l  specim en o f P ito n * s  o th e r  genus, P rocharacinus, was incom plete , and

\ *

■

*

2jn a paper (Gosline, 1960) received after the present contribution had 
been written, Gosline. p. 346, also notes that the Thaumaturidae may show 
more relationships with the haplomous fishes than with the salmonoid/s. 
Gosline based his statement pri¥t^iTÿ]QjiLjjLaîginatTon~-frf -the caudal skeletpn.
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th e re fo re  no v e r te b ra l count was taken. The r ib s  o f the  Thaumaturidae were 
c h a ra c te r iz e d  by Berg as o s s if ie d , s tro n g , n ea rly  reaching  the  edge o f the 
abdomen; t h i s  i s  t ru e  fo r  Prohydrocyon, and P ito n  s a id  t h a t  th e  r ib s  o f  
Procharacinus  a re  s tro n g . Berg (p. 427) sa id : “Adipose f in  d e sc rib ed  as 
w anting in  Th. sp an n u th i V oigt and p re s e n t  in  Th. in te rm ed iu s  W e itz e l.^  
P ito n  s ta te d  th a t  one i s  p re sen t in  Prohydrocyon p e l l e i r in i ,  but th a t  i t  i s  
detached from th e  specimen. The s t r u c tu r e  he r e f e r s  to  can be seen above 
th e  caudal peduncle in  F igure 2.

One o f th e  c h a r a c te r i s t i c  fe a tu re s  o f  th e  Thaumaturidae (and i t s  r e l a ­
t iv e s )  i s  the  broadness and length  o f the  f ro n ta l  bones (Voigt, 1934, te x t-  
f ig .  13; p i. 2» f ig . 6 ); th e s e  a re  p re s e n t  in  Prohydrocyon, a s  i s  w ell 
shown in  F igu res 1 and 2. Also, the  g enera l shape o f  the  body in  Thauma- 
turus  (Voigt, p i .  1, f ig s .  1 and 2; p i .  14, f ig .  2) i s  about the  same as in  
Prohydrocyon. In  b o th S th e  o r ig in  o f  th e  p e lv ic s  i s  midway between th e  
o r ig in  o f the  p e c to ra l and anal f in s , and the anal o r ig in  i s  below the  base 
o f th e  fo u rth  to  the  s ix th  dorsa l f in  ray. “

Thaumaturus spannuthi has 13 to  16 d o rsa l f in  ray s , acco rd ing  to  Voigt 
(p . 56); P ito n  coun ted  12 d o rs a l  f i n  ra y s  in  Prohydrocyon p e l l e i r i n i .
I am unable to  confirm  Piton" s count from the  photographs reproduced here , 
bu t th e  number c e r ta in ly  cannot be le s s  than 12. Voigt (p. 57) recorded 14 
to  17 anal f in  rays in  T. sp a nnu th i, and P ito n  recorded a t o t a l  o f  14 anal 
f in  rays in  P. p e l l e i r in i .

The p r in c ip a l caudal f in - ra y  counts and the  caudal f in - ra y  s t ru c tu re  are  
co n stan t in  many groups o f l iv in g  f is h e s . For example, o f  over 100 genera 
and over 200 sp ec ie s  o f Recent ch a rac id s  th a t  I  have examined, a l l  have 19 
p r in c ip a l rays - 10 in  the  upper lobe and 9 in  the  lower lobe o f  th e  caudal 
f in .  Because o f  th e  constancy o f th e  caudal f in - r a y  counts i t  would seem 
worthwhile to  p o in t out th a t  caudal f in  s tru c tu re  and caudal f in - ra y  counts 
o f  f o s s i l  f is h e s  should  be more c a re fu lly  determ ined in  th e  fu tu re . 3 Not 
in f re q u e n tly  th e se  s t r u c tu r e s  a re  w ell p reserved  and they  may g ive e x c e l­
le n t  c lu e s  to  th e  r e la t io n s h ip s  o f  f o s s i l  f is h e s .  V oigt (p. 57) gave 18 
to  20 as  th e  p r in c ip a l  caudal f in - r a y  count fo r  T. sp a n n u th i; th e  count 
fo r  P. p e l l e i r in i ,  which I  cannot confirm , i s  a to ta l  o f 22 p r in c ip a l rays. 
Piton" s form ula fo r  th e  caudal f in  count i s  “4, 5-1-20-1-4,5"*, which I have 
in te rp re te d  as ( s t a r t in g  d o rsa lly  and con tin u in g  ven trad  on the  f in ) :  from 
fo u r to  f iv e  p ro c u rre n t rays; one long, unbranched ray; 20 branched rays, 
one long, unbranched ray; fo u r  to  f iv e  p ro c u r rb n t ra y s . The p r in c ip a l  
c au d a l f i n - r a y  co u n t i s  u s u a l ly  d e f in e d  as  th e  branched  ra y s  p lu s  two 
(o m ittin g , o f co u rse , th e  p ro c u rre n t ra y s ) .  T his makes th e  count o f  22 
p r in c ip a l rays given above fo r  Piton* s specimen.

L indsey (1955, p. 40) has noted th a t  in  Thaumaturus th e  “ su p ra n e u ra l” 
s e r i e s  o v e r la p s  th e  p te ry g io p h o re s  o f  th e  d o rs a l  f in ,  w hereas in  many 
o th e r  f is h e s  th e se  two s e r ie s  o f bones a re  in  a s in g le , continuous s e r ie s .  
In  a l l  th e  ch a rac id  f is h e s  th a t  I have examined, th e  “supraneural** s e r ie s  
and th e  p te ry g io p h o res  a re  continuous, no t o verlapp ing . U n fo rtu n a te ly , I 
am unab le  to  be su re  o f  th e  p resen ce  o f  a “ supraneural** s e r i e s  from th e  
p h o to g rap h s  o f  Prohydrocyon. However, when f u r th e r  exam ples o f  th e s e  
f is h e s  become a v a ila b le , th e  re la t io n s h ip s  o f the  “supraneurals** and p te ry ­
giophores should be c a re fu lly  examinediH

SUMMARY

In  view of the  f a c ts  d iscussed  above i t  appears th a t  th e re  i s  no p o s it iv e  
evidence fo r  p lac in g  Prohydrocyon and Procharacinus in  th e  Characidae. The 
ap p a ren t lack  o f a Weberian ap p a ra tu s  would seem to  exclude both o f  them

The recent study by Gosline (1960) on the caudal skeleton of isospondylous 
fishes amply reinforces this view.
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from the  C haracidae. On the  o th e r  hand, the  jaw s tru c tu re ,  the  la rg e  s iz e  
o f th e  f ro n ta l ,  and th e  g en e ra l o s te o lo g ic a l morphology in d ic a te s  s tro n g ly  
t h a t  th e s e  f o s s i l  f i s h e s  o f th e  M iddle Eocene o f  Europe b e lo n g  to  th e  
Thaum aturidae, a fam ily o f supposedly salmonoid f is h e s  (bu t more probably  
haplomous f is h e s )  w ell known from th e  Middle Eocene o f Europe. Lack o f  
d i r e c t  ex am in a tio n  o f  f o s s i l  m a te r ia l  p re c lu d e s  a f i n a l  d e c is io n  th a t  
Prohydrocyon  and e s p e c ia l ly  P rocharacinus  a re  synonyms o f Thaumaturus. 
However, i t  i s  q u ite  p o ss ib le  th a t  Prohydrocyon, a t  le a s t ,  w ill  prove to  be 
the  same as Thaumaturus.
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Q ® $ f e .  I f t h a t  

t h o H  r e p l y i n g  * t 1 | |  i  i K p u ^ ^ h L & t h G i ^ b n c  

i n  t h e  | p t e r n i » i ^ M ^ w o u l d ^ l 5 . 1 ^  <j  <\ f n sfi. 
h o t h  B a  ® n d 0 3 b ,  t h e n  8 9 9 » n ^ W e ^  o f  

n o  t ( ^ B ^ * d S 9 9  r e p l ^ M o f  n o  t o  l i b  

s h o u l d  b e H e l i r a i n a t e d .  T h i s ^  w o u l d

I ®  a  b a l a B E  o f  H 8 K | - ,  f o i L n o  t o  ' 3 a ;  

- a n d " '  1 ,  P S 8 f q f ^ n o  t ^ g ®  O n  t h l l  b a s i s ]  

t h e B o f ; f o | t e d  T i S P S - ’ w o u l d 4 a p p e a r  a s  

f o l l o w J B

c- ,.Y#v'  ̂̂  NoVi
I I l , 6 l ^ R r % ' 1 ,8 Î |

3b \  . , .2,016 m m

T h e  j t o b o y e $ |  f i g u r e s  i n d i c a t e  t h a t  

t h e r e  i s  a  i l i g h t  ^ m a j o r i t y  a g a i n s t  3 a  

w h i l e  t h e r e  i s  a  d e c i d e d  n u m b e r  w h o  

f a v o r  3 b .  T h e  o v e r - a l l  r e s u l t  i s  t h a t  

5 p e r c e n t  o f  t h o s e  a n s w e r i n g  i n ­

q u i r y  t h r e B  a r e  i n  f a v o r  o f  a  c h a n g e  

as  t o  i s s u i n g  s e p a r a t e  l i c e n s e s  f o r  d e e r ,  

e l k *  a n d  b e a r .  T h e  1 , 6 1 9  r e p l i e s  o f  

^ J C e s  t o  ? I a  a n d  2 , 0 1 6  r e p l i e s  o f  y e s  t o  

3 b  a l s o  w o u l d  i n d i c a t e  t h a t  t h e ^ a r e  

3 9 7  w h o  f a v o r  s p l i t t i n g  t h e  l i c e n s e  a s  

p r o p o s e d  i n  , 3 ; & ,  b u t  d o  n o t  f a v o r  t h e j  

f e ' e s . ; M "  . s t i p u l a t e d  t h e r e i n .

S u m m a r y  %

A s  i n d i c a t e d ,  i t  w ®  n e c e s s a r y  f o r  

u s  t o .  m a k e ^ ^ l g r t a i n  a s s u m p t i o n s ,  /  i n  

c o n n e c t i o n  w i t h  t h e  q u e s t i o n n a i r e s ’ r e -

m  »  7
f  /SJO

M B H  Vi
t u r n e d ,  b e f o r e ,  w f f l c o u l d  m a k e  

a l ^ y ® ,  d f l l t h e  ¿ f e l t s '  o f  t h e  s u r v e y " .  -  

B a s f e f i  o n  o u r  a n a l y s i s ^  t h e  r e p l i e s  *  

s h o S  a  r e l a t i v e l y  s t r o n ' ^ ^ e n d  a g a i n s t  

i n c r e a s i n g  t h |  ; l i f c ^ M  f e e '  t o  $ 1 0 . 0 0  

B a i i g P k  > ( 2 . 5  t o  l ) H a n d  a g a i n s t '  r a i s ­

i n g ,  i t  t o l ^ S - M O O y  b y i  a p p r o x i m a t e l y  i  

2 0 . 6 | s t o  1 .  A l l  w e r e  o p p o s e d  t p t b o t h  

i i f | 8 | l i i ®  b o u t  * 2  t o  1 . ¡ ¡ T h o s e  i n  f a v o r ,  

o f  r a i s i n g  t h e  i f i e n s S f e i i  e v i d e n t l y  i

R ep h c^H
! , g ë r , çeiit

T ota l i m H W Ê
m m m m 52.8
\ S U M » T ^ l . l 35;9
/  6;5$) ‘ 44:7'* - W ÊÊ

w o u l d  p u r c h a s e  l i c e n s e s  a t  t h a t  p r f d S  

a n d  1 4 6  w h o  w e r e ;  o p p o s e d  t o  t h e  i n ­

c r e a s e s  i n d i c a t e d  t h e y  w o u l d  s t i l l  p u r ­

c h a s e  l i c e n s e s  a t  t h e  ^ I n c r e a s e d  p r i c e s .  

A  s l i g h t  m a j o r i t y  a r e  a g a i n s t  b r e a k ­

i n g  u p  t h e  r e s i d e n t  h u n t i n g  a n d  f i s h ­

i n g  l i c e n s e  a t  t h e  s t i p u l a t e d  f e e s  ( a p ­

p r o x i m a t e l y  1 . 2  t o  1 )  .  H o w e v e r ,  t h e r e  

f e r n s  t o  b e  a n  o v e r - a l l  p r e f e r e n c e ,  

¿ ( a p p r o x i m a t e l y  1 . 2  t o  t y l g f o r  c h a n g ­

i n g  t h e  l i c e n s e  s t r u c t u r e ,  a m o n g  t h o s e  

r e p l y i n g  t o  i n q u i r y  n u m b e r  t h r e e .

T h e  p o r t i o n  ô f  r e p l i e !  r e t u r n e d  

w a s  1 1 . 6 7  p e r  c e n t  o f  t h e  4 2 , 3 9 1  r ç s i  

d e n t  l i c e n s e s ^  i s s u e d  i n  t h e  s t a t e  d u r ­

i n g  1 9 4 7 .

WxjominG "fishes, Tflo. 50
Bluehead Sucker * Western Chiselmouth Sucker : 

Dwarf Sucker: Mountain Sucker
P a n to s te u s  D e l p h i n u s  ( C o p e )

c r H E  B L U E H E A D  S U C K E R  i s  

1  f o u n d  i n  g r e a t  a b u n d a n c e  i n  t h e  

C o l o r a d o  R i v e r  d r a i n a g e ,  i n c l u d i n g  

t h e  L i t t l e  S n a k e  R i v e r ®  n e a r  t h e  

m o u n t a i n s .  I n  t h e  h e a d w a t e r s  o f  t h e  

G r e e n  R i v e r  i t  r a n k s  i n  n u m b e r s  

W i t h  t h e  R o c k y  M o u n t a i n  w h i t e f i s h ,

a n d  i t  i s  o n e  o f  t h e  m o s t  i m p o r t a n t  

s o u r c e s  o f  f o o d  f o r  t h e  M a c k i n a w  a n d  

t h e  l a r g e r  t r o u t s  o f  o t h e r  s p e c i e s  o c ­

c u r r i n g  i n  t h e  l a k e #  o f  t h e  u p p e r  

G r e e n  R i v e r  d r a i n a g e .  I t s  m a x i m u m  

s i z e  i s  a b o u t  o n e  f o o t .  W h e n  i n  

s t r e a m s  i t  i s  u s u a l l y  f o u n d  i n  r i f f l e
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^  I n q u i r y  N u m b e r  O n e  

T h e  r e p l i e | J  g i v e n  t o  n u m b e r  o n e r  

i n  t h e  p r e c e d i n g  s u m m a r y  m u s t  b e l  

r e v i s e # . - B e f o r e  a n y  r e l i l § ) l e  c o n c l u | i o i r s  

c a n  b l e a c h e d .  I £  a n  i n d i v i d u a l  d i d  

n o t  w a n t \ e i t h e r  i n c i i e ^ ^ ^ ^ ^ K t . e a ,  h e |  

s h o u l d  h a v e  a n s w e r e d  b o t h  a  a n d  b  

i t y t h e  n e g a t i v e ) "  A s  t h e ^ t e M v ^ M  t o t a l  

o f  l , 6 5 9 B % ^ ® s w e r s ,  o u t  o f  a  p o s s i b l e ;

§ 1 , 9 4 9 , 4 0 ^ 9 0  w t e ,  l e f t  t o  H y  n o  t o  

b o t h  i n c i r e a s e S n W h i n g  a  t o t a l  o f  6 , 5 8 0  

r e p l i M S o f  n o .  ^ y p e ^ o n .  i n d i c a t i n g , ^  

t h a t  h e  w a s  i n  f a v b r  o f  t h e i f a i s e  t o

K r ,  t h e  t r e n d  / s h p w s  q u i t e  c o n c l u s r i  

; ‘ i S B  t h l l  t h e r e  i s  C o n s i d e r a b l e  o p p o ­

s i t i o n  t o  J B B j i  i n c r e a s e  a n d  t h a t  m a n y  

W o u l d B l i l l  p u r c h a s e e a s  l w n s f e  i f  t h e  

f % C w ^ ^ K a ^ s e d .  I f ^ y l  i S f e e ^ s o n a b l e |  

t o  ^ a s s u m e / t h a t  t h p ^  r e p l y i n g  i ^ s  t o  

q u B t i o n  ^ l u m b e r  o n e  % o u l d  h o t  v o t e  

t h e m s l e l y e s  b u t  o f  t h e f l p o r t  o g h u n t -  

| i ^ i g  ‘ a n a  f i s h i n g ,  t h e ®  t h e  r e "

p l i | f e | !  n o  ¿ A r n s t  h a y ® ® & p i  '  m a d e  b y  

t h o s y  a n s j f e f m g  t h e V - f i r s t  i n q u i r y  

t h e / n e g a t i v e .

I
l i c e n s e  ,  t d )

H i 0:00
$15.00

P e r
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a m a C r y  S  
No
■ B
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Ç o r f f i t e d T o t a l P e r '

■ H B ■ ■ ■ "n W i
3,519 4,949 • 28:9 —
4,720 4,949 m i - . 95.4

-1,659 1,995 8,239 9,898

$ 1 0 . 0 0 {  w o u l d  d o u b t l e S p e  a g a m M m e  

t n B P a s e .  t o K j  1 5 . 0 0 .  A s  t h ^ S \ w e r e  

1 , 4 3 0  f a v o r i n g  t h é  r a i s e  t o ^ l O . O O  t h e s e  

p e r s o n s  o b v i o u s l y  w e r e  n o t  i n  f a w r \ ô f  

a n  i n c r e a s e  t o  $ 1 5 . 0 0 .  - 

2 2 9  r e p l i é  f a v o r i n g  t h e  inÔM mse  t o \  

*M 1 5 . 0 0  a p p a r e n t l y  s h o u l d  h a i v e  a n s ­

w e r e d  n o  t o  t h e  j | l 0 . 0 0  f e e :  T h u s ,  

t h e  t o t a l  r e p l i i j  o f  n o  s h o u l d  h a v â  

b e e n  8 , 2 3 9 .  T h e r e  w e r e  y o n l y  6 , 2 4 4 .  

A  s u m m a r y  o f  t h e  a b o v e  d i s c u s s i o n  i s  

p r é s e n t e d  i n  t h e  a c c o m p a n y i n g  t a b l e .

O u t  o f  t h e  t o t a l  o f / 4 , 9 4 9  r e p l i é s  

7 1 . 1  p e r  c e n t  w e r e  a g a i n s t  i n c r e a s i n g  

t h é ç ? ; c o s t  o f  a  l i c e n s e / t o  # 1 0 . 0 0  a n d  

o v e r  9 5  p e r  c e n t  i n d i c a t e d  t h a t  t h e y  

a r e  i n  o p p o s i t i o n  t o  a  $ 1 5 . 0 0  l i c e n s e  

f e e .  O f  t h e s e  1 , 4 3 0  w o u l d  f a v o r  a n  

i n c r e a s l t  t o  $ 1 0 . 0 0 :  W i t h  a  t o t a l  o f  

1 , 6 5 9  r e p l i e s  o f  y e s  o u t  o f  a  p o s s i b l e  

4 , 9 4 9  t h e r e  a r e  / l e f t  3 , 2 9 0  w h o  w e r e  

o p p o s e d  t o  b o t h  s u g g e s t e d  f i g u r e s .  

T h i s  m e a n ^ h a t  6 6 , 5  p e r  ç é n t  o f  a l l  

t h o s e  r e p l y i n g  o b e c t e d  t o  p a y i n g  é i t h -  

K r | t h e » Î 0 . 0 O  o r  $ 1 5 . 0 0  l i c e n s e  l g e a B  

I n q u i r y  N u m b e r  T w o  

T h e r e  w e r e  1 , 6 5 9  a n s w e r s  o f  y e | | t o  

q u e s t i o n  / n u m b e r  o n e ,  b u t  t h e  s u m ­

m a r y  o f /  r e p l i e s  s h o w s  t h a t  1 , 8 0 5  r e ­

p l i e d  w i t h  y e s  a n d  2 , 2 8 3  w i t h  n o  t o  

i n q u i r y  n u m b e r  t w o .  T h i s  i n d i c a t e s ^  

t h a t / s o m e  o f  t h o s e  o p p o s e d  t o  a n  i n ­

c r e a s e  i n  t h e  l i c e n s e  f e e :  w o u l d  b u y -  

o n e  i f  t h e  r a i s e  w e r e  m a d e /  H o w - '

I n ,  s u r h m a r y S l f ' t h e g a b o ^ ^ a s s u m p -  

t i o n  i s  c o r r S c t ,  t h e f ;  1 , 6 5 9  i n j f a v o r  x o f .  

i n c r e a s i n g  t h e  t S p o s t  o f  a  l i c e n s e ,  p l u s  

l S p  o p p o s i n g  s u c h  a n  i n c r e a s e ,  w o u l d  

b u y  l i c e n s | |  a t  e i t h e r  $ 1 0 . 0 0  o r  $ 1 5 : 0 0 .

I n q u i r y :  N u m b e r  T h r e e  

I n q u i r y  n u m b e r  t h r e e  s e e m i n g l y  

. w a s  m i s u n d e p i t o o d  b y  m  l a r g e  n u m -  

D e r i  o f  t h o H  r e p l y i n g .  T h e r e  w e r ^  

8 ) 3 7 8  n n s | p i §  i n c l u d i n g  b o t h  f i ^ h d  

n o K  a n d  o n l y : p ^ 8 0  s h o u l d  h a v e  b e | | i  

g i v C n .  T h o s e  i n d i c a t i n g  g i e s  t o  q u e s >  

t i o n  N n u m b p C  o n e  s h o u l d  S p o t  h a v e *  

a n s w e r e d  t h i s  i n q u i r y .  A s  t h e r e : A e r e  

1 , 6 5 9  r e p l i e s  o f ) y e s  t o  n u m b e r  o n e ,  o n -  

l ^ f e i , 2 9 0  q f  t h e  t o t a l  o f  4 , 9 4 9  s h o u l d  

h a v e ' a n g e r e d  i n q u i r y  n u m b e r  t h r e e .  

T h e s e M s h o m d  h a v e  i n d i c a t e d  t h e i r  

r e a c t i o n  t o  b p t h  p a r t s ,  m a k i n g  a  t o ­

t a l  o f  6 , 5 8 0  r e p i i i ^  I t  i s  r e a s o n a b l e  

,  t o  a s s u m e  t h a t  u u r o ‘, 2 9 0  w h o  a n s w e r ­

e d  n o  t o  i n q u i r y ^  n u m b e r  o n e  :  a l s o  

r e p l i e d  t o  q u e s t i o r A n u t n b e ^  t h r e e .  I f  

t h i s  i § i | o ,  1 , 7 9 8  r e p l i e s  w e r e  g i v e n  b y  

i n d i v i d u a l s  i n  f a v o r  o l  i n c r e g i r i g *  t h e  

k j b s t  o f  a  l i c e n s e  t o  e i t h e r  $ 1 0 . 0 0  o r  

^ | 4 5 ; 0 0 .  W i t h  1 , 6 1 9  r e p M s  o f  y e s  t o  

¿ p a ,  a n d  2 , 0 3 1  r e p l y i h g !  n o \ t d ‘' > 3 b ,  4 1 2  

o f  t h o s e  n o t  i n  f a v o r  o f  3 b \ n ^ y  a l s o  

o b j e c t  t o  3 a .  W i t h  2 , 0 1 6  a m w e r s  o f  

E l l  t o - 8 b  a n d  2 , 7 1 2  a n s w e r s  o f N q p  t o  

3 a ,  6 9 ( f l n o t  f a v o r i r i g B a  m u s t  a l s o  d i s ^  

a g r e e  w i t h  | 3 b .  ^ i f T h i s  m a k e f l f  a  t o t a l  

o f  T , 1 0 8  w h o  d o  n o t  f a v o r r e i t h e r  3 a
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Bluehead Sucker

\ y Á s ,  d e s c r i b e d  b y  S i m o i f i ï t  Wÿotjmng 
F ish e %  t h e  b o d y / o f  t h í é  b l u e h e a d  s u c k ­

e r  i s  s l e n d e r  a n d  s o r a e w h a t  '  c o m p f  e | S  

■ s e d  i n  t h f f l  c a u d a l  h a l f .  I t s  h e a d  i $  

s h o r t ® 3v i t h o u f o n t a n e l l e  i n  t h e  

s k u l l B l  h e  u p p e r  o r  d o r s a l  p r o f i l e  H  

s l o p i i ^ i ^ h e c e à s  t h é S  v e n t r a l  p r o f i l e  

i s , A l m o s t  s t r a i g h t .  I t s  s n o u t  m  b r o a d  

a n d  h ( ^ M ¡ a n d  t h e  j e f f i  o f  m o d e r a t e  

f * ;  s A  l a r g e  u p p e r  l i p  f o r m s  a  f l e s h y  

h o ó d ¡ b y é r  t h e  l á i | | é |  m o u t h  o p e n i n g ,  

a n d  t h e  l i p s  a r e  n o t c h e d  a t t a c h  s . i d é  

o f  t h e  m o u t h .  S c a l e l j  a r e  s m a l l  a n d  

c r o w d e d  i n t e r i o r l y .

T h i s  s p e o f f e s  i k  a  g r a y i s h - b l u e  i n  

g e n e r a l  c o l o r ,  d a r k e r  d o r s a l l y . ;  S c a l á g j  

a r e  o u t l i n e d  w i t h  d u s k y .  I n  t h e  s p r i n g  

t h e  s i d e s  o f  t h e  b o d y  b e l o w  t h e  l a t e r a l  

l i ^ 8 S P e ^ a  1 1  W n  t ^ e  a n a l  r e g i o n ,  a r e  
p i n k  t o  o r a n g é A e d .  P e c t o r a l  a n d  v e n - ,  

t r a l  f i n s  á r e  y e l l o w i s h .  T h é * ;  b a n d  o f  

r e d  a l o n g  t h e  l a t é r a l  l i n e  n s  i n t e r r u p ­

t e d .

T h e  t e r m  D e lp h in h s  d é r i v é s  ¡ f r o m ,  

“ d o l p h i n / * '

a r e a s :  a m o n g ;  t h e  s t o n e s .

E l l i s  ( 1 9 1 4 ) ^  w r o t e  t h a t  t h e l p t o m -  

a c h s  o f  C o l o r a d o  s p e c i m e n s  c o n t a i n e d  

m a s s e s  o f  a l g a e  a n d  s l i m e .  T h e y - h a v e  

b e e n  o b s e r v e d  s w i m m i n g "  i n  l  a r g e  

s c h o o l s /  i n  t h e ®  s h a l l o p ;  o f  L o w e r  

G r e e n  R i v e r  L a k e ,  w h e r e  t h e y  f e d  o n  

t h e  a l g a e  s o  a b u n d a n t  o n  t h e  b o u l d e r s  

n e a r  t h e  s h o r e .  T h e s e  s u c j s ^ f s  '  s . é e m  

t o  f e e d  ,  a ' S 0  r e a d i l y  u p s i d e  d o w n  a s  

w h e n  u p r i g h t ,  a n d  t h e  s l i m e  f r o m  t h e  

u n d e r s i d e  o f  a  l a r g e  r o u n d  b o u l d e r  

c a n  b e  o b t a i n e d  o n l y  b y  a  f i s h  i n  t h i s  

s e e m i n g l y  a w k w a r d  p o s i t i o n .  T  h  e  

c o n v e r s i o n  i n t o  t r o u t  f o o d  o f  a l g a e  

a n d  s l i m e ^ - f o o d  w h i c h  t h e  t r o u t  d o e s  

n o t  t a k e — i s  t h i s  s p e c i e s '  m o s t  i m p o r ­

t a n t  c o n t r i b u t i o n  t o  t h e  t o t a l  v a l u e  

o f  t r o u t  w a t e r s .  I t  f e e d s  a l s o  t o  a  l i m ­

i t e d  e x t e n t  o n  a q u a t i c  i n s e c t  l a r v a e ,  

a n d  i s  i n  t u r n  e a t e n  b y  p r e d a t o r y  a n i ­

m a l s  a n d  b i r d s .

F e m a l e s *  c o n t a i n i n g  w e l l - d e v e l o p e d  

e g g s  w e r e  t a k e n  f r o m  F r e m o n t  L a k e  

o n  J u l y  1 4 .  ,

Hunt with Him-Not for Him
SO  H U N T I N G  W I T H  y o u r  b o y  

t h i s  y e a r .  T h e n  y o u  w o n ’ t  

h a v e  t o  g o  h u n t i n g  F O R  h i m ! ”

T h i s  a d v i c e  o f  H e n r y  P .  D a v i s ,  p u b ­

l i c  r e l a t i o n s  d i v i s i o n  o f  R e m i n g t o n  

A r m s  C o m p a n y ^  i s  w o r t h  t h e  s e r i o u s  

c o n s i d e r a t i o n  o f  e v e r y  f a t h e r ^  g u a r ­

d i a n  o r  f r i e n d  o f  a  t e e n - a g e  A m e r i ­

c a n  b o y .

“ A l l  h e a l t h y  b o y s  h a v e  a  c e r t a i n

a m o u n t  o f  s u r p l u s  e n e r g y  S v h i c h ,  a p ­

p a r e n t l y ,  t h e y  m u s t  w o r k  o f f , ”  * i s a v s |  

D a v i s , , / ' ,  “ a n d  s o m e t i m e s ,  t h i s S J y o u t h f u l  

e x u b e r a n c e  c a r r i e s  t h e m  i n t o  d i m  a n d  

d a n g e r o u s  p l & c i i y s t r e w n  w i t h  v i c i o u s  

h a b i t s v  B u t  n o  o n j g  e v e r  h e a r d  o f  a  

b o y  w h o  l o v e ' s  t o  h u n t  o r  f i s h  b e c o m ­

i n g  a  j u v e n i l e  d e l i n q u e n t  R e a l  

s p o r t s m a n s h i p ,  f a i r  p l a y  a n d  a  s e n s e  

o f  r e s p o n s i b i l i t y ;  a l l  p a r t  a n d  p a r c e l
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of the twó . sportSearinot walk hand- 
in-hand with juvenile delinquency.' 
They, speak ^different language. 
B ^ piunting is the oldest of all sporty 
Long befQiS theSpíáfctice became 
sport, man iMf  forced to hunt îpr his 
;yery existence|§ForTeen turiesJ the sport 
has had a strong appeal to mèh, wom­
en, youngsters . . . rich and pobr alikh/ 
Every ,§ècti°n of this country, eve.iV 
though coinparativelypew,|is steeped 
in the traditions of the chase. And 
despite the fact that game supplies 
are no longer as plentiful as in form­
er years, the thrill of the hunt grows 
stronger, for the sportsman must ex­
ercise a greater amount of skill than 
ever before if he is to reap a sport­
ing share of the annual wildlife har­
vest.

“One? has onlypjo expose the" aver­
age American youth to the multitu­
dinous charms of the outdoors and 
the many attractions of the hunt to 
imbue him with the desire to bécome 
a sportsman/’ continued D a v i g  
“Teach him that the greatest fun is 
to be found in their finding of : the 
game, not in the/ taking, although 
the latter, in fair measure, is the final 
desire. Point out the many little 
things which contribute to the plea­
sures , of the hunt. Show him how the 
hand of Nature weaves her many 
wonders . . . small things entirely 
overlooked by the casual observer. 
Answer his çohntles% questions . . . 
as best you* can, for you càn rest as­
sured his quick 'young eyes* and 
grasping mind will bring simple 
queries which, indeed, will tax your 
own knowledge of woods lore and 
natural history.

“Encourage him to ask these ques­
tions,, for from them you’ll learn 
many things yourself. And by his 
very inquisitiveness he will indicate 
his intense ; interest.
;5fZ‘When you take a boy hunting you 
pay him the greatest compliment. 
You are treating him like an equal, 
and no boy can fail to appreciate this 
tribute. He knows that the possession

26
/

of:® gun carries with m  a grave re- 
sponsibili&JjSid he i^f anxious to 
learnijto use lit safely and* properly. He 
is proud of the fact that yoi|| expect 
him to act like a m&fa and he revels 
in your con fid en ces

“Hunting will not only give him a 
Igense of responsibility but will teach 
him fair play in his relations with 
mankind and wildlife 4}jke/ create a 
respect for the property rights of 
others; bring to him a realization of 
the/ necessity of conserving our na­
tural resources and set his feet in the 
path of clean living and clear think­
ing- ■  I  H |  ■ ■ I

“Don’t make his first day’s: hunt 
too long. Try to take him into good 
game country on the first trip and 
do not allow him to become too tired. 
Make every trip a real adventure . . . 
and end it just when he wants 'a 
little more.
B B lf vou have fair luck, all well and 
good,” concluded Davis. “But cause 
him to realize that good sport is to 
be truly appreciated and that, whe­
ther the game bag be full or empty, 
there^s a lot of fun in ju s t  h u n tin g .  
He’ll glory in recounting his experi­
ences to his pals. He’ll grow closer to 
you and you’ll become even a bigger 
hero to him than you now are. No, 
you won’t have to go hunting/ f o r  him 
if̂  you’ll only take your boy hunting 
w ith  you this year.” *

/'"The wolf spider, only about an 
inch long, often carries its young on 
its back until they can fend for them­
selves-; A brood will sometimes num­
ber as many as one hundred and 
twenty-five.

Raccoon gets its names from the 
fact that it washes its||food before 
eating it. The name raccoon is a deri­
vation of the Indian name “arath- 
cone” meaning “the washer.”

The southern fox squirrel is the 
o n l|| squirrel in America Which has a 
white nose and white ears.
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RESEARCH ON ENDANGERED FISHES IN THE NATIONAL PARKS WITH SPECIAL EMPHASIS ON THE DEVILS HOLE PUPFISH
James E. Deacon and Maxine S . Deacon^

Fishes living in National Parks of the Western 
United States have physically adapted to the tor­
rential currents, and shifting, unstable sub­
strates of the Colorado River. They have devel­
oped humps, apparently for stability at the bot­
tom; fusiform bodies, with slender caudal pedun­
cles and expansive fins for maximum power in the 
swiftly moving current? large size, including the 
largest minnow in the world at more than eighty 
pounds? reduced or embedded scales, and relatively 
small eyes, characteristics of fishes living in 
silt-laden streams. Most of these features are 
expressed to varying degrees by the native fishes 
inhabiting Grand Canyon National Park'.

The most extreme hump is exhibited by the 
humpback chub, Gila cypha^the most extreme fusi­
form shape by the bonytall chub, Gila elegans; 
and the largest size by the Colorado Squawfish, 
Ptychocheilus lucius. Both above and below Granid 
Canyon National Park the bizarre razorback sucker, 
Xyrauchen texanus, occurs, apparently having 
adapted to less torrential stretches of the river. 
This species occupies some reservoirs of the main­
stream Colorado. Its decline and extinction in 
many reservoirs built within its native range, 
but its persistence in others, remains a puzzle. 
Some information is available on spawning, feed­
ing, and relative abundance in some areas. It 
has also been successfully spawned and reared in hatcheries.

At a quite different physical extreme, we also 
have fishes adapted to the extreme ranges of vari­
ability in salinity, temperature, and quantity 
occurring in the waters of Death Valley National 
Monument. Here are species of the genus Cyprino- 
don living in waters that occasionally form a thin 
film of ice in the winter, and reach maximum tem­
peratures of about 43°C (109°F) in summer. The 
salinities range from relatively low to concen­
trations several times that of sea water. Salt- 
encrusting algae form steep-sided, shallow pools 
which eventually build a roof of salt. Occasional 
flash floods may sometimes turn an isolated pool, 
a few meters in length and a few centimeters in 
depth, into a portion of a river over a hundred 
miles in length. Seasonal variations in évapo­
transpiration isolate some portions of a creek as 
small, warm, increasingly saline pools. In such 
habitats, the importance of surviving a few hours 
during the hottest part of the day becomes criti­
cal . The zone of resistance (Fry, 1971) or resis­
tance time (Brett, 1956) therefore, may be one of 
the most important adaptive features of this group. 
On a longer time scale, in the Death Valley region, 
climatic shifts have created at Devils Hole what 
may be the smallest habitat in the world contain­
ing the entire genome of a vertebrate species.

Man's competition for water has pervaded every 
aspect of his occupation of the western United 
States. Irrigation practices required establish­
ment of a set of societal rules almost as soon as 
irrigation began. A major portion of our present 
federal and state water law was developed in re­
sponse to the demands to formalize the right of

University of Nevada, Las Vegas, Nevada, 89154.

landowners to the surface and subsurface waters 
on their lands. As the resource became reduced, 
competition for the resource increased and 
society was forced to establish priorities and 
make hard decisions relative to its use.

During the expansionist period of settling 
the west, society's definition of "good" heavily 
emphasized fhe values of economic and population 
growth. More recently we have been shifting our 
definition of "good" toward more qualitative 
values. Not surprisingly this shift toward qual­
ity involves the necessity to mediate through the 
courts, the inevitable conflicts that arise be­
tween adherents of the expansionist philosophy and 
those who believe that quality of life is soci­
ety's most pressing need. The reflection of these 
societal values in judgments being handed down by 
the courts is evident in the clear and concise but 
eloquent language of Federal District Judge Roger 
Foley of the District of Nevada. In his Findings 
of Fact and Conclusions of Law which appeared in 
a permanent injunction granted by him on 9 April, 
1974, Judge Foley wrote as follows: "The United 
States has shown that the public interest lies in 
the preservation of this endangered species. Con­
gress has enacted the Endangered Species Conser­
vation Act (16 U.S.C. 688aa.), and the Secretary 
of the Interior pursuant to that statute has 
identified the Devils Hole pupfish, C y p r i n o d o n  
d i a b o l i s ,  to be an endangered species. Wit­
nesses offered by the United States testified to 
the importance of the species to mankind. Con­
gress, state legislatures, local governments, and 
citizens have all recently voiced their expression 
for the preservation of our environment, and the 
destruction of the Devils Hole pupfish would go 
clearly against that theme of environmental 
responsibility."

Defining, interpreting and demonstrating the 
benefits to be gained through practicing environ­
mental responsibility may be the most important 
contribution the National Park Service can make 
to the future of the U.S.A. The Park Service has 
played a key role in reorienting the administra­
tion of the waters of the West toward increased 
recognition of qualitative values in the environ­
ment. The Devils Hole pupfish case stands as a 
landmarkI The Park Service will continue to play 
an important role in establishing priorities for 
the use of water in the West. it is currently 
widely assumed that if water is needed for people, 
the people will get it —  somehow! What is less 
well understood is that the people n e e d  the water 
for purposes other than drinking, irrigation and 
power. These other qualitative needs are begins 
ning to be established, and the National Park 
Service is and must continue to play a central 
role in that trend.

It has been well established that the large 
main-stream dams on the Colorado have caused 
significant detriment to the native fishes 
(Vanicek, 1967? Vanicek and Kramer, 1969? Vanicek 
et a l ., 1970? Holden and Stalnaker, 1975). In 
addition to interrupting movements of native 
fishes which may have been necessary for success­
ful spawning, dams have significantly lowered 
the water temperatures downstream, in many cases

9



*
precluding successful spawning of native fishes.
In Grand Canyon, the closure and operation of Glen 
Canyon Dam has resulted in a significant loweEng 
of water temperatures downstream. Some introduced 
fishes/ such as carp, red shiner, and green sun- 
fish have been pushed downstream by the lower 
water temperatures. At present, it appears that 
the introduced forms in Grand Canyon may have been 
more adversely affected than the native forms (Fig­
ure 1). Collections of fishes made in 1968 show most 
introduced forms occurring upstream to Lee's Ferry, 
just below Glen Canyon Dam. Summer water temper­
atures below Glen Canyon Dam dropped from about 
20°C in 1968 to about 10°C following achievement 
of full pool level in Lake Powell, and fish col­
lections subsequent to 1968 show some introduced 
forms occurring further downstream or restricted 
to mouths of tributary streams. By contrast, the 
native fishes have not shown such severe dow n B ill  
stream restriction although they have de­
clined somewhat in abundance. This relationship 
should be watched closely in the future since i|t V  
could be quite significant to the survival of the 
threatened and endangered fishes livingftn Grand 
Canyon. For example, the native fishes may simply 
have longer life spans than the introduced forms 
and, therefore, require a longer period of time to 
show the detrimental effects of lowering wateliH 
temperatures. It is also possible, however, that 
the native species have found suitable spawning 
areas in tributary streams or elsewhere in the 
Mainstream and that adults are better able to sur­
vive in the cold tailwaters than are some of the 
exotic species. Recent collections leave little 
doubt that the lower little Colorado River is im­
portant to the humpback chub, Gi l a  c y p h a  (Suttkus 
and Clemmer, personal communication; and R . R .
Miller, personal communication).

It may be especially significant that Grand 
Canyon is not being intensively managed to en­
hance the sport fishery for cold water game fish. 
Thus, the native fishes are apparently competing 
primarily with warm water species that have moved 
upstream from Lake Mead. It is commendable that 
the National Park Service has sponsored studies 
that have developed a reasonably good data base 
on the fishes of Grand Canyon National Park and 
obvious that additional information on life his­
tory of the native species is needed to develop 
management alternatives that would insure their 
continued survival.

It seems especially important to examine the 
thermal ecology of the native forms* Where and 
at what temperatures they spawn, pass the fry 
and fingerling stages, and what their thermal 
tolerance limits at all stages of the life his­
tory are. The intriguing point is that there 
seems to be a possibility that we may be able to 
manage the waters within Grand Canyon to enhance 
the native species.

Probably the two most striking features of the 
environments '.‘in which pupf ishes of Death Valley 
have evolved are the highly variable conditions 
of temperature and salinity. Much attention has 
been directed to the constancy of the head spring 
environments. The fact that much tectonic activ­
ity is, and for at least the past few million 
years has been, occurring in the Death Valley re­
gion suggests that most head springs are probably 
quite transitory. The differentiation that has 
taken place among the pupfishes, therefore, has 
probably been most influenced by the variable 
conditions of temperature and salinity character­
istic of the marshes.

The critical thermal maxima for c. d i a b o l i s , 
c. m i l l e r i , and various populations of C.  
n e v a d e n s i s  have been determined by Brown and 
Feldmeth (1971), Otto and Gerking (1973), and 
James (1968) to be about 42-44°C. Maxima for

long term survival probably are near 38°C. Low 
temperature tolerance is less well documented 
but in most cases is near 2°C. Brown and Feldmeth 
[°P- cit<)  viewed C. diabolis as having evolved 
in a thermally constant environment, similar to 
the present condition of Devils Hole. This inter­
pretation may be untenable in view of the clear 
evidence of higher water levels in Devils Hole, 
and the evidence developed by Mehringer and 
Warren (1976) of marked changes in water avail­
ability in the Ash Meadows area over the past 
several thousand years. While the species is 
strongly differentiated and has probably been 
^isolated from other pupfish populations in Death 
Valley longer than other forms, its habitat may 
also have been thermally variable.

Observations of responses of C.  n . n e v a d e n s i s  
to thermal variations at Saratoga Springs, Death 
Valley National Monument (Deacon, 1967, 1968) 
follow closely results of experimental deter­
mination of CTM. Fish have been seen swimming 
voluntarily at temperatures between 8° and 42°C. 
They occasionally dart quickly in and out of 
areas»!! the marsh with temperatures up to 44°G.
At temperatures below 7°C fish are not seen in 
the marsh but can be collected by seining through 
the soft bottom mud. Measurements of diel acti­
vity as expressed by catch per trap hour in the 
marsh at Saratoga Springs illustrate the in­
fluence of temperature on activity. On 25-26 
January, 1967, temperature at the mud-water 
interface in the marsh fluctuated between 15° and 
23°C. These temperatures are within the mid­
range of thermal tolerance for c, nevadensis.
Catch rate shows a distinct bimodal pattern with 
peak periods of activity in morning and evening 
(Figure 2). This is also the basic pattern ex­
pressed under normal conditions, in the main spring 
pool (Figure 3) where water temperatures fluctuate 
narrowly between 26.5° and 31.0°C throughout the 
year. During summer, water temperatures in the 
marsh commonly exceed 38°C during mid-day and mid­
day depression of activity remains evident, per­
haps in this instance enforced by high temperature 
(Figure 4). While no activity occurs at the mini­
mum winter temperatures, a single daily activity 
peak occurs in the early spring as the water be­
gins to warm up. This condition is evident from 
data taken on 24 March, 1967 (Figure 5). Thus, it 
appears that c . n . n e v a d e n s i s  exhibits a bimodal 
pattern of diel activity under moderate temperature 
conditions and that at temperatures below 15° and 
above 38°C, activity is reduced or ceases entirely.

Similar observations have been made on 
C r e n i c h t h y s  b a i l e y i  and C r e n i c h t h y s  n e v a d a e  (Hubbs 
and Hettier, 1964; Hubbs et  al., 1967; and Deacon 
and Wilson, 1967). In those species activity is 
restricted at high temperatures and low oxygen 
concentrations. It seems probable that scope for 
activity will be reduced as either thermal or oxy­
gen stress is placed on the individual. For ex- 
ample, since reproductive behavior is metabolically 
demanding it will be abandoned as scope for acti— 
vitY is reduced. Similarly, since feeding prob­
ably occurs primarily during peak activity, 
metabolic demands for assimilation will likely 
reach a peak a short time after peak activity has 
occurred. If, as Fry (1971) suggests, the meta­
bolic cost of assimilation reduces the scope for 
activity, it is reasonable to expect minimum activ­
ity during a period of food assimilation, 
especially when the CTM is closely approached.
The same result (reduced activity following feed­
ing) could also be expected under conditions of 
high salinity if osmoregulatory demands effectively 
reduce scope for activity. These are both poten- 
tialiy fruitful research opportunities for fishes 
living in osmotic or thermally stressful environ­
ments, such as occur in Death Valley National Monument.
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Defense of territories and presence of breeding 
colors during the summer is common in the marsh at 
Saratoga Springs until mid-day temperatures rise 
above 35°C. No fish were seen defending terri­
tories or with well-developed breeding colors at 
temperatures above 38°C (Figure 4). Shrode (1974) 
showed that eggs of C .  n. nevadensis would develop 
at constant temperatures between 20° and 36°C (but 
not at 38° and 18°C); however, development would 
occur when temperatures fluctuated between 30- 
38°C, 20-28°C and 28-36°C. Clark Hubbs (personal 
communication) has recently shown that Cyprinodon 
eggs will develop up to a constant temperature of 
37°C. Thus, it appears that reproductive activ­
ity is discontinued at temperatures which rise 
above those compatible with normal egg development. 
Furthermore, the primary spawning period occurs 
during spring and early summer when environmental 
temperatures never exceed limits compatible with 
development. Occasionally during mid-summer* 
environmental temperatures may exceed 38°C and 
result in egg mortality in the marsh habitat. 
Shrode's data indicate that developmental 
temperature tolerance of d. n. nevadensis is 
unusually wide, a situation that is also true for 
adult pupfish, On the other hand, Gerking (per­
sonal communication) has recently shown that crit­
ical thermal limits for ovulation of normal ova

in this subspecies are quite narrow. Critical 
thermal maxima for young pupfish exceed that for 
adults. Thus, under maximum thermal stress, egg 
mortality will be followed by adult mortality, 
while young fish will survive the longest. Crit­
ical thermal maxima for two-month-old fish ac­
climated to 36°C was determined by Shrode (op. 
cit.) to fall at about 44°C.

Man induced changes in the Death Valley region 
have been rapid and with far-reaching consequences. 
Because all individuals of distinctive species or 
subspecies occupy very restricted habitats in this 
area, the changes have more rapidly affected the 
entire population than has been the case in larger, 
and more diverse habitats of the Colorado River 
system. Illustrative of these changes is the ex­
tinction in 1958 of both Empetrichthys latos 
pahrump, formerly occurring only at the Pahrump 
Ranch, Pahrump Valley, Nevada. Irrigation with­
drawals resulted in drying up the only springs 
containing populations of these subspecies 
(Minckley and Deacon 1968). Except for two trans­
planted populations, one at Corn Creek Spring, 
Clark County, Nevada, the other in a plunge pool 
on the Lake Mead National Recreation Area, the^ 
third subspecies, E . I. latos, and last remaining 
representative of the genus living at Manse
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(Bowman) Ranch, Pahrump Valley, Nevada, would 
have suffered the same fate during the summer of 
1975 when the last remaining natural habitat 
occupied by the genus E m p e t r i c h t h y s  temporarily 
dried up as a result of irrigation withdrawals.

Except for successful litigation which went 
through the U.S. Supreme Court, a similar fate 
would, in all probability^have been the lot of 
the Devils Hole pupfish. This species is re­
stricted to a single limestone cavern in Ash 
Meadows, Nevada. The cavern system was made a 
disjunct portion of Death Valley National 
Monument in 1952 by President Truman. Information 
on population sizes is available since 1967. 
Beginning in April 1972f scuba divers have 
been used to assist in visually counting the 
population throughout the entire depth of 
Devils Hole in which it occurs. The cavern 
system is quite extensiye, and is only incom­
pletely mapped (Figure 6)? however, C y p r i n o d o n  
d i a b o l i s  occurs only in the area of 3unlight

penetration. While it regularly occurs down to 
26 m the population is far more concentrated 
near the surface. Water temperature in nearly 
constant at 33°C, and other physical and chemical 
characteristics of the water are also nearly 
constant (Dudly and Larson 1974). Since the 
water surface is about 23 m below the contour 
of the mountain in which the hole occurs, the 
water surface receives little sunlight. The 
time during which sunlight falls on the water 
surface changes seasonally, resulting in marked 
seasonal||variation in primary productivity.

Beginning in 1969, significant variations in 
water level were superimposed on the seasonal 
variations in sunlight as a factor of primary 
importance in controlling population size of c. 
d i a b o l i s .  These changes have resulted from 
ground water pumping in the nearby aquifer® 
(Dudley and Larson, 1974). The purpose of pump­
ing is for irrigation of pasture and hay crops 
to be used for raising cattle.
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Figure 2. D iel variation in catch per trap hour in the marsh at 
Saratoqa Springs. D.V.N.M . 25*26 Jan. 1967 
W ater tem perature -15 -2 3  °C . 12
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Figure 5 D iel variation in catch per trap hour in the marsh at 
Saratoga Springs D.V.N.M . 24 March 1967

Figure 6 Vertical section of Devils Hole, Death Valley National Monument.
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Figure 9 Light intensity and duration correlated with population size two months later.
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Figure 10 Primary productivity index correlated with population size one month later.
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On 20 September, 1972, water level in Devils 
Hole reached its historic minimum of 1.19 meters 
below a USGS reference point installed on the 
rock wall above the watert|surf ace. This was the 
culmination^ of a downward trend that became evi­
dent flin 1969 (Figure 7). Frequent census data 
beginning in April 1972 (Figure 8) shows that, 
beginning from what was probably an all-time his- 
torial low population (of juveniles and adults), 
the population increased to July 1972. Between 
July and September, as the water level fell to 
¿|ts lowest point, the fish population also crashed. 
During this period, subsequent and prior data in­
dicate that a continued population increase would 
normally be expected. The crash, therefore, is 
probably attributable to a reduced carrying capa­
city resulting from low water levels. At the low 
point, all of the loose gravel and rubble that 
could reasonably be removed, was removed from the 
natural shelf in an effort to increase the avail­
able habitat. In addition, artificai lights were 
installed in hopes of increasing the primary pro­
duction. The fish population responded by in­
creasing its numbers to about 250 by January,
1973. At that point the artificial lights were 
turned off, and the water level continued to rise. 
Within a month the population had declined. By 
March, probably because of the onset of spawning 
(Minckley and Deacon, 1973), a slight increase was 
noted. Between March and June when the next cen­
sus was taken, a flash flood carried large amounts 
of debris down onto the natural shelf, and NPS 
personnel, in order to enlarge the habitat, again 
removed the debris. The result was that during 
this period, rather than exhibiting its normal 
spring increase, the population declined. On June 
5, 1973, the court appointed a Special Wàter Mas­
ter to oversee a permanent injunction granted on 
that date. The injunction was for the purpose of 
maintaining sufficient water in Devils Hole to 
tend to insure the survival of c. diabolis. „ From 
that time until July 1976, the water level was 
managed so as not to fall below 1.01 meters below 
the USGS reference point. The result has been 
that since June 1973 there has been a relatively 
regular fluctuation in population size. On 2 July, 
1976, the water level began to be managed so as to remain above .91m. Actually water levels rose to 
about .82m below the reference point. The popu­
lation responded by increasing to about 400 indi­
viduals on September 24, 1976 (Figure 8).

We believe to tend to insure the survival of 
the species, the minimum population size should 
not fall below 200 individuals. It appears that 
the maximum population is about twice the mini­
mum. Therefore, a desirable maximum should fall 
at about 400 individuals.

We have some information (less precise for 
1967-68 than for 1972-76) on maximum population 
sizes prior to pumping and, therefore, can arrive 
at some estimates of thè requirements for achiev­
ing a summer maximum of 400 individuals on the 
basis of regression analysis. Using data avail­
able on maximum population size and water level 
for 1967, 68, 72, 73, 74, 75 and 76 we find a cor­
relation coefficient of .86 with an R2 of .73 at 
the 95% level of confidence. This suggests that 
a maximum population of about 400 individuals 
could be expected at a water level of about 0.73 
meters.

Data on population sizes for 1972-1976 are more 
accurate as mentioned previously. If we eliminate 
the less accurate 1967 and 1968 data and examine 
only the better data, we again find a high cor­
relation coefficient of .81 with an R2 of .65 at 
the 95% level of confidence. Note that the slope 
for this line is somewhat steeper than was pre­

viously true, indicating a more pronounced effect 
of water level on population size. Again, how­
ever, we find that a maximum population size of 
about 400 individuals can be expected at a water 
level of about .73 meters below the reference 
point.

The influence of seasonal variations in light 
duration and intensity on population size of c. 
diabolis is evident from data acquired in 1975- 
76'. PyrheHometer recordings show that, with a 
lag time of about 2 months, population size in­
creases as sunlight duration and intensity in­
creases . The relationship is strong with a cor­
relation coefficient of .76 and an R2 value of 
.57 at the 95% level of confidence (Figure 9).

A third and perhaps even more directly in­
fluential parameter affecting population size is 
the total primary productivity of the area cir­
cumscribed by the natural shelf. We have devel­
oped a PPR ¿index based on diel fluctuations in O 2  
content of the water. This information, how­
ever* is limited to the months of May through 
October since sunlight intensity and duration on 
the water surface during other times is insuffi­
cient to stimulate sufficient primary productiv­
ity to be measureable using our present methods. 
The data do show, however, that, with a lag time 
of about 1 month, population size increases as 
the primary productivity index increases (Figure 
10). The correlation coefficient of .86 with an 
R2 of .75 at the 95% level of confidence again 
suggests a relatively high correlation for a 
natural system.

The primary productivity index is based on 
fluctuations in concentration of dissolved 
oxygen over the natural shelf. As the Volume of 
water over the natural shelf increases, a larger 
biomass of plants can be accommodated and, to 
that extent, the volume of water over^the natural 
shelf may also influence the primary productivity 
index. In effect, this means that as water volume 
increases, potential for primary production also 
increases. This potential is realized only when 
the sun's rays are able to fall on the water sur­
face. Total production of the pool thus can be 
maximized only by increasing the water volume 
during a period of increasing light intensity. 
Since typically during the period 1970-76 water 
volumes have been decreasing during periods of 
increasing light intensity, it is evident that 
the decreasing water levels have caused a de­
pression in the population size that would have 
been reached under more stable conditions. The 
important point demonstrated is that increasing 
sunlight appears to stimulate increased produc­
tion which in turn results in increased numbers 
of fish.

The regression formula of primary production 
on fish population size suggests that a produc­
tivity index of 5.47 grams O2 per day is neces­
sary to achieve a maximum summer population of 
about 400 individuals. Frequent measurements 
of the primary productivity index from 26 July 
- 3 September 1976 show that total production 
estimates over the shelf ranged between 1.8 and 
5.5 gi^/clay. The highest sustained productivity 
index per unit volume (1.9 gC^/m^) during the 
period occurred on 26-28 August, 1976. If that 
index is held constant (probably possible only 
during periods of maximum sunlight) and water 
level increased, the regression formula shows 
that a productivity index of 5.5 g0 2 /day could 
be expected at a water level of about .82 meters 
below the USGS reference point.
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Figure 11 Percentage changes in surface area and volume of water over the natural shelf 
at Devils Hole as a function of water leve l.

An examination of the changes in surface area 
of Devils Hole as a function of water level 
(Figure 11) shows that if 0.43 m. below the copper 
washer is taken as 100%, .73 represents about 90% 
coverage, .82 represents about 85% coverage, .91 
represents about 70% coverage, and 1.01 represents 
about 40% coverage. In estimated volumes these 
four levels represent 51%, 38%, 25%, and 16%, re­
spectively. Since a fish lives in three dimen­
sional space, the volumes represent more realis­
tically the space available for the bulk of the 
important feeding and breeding activities of this 
species. Our data thus suggest that this species 
would probably fluctuate between about 200-400 
individuals if water levels were maintained at 
about .82 m., thus providing about 38% of the 
volume and 85% of the surface area of the original, 
prepumping pool level.

As we alter our societal values, competition 
for use of water intensifies because one segment 
of society insists on retaining rights which 
another segment insists must shift to permit ex­
pression of other values. The importance of ex­
pressing societal values through legislation, res­
olution, publication, legal action, establishment 
of National Parks, and any other reasonable and 
legal manner, has been dramatically portrayed by 
Judge Foley's reference to sucji evidence as being 
of importance in reaching his landmark decision. 
Research in the National Parks is essential not 
alone for the intrinsic value of knowing, but also 
because that knowledge will frequently be essen­
tial to help guide decisions that give expression to society's values.
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lo g en etic  a sso c ia t io n  b e tw e e n  A u lo p id a e  a n d  th e se  fa m ilie s  h as  
b een  su ggested  o n  th e  b a s is  o f  larva l ch a ra cters a n d  th e  s im ila r  
m o d e  o f  anal fin su p p o r t (O k iy a m a , 1 9 7 4 b , 1 9 7 9 b ). T o  th è se  
can b e  a d d ed  th e  p e c u lia r  stru c tu res o n  th e  c h o r io n  su rfa ce  o f  
the ex trem ely  tra n sp a ren t eggs, th e  p ig m e n ta t io n  p a ttern s  in th e  
n ew ly  h a tch ed  la rv a e , a n d  th e  m o d e  o f  r e p r o d u c tio n  sh a red  b y  
these  fa m ilie s , ch a r a c te rs  w h ic h  fa v o r  th e ir  c lo se  a ss o c ia t io n .

B ath ysau rid ae  is  d is t in g u ish e d  fro m  o th e r  fa m ilie s  o f  th is  
su border b y  so m e  tr e n c h a n t  d iffe re n c es  in  th e  p e r ito n ea l pig-, 
m en t se c tio n s  a n d  th e  m o d e  o f  r e p r o d u c tio n , w h ile  tw o  d e r iv e d  
states are sh ared  b y  a ll fa m ilie s .  T h e  p h y lo g e n e t ic  r e la t io n sh ip  
o f  th ese  fa m ilie s  d e p e n d s  o n  w h e th e r  th e  a b o v e  m e n t io n e d  d if ­
ferences are d u e  to  d iv e r g e n c e . L arva l s ta g es o f  B a th y sa u r id a e  
are su rely  h ig h ly  s p e c ia liz e d , a d a p tin g  to  a p r o lo n g e d  p e la g ic  
life , but larva l d e n t it io n  d e sc r ib e d  in  d e ta il  b y  R o s e n  ( 1 9 7 1 )  
and J o h n so n  (1 9 7 4 )  a n d  th e  ch a ra cter  sta te  o f  th e  a x ia l sk e le to n ,  
in c lu d in g  th e  m o d e  o f  a n a l fin su p p o rt (O k iy a m a . 1 9 7 6 b ) are  
o f  particu lar in terest in  sh o w in g  th e  p a ttern  c o m m o n  to  Ip n o -  
pid ae.

Alepjsauroidei: Paralepididae, 
Anotopteridae, Evermannellidae, , 

Omosudidae, Alepisauridae

T h e s im ila r ity  m a tr ix  p r o v id e s  certa in  in d ic a t io n  o f  th e  c o ­
h e s iv e n e ss  o f  th is  su b o r d e r . M o st  rem a rk a b le  is th e ir  c o m m o n  
sh aring  o f  th e  d e r iv e d  sta te  o f  ch a ra cter  8 . R eg a rd in g  th e  p er­
ito n ea l p ig m en t s e c t io n s  d iv id in g  five  fa m ilie s  in to  tw o  g ro u p s, 
so m e  c o m m e n ts  are  w a rra n ted  for A le p isa u r id a e . A s  d isc u s se d  
bv J o h n so n  ( 19 8 2 ), th is  c h a ra cter  sta te  is  v e r y  te n ta t iv e ly  d e fin ed  
du e to  th e  in a d e q u a te  s la te  o f  a v a ila b le  m a ter ia l. E v en  so , a 
d istin ct fa m ily  p a ir  o f  A le p isa u r id a e  an d  O m o su d id a e  can  be  
read ily  sep a ra ted  fro m  th e  r e m a in in g  fa m ilie s  b y  th e  m a n y  d e ­
riv ed  ch aracter  sta te s  sh a red  b y  th e m . A lth o u g h  th e  p o s s ib il ity  
o f  th e ir  c o n v e r g e n c e  c a n n o t  b e  fu lly  rejected  in  v ie w  o f  th e  c lear  
con trast in th e  o n to g e n e t ic  a sp e c ts  o f  th e  p ec to ra l fins, th e  c lo se  
s im ila r ity  b e tw e en  Alepisaurus fe rox  an d  Omosudis Icnvei ( tro p ­
ica l w estern  P a cific  sp e c im e n )  (se e  m y  M y c to p h ifo r m e s:  D e ­
v e lo p m e n t, F ig. 1 12B , E, F , th is  v o lu m e ) , in  h ea d  a rm a tu re  a n d  
p ig m en t pattern  is  e x tr e m e ly  str ik in g .

2 5 9

A n  a sso c ia t io n  b e tw e en  th e  A n o to p te r id a e  an d  P a ra lep id id a e , 
particu lar ly  th e  m o r e  e lo n g a ted  p a r a lep id id s  su ch  as Stemo- 
nosudis an d  Macroparalepis (R o fe n , 19 6 6 a , c), can  b e  seen  fro m  
th e  larva l s ta n d p o in t . In a d d itio n  to  th e ir  sh a red  d e r iv e d  c h a r ­
acter  sta tes (ch a ra cter  7 an d  8), a flesh y  p r o je c tio n  o n  th e  lo w e r  
ja w  tip  p ecu lia r  to  A n o to p te r id a e  a n d  Stemofiosudis macrura, 
a n d  the  s im ila r  larva l d e n tit io n  (h u ge c a n in e s )  m a y  su b s ta n tia te  
th e  a b o v e  a s s o c ia t io n . T h e ir  d isa g r e e m e n t in  th e  ch a ra cter  o f  
th e  p er ito n ea l p ig m e n t se c tio n s  is  p r o b a b ly  a sso c ia te d  w ith  th e  
o d d  sy s te m a tic  p o s it io n  o f  A n o to p te r id a e  ly in g  at “ an e x tr e m e  
sp ec ia liz ed  e n d -p o in t  o f  th e  p a r a lep id id  line"’ (R o fe n , 1 9 6 6 a , c).

O n  th e  b a s is  o f  th e  la rv a l ch aracters , tw o  su b fa m ilie s  o f  P ar­
a le p id id a e  are w e ll sep a ra ted . A s  c o m p a r e d  w ith  th e  r e la tiv e  
c o n s ta n c y  o f  con serv  a t iv e  ch aracters in  la rv a l P a ra lep id iin a e ,  
th e  m a n y  d e r iv e d  ch a ra cter  sta tes o f  larva l S u d in a e  are to o  
sp e c ia liz e d  to  b e  c o n s is te n t  w ith  th e  a c ce p te d  su b fa m ilia l le v e l.  
T h e  la tter  m a y  b e  an  earlier  o ffsh o o t p r e ce d in g  th e  rem a rk a b le  
p a ra lep id in e  r a d ia tio n . T h e  c o m p le te  lack  o f  in te r m e d ia te  fo r m s  
b etw e en  th e m  offer stro n g  su p p ort for th is  su g g estio n .

A s  in S c o p e la r c h id a e  (J o h n so n , 1 9 7 4 b ), th e  sv s te m a tic s  o f  
E v e r m a n n e lid a e  w ere  s tu d ied  in d e ta il u s in g  a large ch aracter  
su ite , in c lu d in g  la rv a l a sp ec ts  (J o h n so n , 1 9 8 2 ). S o  far as th e  
p resen t a n a ly s is  is  c o n c e r n e d , th is  fa m ily  se e m s  v a r io u s ly  a s ­
so c ia ted  w ith  fa m ilie s  o f  A le p isa u r o id e i su ch  as P a ra lep id id a e ,  
A le p isa u r id a e  a n d  O m o su d id a e , b e s id e s  S c o p e la rc h id a e . It is  o f  
in terest that lim ite d  ch a ra cter  sta te s  sh a red  by E v e r m a n n e llid a e  
an d  A le p isa u r id a e  are restr icted  to  d e r iv e d  o n e s , p ro b a b ly  su g ­
g e stin g  th e ir  c lo se  a ss o c ia t io n . P erh a p s, an  E v e r m a n n e llid a e  an d  
S c o p e la rc h id a e  lin k a g e  is m u c h  m o re  lo o s e ,  i f  v a lid .

C o n ce rn in g  th e  p o s s ib le  three m a in  lin e a g e s  in th is  ord er, th e  
larva l e v id e n c e  is le s s  p r o m is in g . H o w e v e r , a d d itio n a l larva l 
e v id e n c e  regard in g  d e v e lo p m e n ta l se q u e n c e s , in c lu d in g  o s t e o l ­
o g y  as w ell a s in tern a l m o r p h o lo g y , w o u ld  p r o v id e  m u c h  m o r e  
fru itfu l in fo r m a tio n  for  e lu c id a tin g  th e  p h y lo g e n y  o f  th is  in te r ­
e stin g  group .

Ocean Research Institute, University of Tokyo, 1 -1 5 -1 ,  
Minamidai, Nakano-ku, Tokyo 1 6 4 , Japan.

G ad iform es: O verv iew

D. M . C o h e n

GADIFORMES is a particularly interesting order with which 
to work because it encompasses a high degree of diversity 

that suggests the existence of several lineages, apparent conver­
gence and reductive trends to trap the unwary, a useful fossil 
record that allows a consideration of the distribution in time of 
some important taxa and character states, and new suites of 
characters based on the study of ELH stages.

Although study of the classification of gadiforms dates from 
pre-Linnean times, there is still insufficient properly evaluated 
data available to derive a phyletic classification. In fact, there 
is not even agreement as to what should be included. Berg (1947)

restricted the order to the muraenolepids, bregmacerotids, mor- 
ids, and gadids (including merlucciids) and excluded the mac- 
rourids. He noted primitive and advanced characters in his 
gadiforms and suggested derivation from primitive fishes. Rosen 
and Patterson (1969) revived an expanded Gadiformes dating 
at least from the time of Gill, which included not only gadoids 
and macrouroids but also ophidioids and zoarcoids, and which 
they placed in a supraorder Paracanthopterygii, postulated as 
being, “in many ways more primitive than the acamhoptery- 
gians” and representing “a spiny-finned radiation more or less 
comparable morphologically with that of the Acanthopterygii”

vi)
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Fig. 132. Total caudal rays in eight groups of gadiform fishes. Data 
from Fahay and Markle (this volume) and original.

and including in addition to their gadiforms the polymixoids. 
percopsi forms, batrachoids, lophiiforms, and gobiesocoids. 
Gosline (1968) analyzed the characters used in defining the ex­
panded Gadiformes and concluded that ophidioids and zoar- 
coids are perciform derivatives, while gadoids are widely sep­
arate and probably close to the percopsiforms (Gosline, 1963a) 
Marshall and Cohen (1973), whom I follow for present purposes! 
restricted the Gadiformes to the gadoids and macruroids but 
did not consider the question of relationships. In the following 
brief preliminary consideration of the order, I discuss several 
characters, mention the groups that I think must be considered, 
and outline some of my ideas about the course of evolution in 
the gadiforms.

Characters

Several character complexes that require consideration are 
discussed below. Others are noted later under groups in which 
they occur. Additional relevant information is presented by Fa- 
hay and Markle and Dunn and Matarese in subsequent sections 
of this volume.

Caudal f n .  Considering the fact that well over half the known 
species of gadiform fishes lack the slightest vestige of a caudal 
fin, it is a little astonishing how much importance has been 
attached to the origin and homologies of the various skeletal 
supports and of the fin rays themselves. There is no denying, 
however, that when present the gadiform caudal complex is 
unique in several respects. Most fish groups may be character­
ized by a set number of branched caudal rays. Furthermore, the 
branched rays are generally supported by only hypurals. In gad­
iforms with tail fins, the number of branched caudal rays is
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Fig. 133. Num bers o f hypural bones (in parentheses) and fin raVs* 
supported by hypural bones ill" nine groups of gadiform fishes. Data 
from  Fahay and Markle (this volume) and original.

highly variable, as is their skeletal support. Bregmaceros, may 
have as few as 12 branched caudal rays, most of which are 
supported by hypurals, while at the upper end of the range, the 
lotine Brosmc may have as many as 43 branched rays, which 
are supported by hypurals. épurais, and haemal and neural spines. 
This high degree of variation in an otherwise conservative an­
atomical complex lends credence to the idea of Boulenger (1902) 
and Regan (1903b) that the caudal fin of gadiforms is a structure 
newly evolved from an essentially tailless condition such as that 
of the macrourids or of some merlucciids. It was partly to test 
Regan’s hypothesis that Barrington (1937) compared the de­
velopment of the caudal fin of with that o f P/euronecies 
and concluded that, although the tail of Gadus was unique in 
several respects, it could have been derived from an ordinary 
homocercal tail that was less specialized than that of 
nectes. I agree with Barrington. Barrington commented also on 
the presence in gadids of a high number of procurrent caudal 
rays, which he interpreted as being far posterior dorsal and anal 
rays, so that the functional caudal of a cod is composed of 
elements of three fins, dorsal, anal, and caudal proper. This 
interpretation has been neither falsified nor verified by the study 
of early life history stages. Barrington coined the term pseu­
docaudal for what he took to be this kind of fin. In his lectures 
and during conversations with me, Ahlstrom disagreed with 
Barrington’s explanation and its acceptance by Marshall and 
Cohen (1973) because procurrent rays lack pterygiophores. It is 
instructive to note in this respect the caudal fin structure of 
Muraenolepis (see Fig. 143 of Fahay and Markle in this volume), 
which has confluent vertical fins and in which the distinctive! 
elongate pterygiophores grade into hypurals. It is, in fact, im­
possible to distinguish between the last anal pterygiophoré and 
the first hypural or parhypural. But see Fahay and Markle later 
in this volume.

A variety of controversial interpretations (Gosline, 1963a- 
Monod, 1968; Rosen and Patterson, 1969) have been advanced 
concerning supposed sequences of fusions and deletions of bony 
elements in gadiform tails. This particular use of caudal fin 
structure in phylogeny has yet to be proven, as few hypotheses 
have been verified or falsified.

For purposes of classification within the order, at least four
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Fig. 134. Branched caudal rays in seven groups o f gadiform fishes. Data from Fahay and Markle (this volume) and original.

caudal fin characters require comment. They are: 1) presence 
or absence of a caudal fin; 2) number of hypurals; 3) relationship 
between branched caudal rays, hypurals, and procurrent caudal 
rays; 4) presence or absence of X-Y bones.

Although vestiges of a caudal fin are sometimes found in a 
few macrourid species, it is essentially absent from all of them. 
The same is true of the merlucciid genus Lyconus and also 
Steindachneria. Loss of a caudal fin has certainly occurred two 
times and perhaps more.

The number of hypurals is a useful systematic character. There 
are almost always 4 or 5 in morids and Melanonus, and almost 
always 2 in gadids, Merluccius, Bregmaceros, and Muraenolepis; 
Euclichihys has 4, nearly fused to 2 .1 consider the lower number 
to be an advanced character; the study of developmental series 
has verified this interpretation for Raniceps at least (Dunn and 
Matarese, this volume). Certainly the loss of hypurals, whether 
through deletion or fusion has occurred several times in gadi­
form s.

The evolutionary complexity of the caudal fin in gadiforms 
is particularly apparent when considering the numbers of dif­
ferent kinds of caudal fin rays (Figs. 132-134 and Fahay and 
Markle, this volume, Table 76). Morids in general have caudal 
fins that are small and probably of reduced importance in pro­
pulsion, and which I interpret as a derived state; they also have 
generally fewer total rays, which Fahay and MarkJe (this volume) 
consider an ancestral state, and unbranched rays that tend to 
be short and contribute little to overall caudal fin size; yet, 
morids have 4-5 hypurals. Melanonus also has a weakly de­
veloped caudal fin but has 4-5 hypurals and many rays. Gadine 
fishes on the other hand, have well-developed caudal fins with 
many rays, both branched and unbranched, but have only 2 
hypurals. Gadines are in general good swimmers, and one of 
the most active of all, Pollachius virens, has the most total caudal 
fin rays (70 in one specimen) of any gadiform fish. (Sluggish 
fishes like the lotines, Brosme and Lola, also have numerous 
caudal fin rays but have rounded caudal fins and must swim in 
a very different way, probably using the caudal fin as an exten­
sion of the body rather than as an oar.) Although numbers of 
different kinds of fin rays may prove useful in taxonomy, the 
relationship of branched to unbranched or total caudal fin rays 
is variable and has limited apparent value in the present context.

Many gadiform fishes have in their caudal fin skeletons a pair 
of bone splints resembling neural and haemal spines. These 
structures have been mentioned in the literature as accessory

bones or X and Y bones and have been interpreted as modified 
relict pterygiophores or detached neural and haemal spines whose 
centra have been lost (Rosen and Patterson, 1969). I agree with 
Markle (1982) that the absence in any gadiform of X and Y 
bones is a derived character.

Dorsal and anal fins. — form fishes have 1. 2, or 3 external 
dorsal fins and 1 or 2 external anal fins. The number, size, and 
location of these fins have been used for hundreds of years to 
characterize groups of species. Prior to the recognition of Mor- 
idae as a distinct family (Svetovidov, 1937), convergence in this 
character was not recognized; most ichthyologists lumped 
gadids and morids with similar fin patterns.

Svetovidov (1948) assumed on functional grounds that a sin­
gle dorsal and single anal is the primitive condition and arranged 
the gadid genera in a transition series based on increasing num­
ber of fins and the distance of their separation from each other. 
His hypothesis is supported by the presence in all gadiforms of 
a single, continuous, postanal series of pterygiophores. present 
even over areas that lack fin rays. Complete or partial division 
of the exterior fin has occurred several times, for example in 
the gadines, Euclichihys, Merluccius, and in the morid genera 
Mora, Halargyreus, Lepidion, Laemonema, and Tripterophycis.

Although only a few gadiforms have a single dorsal fin, the 
condition has a broad taxonomic distribution; examples are the 
gadid Brosme, the merlucciid Lyconus, Melanonus, and the ma- 
crouroidine rattails. Nearly all gadiforms have 2 or 3 dorsals, 
but even in those with 3, there are only two series of pteryg­
iophores. From fewer to more dorsals would seem to be a rea­
sonable transition series. But it certainly has occurred more than 
once, even within Gadidae, as Markle (1982) has demonstrated.

Pectoral radials. —Most gadiforms have five pectoral radials. 
Muraenolepis has more; Bregmaceros has fewer; both are in­
terpreted as derived conditions.

First neural spine. — Many gadiforms have the first neural spine 
closely adpressed to the occipital crest. I take this as a derived 
character. Muraenolepis has a free spine, but it is modified by 
the presence of a prominent wing-shaped enlargement extending 
on either side of the occipital crest.

Olfactory lobes. — In his classical monograph on the Gadidae, 
Svetovidov (1948) discussed the position of the olfactory lobes
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Fig. 135. Dorsal view of cranium  in ihre^g'|,ncra of gadiform fishes; left. RldfraGcpIlalujs planiccps: center. Palamgadus inicrgerinus; right. 
Merluccius meriuccius. From Fedotov (1976$./ ’■

of the brain and used their advanced position, adjacent to the 
nasal capsule, as his primary character for defining the Gadi- 
formes. This is a derived character, which has been found also 
in cyprinids, galaxiids, and mormyrids. Svetovidov noted that 
the olfactory lobe is located in an intermediate position in the 
gadid Raniceps. A posterior location of the lobe was subse­
quently recorded in Melanonus and several macrourids and an 
intermediate location in merlucciids. Steiiidachneria, the gadid 
Raniceps, and two macrourids (Marshall and Cohen, 1973). 
Svetovidov (1969) pointed out the size dependent nature of this 
character, especially in Merluccius (which I have verified in M. 
bilinearis and M. productus). Further investigation is required, 
especially in species that mature at small sizes.

V-shaped crest on skull.—As long ago as 1903b Regan noted 
the shared presence in Merluccius and Macruronus of prominent 
V-shaped ridges on the frontals, which converge on the supra - 
occipital crest. These structures have subsequently been found 
in the extinct genera Rhinocephalus and Palaeogadus (Fig. 135) 
as well as in some fossil percopsiforms (Rosen and Patterson, 
1969) and are present in varying degrees in Lyconus and Stein- 
dachneria.

G roups and Their Relationships

In this section I briefly discuss those taxonomic units that I 
think require consideration and explain as best possible the 
reasons for their placement on Fig. 136.

“Protocodus” is an unnamed species1 from the Paleocene of 
Greenland (discussed by Rosen and Patterson, 1969 and Fe-

1 The nam e “ Protocodus” is used as a designation o f  convenience  
and does not have formal, nomenclatural significance.

dotov. 1976:1 too have examined it), which is the oldest known 
non-otolith gadiform. It has a number of characters that may be 
interpreted as primitive for the group, including five, slender, 
well-separated hypurals, X-Y bones, numerous procurrent rays, 
and a V-shaped ridge on the frontals. It has a dorsal and anal 
fin configuration much like that of Merluccius (Rosen and Pat­
terson, 1969).

Muraenolepis is a highly distinctive genus with four or more 
species. It has such primitive characters as a single anal and 
long-based second dorsal fin, a dermal basibranchial plate (Ro­
sen and Patterson, 1969), the similarity of the lower hypurals 
to pterygiophores and to caudal fin elements, and a free first 
neural spine. Derived characters include 12-14 pectoral radials, 
a single epural, first dorsal fin a single-rayed anteriorly placed 
filament, vertical fins confluent around the tail, an oblique pat­
tern of squamation, and modifications of the first neural spine. 
Muraenolepis is not obviously related to any other gadiform 
and appears to represent an ancient lineage.

Bregmaceros is another distinctive genus with no obvious 
close relatives. Like Muraenolepis it retains a dermal basi­
branchial plate, but this is a primitive character, as is possession 
of a uroneural and a set of X-Y bones in the tail. Derived 
characters include the conjunction of the first neural spine with 
the occipital crest, a large consolidated hypural plate supporting 
many branched rays, a unique lateral line system, only two 
pectoral radials, and a long dorsal ray on top of the head. The 
tropical pelagic habitat of these fishes is also different from that 
of any other gadiform. If fusion of the first neural spine with 
the occipital crest has occurred only a single time, then Breg­
maceros must have originated after Rhinocephalus.

Rhinocephalus is an Eocene fossil, the skull of which has been 
described in some detail and compared with other gadiforms 
by Rosen and Patterson (1969). They mention and illustrate a
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including otoliths or scales. ^  Sh° " lng h>P°,hellcal m ier-relationships am ong gadiform fishes. Beginning o f  so lid  lines based on fossils, not

V-shaped ridge on the frontals and also lateral flanges on the 
rear of the skull that characterize gadines and a, least some 
monds_ They wme, “The skull roof of Rhinocephalus shows 
macrouridsUreS morids> W S K m  gadids, and
s: « p i . ,  s r mon’ihe fim neurai sp- »
B B M g  13 7)’ represented by a single South Austra- 
han and New Zealand species, was incorrectly placed in Moridae 

Svetovidov (1969), who poinfed out some sim­
ilarities to Macroundae. Euclichthys can not be placed in any 
currently recogmzed family. It has a free first neuraf spine, which 
may indicate an origin prior to Pa/aeogadus, lacks an otophvsic 
connection has four hypurals nearly fused to two, ■

* ? lyf  ne o f the X' Y bones. As in morids, which 
re more specialized than macrourids and could not have given

, 0 *he™’ Euclichthys has an asymmetrical, rather reduced 
caudal fin. Perhaps this curious fish is a modem representative 
of a macrourid progenitor. representative

Macrouroidinae is represented by two small genera and has
1973) a n d t  35 I  SUbfamily of Macrouridae (Marshall, 
j  \  and a seParate family (Okamura, 1970a). It has sinele

3113 finS 3nd 3 number of distinctive features in the
p g g |  " d ™ y  repres'M ,h5 £ u p ¡ B

Macrourinae-Trachyrincinae, which may well constitute two

li l S B B f f l l has 20-25 genera and contains more than
The BE f d’f0rm speeies ( ° kamura, 1970a; Marshall 1973) 

he caudal fin is absent in most, vestigial in a few the first 
neural spine is free, and there is no V-shaped ridge. Eggs of the 
few species for which information is available have a distinctive 
hexagon^ pattern; many species have light organs 

Bathygad.nae, with two genera, differs from other’ macrourids 
2 111 terminaI moulh> dorsal rays longer than analWSmm h  1*$ ways 1 0k

(1970a), who interprets most of the bathvgadine characters as  
pnmniv^e ones. Differences in H M 1
bathygadmes as pelagic feeders and macrourines as benth,V ^

S / T ela8IC IeederS haVC bCen described by McLellan (1977) Melanonus has two meso-to-bathypelagic species formerly 
Placed m Mondae, where they do not belong as they lack an

X Y bonesC<0?hCn0n’ H 3 Single dorsal fin>and have lost the 
np,Y b s- ? tberwise, they seem similar to Moridae. The first
afterrai/,Plne IS f in e d  to the occipital crest, suggesting an origin 
a  A separate family was proposed by Mar-

Mondae consists of 12-15 genera, some highly diverse and
5 h i  uralstex ZY b ^  P° SSeSSi° "  f an ot°Physic connection,’ 4 or 
otolhhs ma^v eS’ t j rst neural spine’and distinctive 
v l r ! i  r  u pecies have h£ht organs. Morids probably di-

ged from the mam Rhinocephalus-Palaeogadus-Merluccius
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l in e  a fter  fu s io n  o f  th e  n eu ra l sp in e  an d  at lea st s o m e  o f  th e ir  
e v o lu t io n  is  in  p ara lle l w ith  th e  g a d id s.

Palaeogadus is  a w e ll-k n o w n  E o c en e  fo ss il g e n u s in w h ic h  the  
V -sh a p e d  crest h a s b een  r e ta in e d , bu t sp e c ia liz a t io n s  in c lu d e  a 

jo in e d  first n eu ra l sp in e  a n d  o n ly  tw o  h y p u ra ls . It is , in  fact, 
v e ry  s im ila r  to  m o d e r n  Merluccius. D a n il ’c h e n k o  (1 9 5 0 ) , w h o  
r e v ie w e d  PalaeogaduSi b e l ie v e d  th at it g a v e  rise  in d e p e n d e n tly  
to  L o tin a e  a n d  G a d in a e  a s w e ll a s to  Sierluccius.

P h y c in a e , a s r ecen tly  m o d if ie d  by M ark le  (1 9 8 2 ) , is p resen tly  
in c lu d e d  in  th e  fa m ily  G a d id a e . F a h a y  an d  M ark le  (th is  v o lu m e )  
w o u ld  lik e  to  e sco rt it o u t. A n  early  O lig o c e n e  fo ss il  se n u s ,  
Eophycis (J erzm a n sk a , 1 9 6 8 )  h as b een  su g g ested  as a precu rsor  
o f  Phycis a n d  Urophycis, a n d  p r o b a b ly  a ro se  in d e p e n d e n tly  o f  
o th e r  g a d id  su b fa m ilie s ,  w h ic h  su p p o rts  F a h a y  a n d  M ark le 's  
p o s it io n .

L o tin a e  is  a g a d id  su b fa m ily  th a t I m a in ly  le a v e  to  F a h a y  and  
M ark le  a n d  D u n n  an d  M a ta rese . I n o te , h o w e v e r , M u jib ’s u V b ? )  
c o n c lu s io n  b a sed  o n  cra n ia l o s te o lo g y  th at L o tin a e  c o u ld  h a v e  
a r isen  fr o m  M e r lu c c iin a e . L o tin e s  h a v e  n o  V -sh a p e d  crest bu t  
reta in  X - Y  b o n e s . H y p u ra ls  are tw o , th e  first n eu ral sp in e  is  
jo in e d  to  th e  o c c ip ita l crest, a n d  there  are m o r e  b ra n c h e d  rays  
th an  in  a n y  o th e r  g a d id .

G a d in a e  h a s  a b o u t a d o z e n  gen era , all o f  w h ic h  h a v e  three  
e x ter n a l d o r sa l a n d  tw o  e x ter n a l an a l fin s an d  a large ca u d a l, 
e v e n  th o u g h  th ere  are o n ly  tw o  h y p u ra ls . D e r iv e d  ch a ra cters  
in c lu d e  fu se d  fro n ta ls , a b se n c e  o f  X -  Y  b o n e s , an d  a jo in e d  n e u ­
ral sp in e; F a h a y  a n d  M a rk le  a n d  D u n n  a n d  M a ta rese  (th is  v o l ­
u m e ) g iv e  m o r e .

Merluccius, w ith  a b o u t a d o z e n  c lo se ly  re la ted  sp e c ie s  (In ad a , 
1 9 8 1 b ), h a s  b e e n  trea ted  a s th e  ty p e  o f  a sep a ra te  fa m ily  or  as  
a su b fa m ily  o f  G a d id a e . P r im it iv e  ch aracters in c lu d e  a V -sh a p e d  
rid ge a n d  X - Y  b o n e s . A d v a n c e d  o n e s  are th e  jo in e d  first neural 
sp in e  a n d  th e  red u c ed  n u m b e r  o f  h y p u ra ls . Sierluccius ap p ears  
to  b e  th e  m o d e r n  r e p r e se n ta t iv e  o f  a lin ea g e  c o m m e n c in g  w ith  

P r o to c o d u s  a n d  e x te n d in g  th ro u g h  Phinocephalus a n d  Pa- 
laeogadus, w h ic h  it  c lo s e ly  r e se m b le s  (R o s e n  a n d  P a tterso n  
1 9 6 9 ).

Macruronus, w h ic h  h a s  th ree  n o m in a l sp e c ie s  fo u n d  in  te m ­
p erate  w a te r s  o f  th e  so u th e r n  h e m isp h e r e , is  b a s ic a lly  a M er­
luccius w ith  a  m u c h  r ed u c ed  c a u d a l fin. I m e n t io n  it h ere  b e c a u se  
it h a s  b e e n  referred  in c o rr ec tly  to  M a cr o u r id a e  a n d  c o n s id e r e d  
b y  so m e  to  b e  a lin k  b e tw e e n  th a t fa m ily  a n d  Sierluccius. 

Lyconus, w ith  se v e ra l p e la g ic  o c e a n ic  sp ec ie s , is  p r o b a b ly  re-

la tcd  to  Sieiluccius. It la ck s a cau d a l fin an d  h as a s in g le  d o rsa l 
fin.

Steindacipieria, is a  m b n o ty p ic  jr o p ic a i  w estern  A tla n tic  g e ­
nus. w ith  lu m in e sc e n t  o rg a n s, a w id e  se p a r a tio n  b e tw e e n  the  
a n u s a n d  u ro g en ita l o p e n in g s , an d  n o  cau d a l fin. It h as b een  
p la ced  in M a cro u r id a e  a n d  a lso  c o n s id e r e d  a sep a ra te  fa m ily  
(M a rsh a ll a n d  C o h en , ,1973). It m a y  be c lo se r  to  Sierluccius 
th an  to  a n y  o th e r  k n o w n  g a d ifo r m .

C l a s s if ic a t io n ;^

H o w  b est to  c la ss ify  g a d ifo r m s  for w o rk in g  p u r p o se s  m a w av  
th a t a p p r o x im a te s  th e ir  p o s s ib le  p h y lo g e n e t ic  r e la t io n sh ip s  is  
d ifficu lt b e c a u se  th e  e x is te n c e  o f  fo ss ils , w h ich  a p p ea rs  to  h e lp  
in d ic a te  lin ea g e s , crea tes  lo g ica l traps for the c la ss ifie r . T h e  fo l­
lo w in g  arran gem en t, u n fo rtu n a te ly  based  on gaps for so m e  grou p s  
an d  o n  a c o n tin u u m  for  o th e r s , is an in terim  su g g e s tio n  for  
fu rther  te stin g .

Euclichihys is a c co r d e d  fa m ily  sta tu s for th e  first t im e  b e c a u se  
it can  n o t  be p la ced  in a n y  g a d ifo r m  fa m ily . G a d id a e  is restr ic ted  
to  th e  g a d in e s , a n d  L o tid a e  a n d  P h y c id a e  are r e c o g n iz e d  at th e  
fu ll fa m ily  le v e l (fa m ily  g r o u p  n a m e s  for th e  la tter  tw o  d a te  at  
least from  G o o d e  an d  B e a n , 1 8 9 6 ), b e ca u se  a v a ila b le  e v id e n c e  
in d ic a te s  an  in d e p e n d e n t  o r ig in  from  Palaeogadus for  e a ch  o f  
th e  th ree  g ro u p s . I f  m e r lu c c iid s  w ere  red u ced  to  su b fa m ily  rank  
a n d  p la c ed  w ith  g a d in e s , lo t in e s , an d  p h y c in es  in a m o r e  in c lu ­
s iv e  fa m ily  G a d id a e , th e n  c o n s is te n c y  w o u ld  req u ire  th e  in c lu ­
s io n  o f  a t lea st  tw o  o th e r  w e ll-d e f in e d  ap p aren t d e r iv a t iv e s  o f  
th e  Rhinocephalus-Palaeogadus-Sierluccius s te m , M o r id a e  an d  
M e la n o n id a e . In  th e  p r e se n t in sta n c e  I b e lie v e  th a t sp lit t in g  is  
m o r e  u sefu l th a n  lu m p in g .

S u b o r d e r  M u r a e n o le p o id e i  
F a m ily  M u r a e n o le p id a e

S u b o r d e r  B r e g m a c e r o to id e i  
F a m ily  B r e g m a c e r o tid a e

S u b o r d e r  M a c r o u r o id e i  
F a m ily  E u c lic h th y id a e  
F a m ily  M a cr o u r id a e  

S u b fa m ily  M a c r o u r o id id a e  
S u b fa m ily  T r a ch y r in c in a e  
S u b fa m ily  M a cr o u r in a e  
S u b fa m ily  B a th y g a d in a e

S u b o r d e r  G a d o id e i
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Zcephalus, Palaeogadus,
an d  Lyconus)

S u b fa m ily  S te in d a c h n e r iin a e  

F a m ily  G a d id a e  
F a m ily  L o tid a e

F a m ily  P h y c id a e  
F a m ily  M o rid a e  
F a m ily  M e la n o n id a e

Life Sciences D ivision, Los Angeles County Museum of 
N atural H istory, 9 0 0  Exposition Boulevard, Lx>s 
Angeles, California 900Q 7.

Gadiformes: Development and Relationships 

M. P. Fahay and D. F. M arkle

A S tr ea te d  h e r e in , th e  G a d ifo r m e s  in c lu d e s  a b o u t 63  gen era  
\ S a n d  4 0 0 +  sp e c ie s  (N e ls o n ,  1 9 7 6 )  d iv id e d  in to  e ig h t fa m -  
i e s fG o s lin e ,  1 9 6 8 : M a rsh a ll a n d  C o h e n , 1 9 7 3 ); (b u t s e e C o h e n .
• -rtinmet T h e v  are primarily marine with familial distn 

ution “centers” as follows: Muraenolepididae-highB B B I  
n n ih e m  hemisphere: Bregm acerotidae-tropical and sub- j 
-o p £  world-wide: Melanonidae-tropical and sub-tropical, 
■orid wide- Moridae—world-wide; Macroundae-deep sea, 
vorld-w'ide: Steindachneriidae-tropical W . Atlantic:| | | |
d a e - m id - la t i t u d e s ,  b o th  h e m isp h e r e s ;  a n d  G a d i d a e - h i g h  la t 
t L  n o n h e n ,  h , m i ,p h ,r e  w n h  m f o o ,  f , « h » p . = ,  »»<1 so m h -

m n m m  n  ■  m  h e
n  T a b le  7 2  (e x ce p t th a t m a c r o u r id  ch a ra cters w ill  b e  fo u n d  in  
T M e 7 5 ) . G a d ifo r m s  c h a r a c te r is t ic a lly  h a v e  r e la t iv e ly  h ig h  v e r ­
tebral c o u n ts  w ith  ca u d a l cen tra  o u tn u m b e r in g  P r eca u d ^  cen  
H —  a w id e  m a r g in . T h e  6 m  tw o  c en tra  lack  n b s  an d  

’dm nnhvses V ertica l fin s h a v e  n u m e r o u s  rays a n d  lo n g  b a ses , 
M M W  a n a l rays sep a ra te  fro m  c a u d a l fin rays  
¡ » ¡ M M a n d  m a c r u r o n in e s . P ec to ra l fins are ty p -

to“ y Wgh ™ >!>= ■  H i  tn s
ju g u la r  i f  p o s it io n . M e n ia l b a r b e ls  are fo u n d  in  m a n y  g e n e t  
i n d  m o u th  p o s it io n  ra n g es fr o m  te r m in a l to  in fer io r .

Present State of Knowledge and 
Characters of Early Life 

H istory Stages

Literature on eadiform eggs and larvae is heavily weighted 
swards gadids and merlucciids, within which the commercially

S n e  la ^ a e  were among the first manne 
[escribed In fact, G. O. Sar’s discovery, early m the 1860 s, 
hat cod eggs and larvae were pelagic, helped initiate fishenes- 
iriented iSthyoplankton surveys. In addition to their œ m - 
nercial imponance, gadines and
vaters where their early stages are more accessible than tnose 
af other gadiforms which are largely residents of slope and oceam

"published descriptions o f gadiform early life history stages 
are listed in Table 73. We especially note the seminal H  
young gadids done by Johannes Schmidt m the early 1900 s. 
t h o u g h  he stressed pigment patterns over other develop-

m e n ta l fea tu res, S c h m id t  w a s one of th e  first to  lo o k  at sev era l

sn e c ie s  in  a sv s te m a tic  fa sh io n .
In th e  fo llo w in g  r e v ie w , w e  su m m a r iz e  g a d ifo r m  ch aract  

in  b r ie f  fa m ilv  sy n o p s e s  as w e ll as th ro u g h  a l im ite d  su rv e y  o f  
t L o n t o g e n v o f  se le c te d  ch aracters . O ur p u r p o se s  are, r esp ec-  BBB to  p o in t  o u t  w h a t a p p ea r  to  b e  e a s ily  o b s e r v e d  d ia g n o stic  
ea r ly  life  h is to r y  ch a ra cters an d  to  c o n tr ib u te  to  d is c u s s io n s  o f  

g a d ifo r m  p h y lo g en y .

Gadiformes.-T h e  gut o f  g a d ifo rm  la rv a e  c o ils  early  in  o n to g e n y  
a n d  c o m b in e d  w ith  a ta p er in g  p o sta n a l reg io n  a n d  r o u n d ed  
h ea d  c o n tr ib u te s  to  an  o v e ra ll ta d p o le - lik e  a p p ea r a n c e . ese  
fe a tu re s  a m  in  part, a r e flec tio n  o f  v erteb ra l a n d  v ertica l fin ray  
e le m e n ts  (T a b le  7 2 )  an d  are n o t  d ia g n o st ic . A lth o u g h  it h a s  n c% , 
b e e n  d o c u m e n te d  in  all fa m ilie s  an d  is  n o t  a lw a y s  e a s ily  o b ­
se r v ed  v o lk -sa c  a n d  fir s t-fe e d in g  g a d ifo r m  la r v a e  ha% e an  a n u s  
th a t e x its  la tera lly  th ro u g h  th e  fin fo ld  ra th er  th a n  m e d ia lly  a s  
— M  S o m e  se c o n d a r y  c a u d a l rays d e v e lo p

hp fore  s o m e  p r im a ry  in  fo r m s w ith  a c a u d a l n n .
In T a b le  7 4  w e  su m m a r iz e  so m e  d e v e lo p m e n ta l  fea tu res o f  

H  fam iW . A  rather  w id e sp r e a d  tren d  is  fo r  th e  p e lv ic  fin to  

b e  th e  e a r lie s t  fo r m in g  fin . T h e r e  d o e s  n o t  s e e m  B M B B I  
acter  u n iq u e  o r  d ia g n o s t ic  for  y o u n g  g a d ifo r m s . T h e  fea tu res o  
b o d v  sh a p e , a n u s m o r p h o lo g y  a n d  p e lv ic  fin d e v e lo p m e n t  in  
c o m b in a t io n  w ith  sp ec if ic  fa m ilia l c h a r a c te r s  a p p ea r  to  b e  th e  
m o s t  u se fu l for  in it ia l id e n tif ic a t io n , t r a n s fo r m a t io n  is  gradual 
a n d  d ir ec t  w ith  n o  s tr ik in g  ch a n g e s  in  o n to g e n y .

Muraenoiepididae. —A single planktonic juvenile (see H B B  
X n  of planktonic juveniles below) of sp. is shown
in Fig 138A. The distinctive first dorsal fin, composed 
nr two ravs the confluent vertical fins, menstic characters (Ta­
bles 72 and 76), chin barbel, restricted gill opening and capture 
1 y H  7'S 38°18 7'W) preclude all other teleosts and

1948) The lateral premaxillary spines (Fig. 138A) wem not 
shown in a schematic illustration of an early Muraenolepis (N orth 
B U M  1982) or in larvae described by E fim enko (1983b 
and are not reported for adults. It is possible that they are no 
found in larvae of all species of 3 / u r a e n o ^  but for Pm sent 
purposes we consider them a unique and diagnostic larval spe 
cialization of the family.
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JAPANESE ANGLER
B y K 0 S E K 1  S A T O

*. ft  f ’ i  PROLOGUE

■
 N GLING CAN BE SAID TO BE T H E  OLDEST AND MOST 

p o p u la r  o f  a ll th e  sports on  th e  earth . N a y , it m ay  
b e ev en  d escr ib ed  as o ld  as th e  h u m a n  race, fo r  

th e  p isca to ry  art w as k n o w n  fa m ilia r ly  to p r im itiv e  m en , 
a lth o u g h  it w a s th en  p ra ctised  as th e  in d isp en sab le  m eans  
o f  se lf-p r e se r v a tio n .
I t  w a s to w a rd  th e  1 7 th  cen tu ry  th a t th e  art o f  

a n g lin g  b eg a n  to  w in  p o p u la r ity  as a hobby a m o n g  h ig h  
an d  lo w . In  1653 , Iza a k  W a lto n  w ro te  th a t w o r ld -  
fa m o u s  w o rk , TheCompleat 'A n g le r ,  co n tr ib u tin g  th ereb y  
to  th e  p ro g a g a tio n  and  p o p u la r iza tio n  o f  a n g lin g . I n ­
d eed , th e  a u th o r’s w e ll-se a so n e d  w isd o m  cro w n in g  th e  
h ou rs o f  p astora l q u ie tu d e  b esid e a ru stic  stream  seem s  
to  h a v e  d ev e lo p ed  a w o r ld -w id e  p h ilo so p h ic  cu lt o f  
a n g lin g  ou t o f  a m ere hobby. So h ig h ly  has th is  a u th o r’s 
w o r k  b een  ch er ish ed  a m o n g  su cceed in g  gen eration s o f  
a n g le r s , th a t it is rep orted  th a t a n ew  e d itio n  has b een  
rep r in ted  ev ery  tw o -a n d -a -h a lf -y e a r s  sin ce its first

im p r in t. ~
In  Ja p a n , K a s e n r o k u  (R e c o r d  o f  R e v e n n e  tr e a s ­

ures), th e  first book  on  J a p a n ese  a n g lin g , w as w r itten  by  
U n e m e n o sh o  T su g a ru , a h ig h  ra n k in g  s a m u r a i ,  som e 70 
y e a r s -a fte r  T h e  C o m p l e a t  A n g l e r  w as p u b lish ed .

D u r in g  th e  h a lcy o n  days o f  th e  T o k u g a w a  S h o g u n -  
a te , w h e n  th e  rev iv a l o f  arts an d  litera tu re  w as rem ark ab le  
w ith  th e  ch a ra cter istic  ex tra v a g a n ce  o f  th e  t im e , th e  
s im p le  hobb y  o f  a n g lin g  a lso  fo u n d  its p o p u la r ity  increas­
in g . T o  m en  w ea r ied  o f  lu x u r ia n t l iv in g  an d  w o r ld ly
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resp ite , ■  I  W O M R 9M M H M l MH M
of angling among H  8 B B |̂ 8 B jB H B B M

was H I  11 ■ ■ ■ ■
■ H H H H H H H II
in fo r m a tio n  co n ta in ed  in th e  w o rk  is m u lt ip le  and o f  ,n■MM««— a imm
fish  m e th o d s H i  m W i  ch arao ter istics  o f  var iou s
■ I  ™et .ods of MM m eteo r o lo g ica l ob servation s  a n g le r s’ e t iq u e tte , and  so fo r th  u o se iv a tio n s ,

bv H  im m o r ta lity  o f  a n g lin g  has n ever  been a ffec ted  
by th e  v ic iss itu d es  o f  h u m an  l i f e .  T h r o u g h o u t th e  f a l l

f B M H H H  MM in  1868 and  the  fo llow ing  
M e iji  R esto ra tion  o f  the Im p eria l R u le , the  p o p u la r* ?
o f  a n g lin g  co n tin u ed . T s u r i s h i  (C h a ra c ter ist ic s

o f  RhHmP m m  m  mfi H iis BPI
Of n ote  fo r  Its ch a ra cter is tic  h u m o r in open co n tra d ic tio n  
to  th e  p o lit ic a l tu rb u len ce o f  th e  d ay.

Neither the devastation nor the havoc wrought by
war c*lscoura£etl ¡11 enthusiasm of anglers.

1 d id  th e  ep o ch a l ch a n g e  fr o m  fe u d a lism  to d em o cra cy  
a ffec t th e  w e ll  esta b lish ed  status o f  a n g lin g  as e v e ™ %  
lob b y . O n  w e e k -e n d  d ays, th e  cra m m ed  street-ca rs and  

t ia in s  co n v ey  th ou sand s o f  ea g er  h o b b y -a n g lers  to  th e ir  
fa v o r ite  f ish in g  grou n d s. I t  is estim a ted  th a t th ere  are

n o n i Z  1 M «  °f Toky° H  700,000n o n -p i o fe ss io n a l a n g lers . ' *

1 1  ,A n S lin S 1S by natin  e the p e o p le ’s hobby and ev e ry -  
b od y’s spore. I t is 1  spore h ea lth ier  by fo r  th an  th e  
101 sc -i aces or th e  recen tly  p o p u la r ized  b icy c le -ra ces.

2

I t  is a k in d  o f  hobby to  he en joyed  by o ld  and you n g . 
F u rth erm o re , v ie w e d  fr o m  th e  ec o n o m ic  stan d p o in t, 
it  is th e least ex p en s iv e  and m ost en jo y a b le . W ith  
a return tick e t in  h is p o ck et, th e  a n g le r ’s o n ly  n eed  is h is  
f ish in g  ta ck le  an d  a box  o f  p la in  r ice , and i f  n ecessary , a 
p in ch  or tw o  o f  tob acco , an d  he can en jo y  fresh  a ir , su n ­
sh in e  and h is  pet hobby to  h is h ea rt’s con ten t.

I dare say no h o u se w ife  sh o u ld  h ave  an y  w orry  over  
h e r 1 a n g ler-h u sb a n d . S he is spared th e  h ea r t-ren d in g  
w o rries  su ffered  by h er u n fo r tu n a te  n e ig h b o rs w h o se  
husbands fr eq u e n t h orse-races or b icy c le -ra ces  or, even  
w o rse , th e  d isrep u ta b le  gcislui-houses. T h e  a n g le r ’s re­
tu rn  h o m e in  th e  e v e n in g  is th e  ev e n t o f  th e  day . H e  is 
in v a r ia b ly  w e lc o m e d  by h is  fa m ily , p artly  becau se o f  
th e ir  cu r io sity  and  p a rtly  b ecau se o f  h is d a y ’s absence. I f  
h is  ca tch  is too  m ea g er  to en r ich  th e e v e n in g  repast, w h ic h  
is  v ery  o f te n  th e  case w ith  th e  s e lf -p r o fe s se d  a n g ler , th a t  
m a ter ia l la ck  can  ea s ily  be co m p en sa ted  w ith  th e  curious  
accou n t o f  h is ad ven tu re-— a m ira cu lo u s story in  w h ic h  
th e  fish  on  th e  tab le can  g ro w  tw ice j th ree  tim es  in  size  
and n u m b er, as th e  story  g oes on . In  v ir tu e , a n g lin g  as a 

.h o b b y  has a d o u b le  b le ss in g , a b le ss in g  on  th e  a n g ler  w h o  
g ro w s h e a lth y  p h y s ic a lly  and  m e n ta lly  and a n o th er  on h is  
fa m ily  w h o  can  en jo y  h is absence.

A n g lin g  a lso  tea ch es m a n  h o w  to learn  th e  true p rin ­
c ip le s  o f  d em ocracy . O n  th e  r iver-b an k , or b eside th e  
stream  or on  th e  sea, a ll  th e  a n g lers  rea lize  th at th ey  are 
g iv en  an eq u a l ch a n ce , a n d ,th e ir  success or fa ilu r e  d e­
p en d s upoq  th e ir  sk ill .  T h e y  can  co m p la in  n e ith er  o f  
th e  sm artness o f  th e  fish , nor th e  p reju d ic ia l tu rn  in  th e  
m e te o r o lo g ic a l co n d itio n . E a c h  is tau g h t n ot to  be! 
e n v io u s  o f  h is  ad ro it n e ig h b o rs. E a ch  is m ad e to rea lize  
th a t  h e is h is  o w n  m aster an d  is responsib le fo r  h is o w n  
d o in g .

V irtues o f  a n g lin g  are in d eed  m u ltitu d in o u s, but le t  
i t  suffice here fo r  th e  au th or to  co n clu d e h is n ev e r -e n d in g
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the lotus pond), kuri-mushi (chest-nut worms) tamammlu 
(chrysalis in the cocoon found on the persimmon tree), 
young bees, various insects and catapillars found in the 
river, the gut extracted from fish, sweet potato, etc.

T h e  bait is usually  obtainable at the  shops o f fish ing  
tack le  dealers, w ho  w ould know  w h a t bait should  be used 
fo r  th e  desired  catch , under any seasonal conditions.

Although k a g a s h ir a  (mosquito’s head) has been 
known since days of old, the date when flies began to be 
used in stream fishing is not known. The shapes, colors 
and size of the flies are decided by the quality of water, 
the conditions of fishing grounds, season, and the habits
o f  the  fish. , r r V

F lies  are  used m ain ly  fo r fish near the  surface  or the
w ater. F ro m  these flies m ade o f b ird -fea th e rs , developed 
c g i  (w ooden b a i t) ,  w h ich  serves the  purpose o f floating 
on th e  face o f the w ater m uch  b e tte r th an  flies.

In  ca tch ing  la rg e  sea fish such as yellow tail or 
m ackerel, flies are cast fro m  a speed-boat, and such flies 
are given ano th er nam e o f h ik i - z im o  (d ra w n  h o rn ) .

T h e  m ateria ls  fo r m ak ing  flies arc various: they are 
m ade o f  b ird -fe a th e rs , o f fish-skin  or even b rig h t colored 
pieces o f wool' yarn .

7. F ish in g  T ack le .
T h e  o the r gadgets the  ang ler needs on his ex ­

ped ition , are a basket or a pail to contain  his ca tch , a net 
w ith  a hand le  fo r the  em ergency use, and  a box con tain ing  
a pair o f scisors, a k n ife , a w hetstone, a file, a pair o l 
tw eezers, p liers, a m a g n ify in g  lenze, and  a reel o f  silk
th read . . f

O ff the angler goes to his fishing ground. But belore
throwing his line into the water, he must reflect on two 
matters; the proper arrangement of his tackle ami how
best he can use his ow n skill. r

T h e  arran g em en t o f a fishing tackle should d ifle i

14

Floats


