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Life -H istory Pe rspe ctive  of A d aptive  R ad iation
in D e sm ognath ine  Salam and e rs

RICH ARD C. BRUCE

‘w h ir  study inve stigate s inte rspe cific variation in age  at first re production,
fe cundiy,  and body size  in m Uspe ck asse m blage s of desm ognath ine  sala-
m ande rs. Th e  hypcxhcsa tested are th at intersp+ zcSc d ifferenca  in body size
am ong desxuognath ine s  ste m  proxim ate ly fzom  variation in age  at furst re pro-
duction and th at variation is  th e  latte r trait is positive ly corre iated  w ith  variation
in fe cundity am ong spe cie s. It is shown that a axre h tion be tw e e n age  at & st
re production and fe cundity, com bined  w ith  a uniform  rate  of sum iva&  based  on
available  e stirm ta  of th e se  pm -  w ill yie ld  equivak nt vah xe s  of ne t re -
productive  rate  (RJ am ong th e  spe cie s of a give n asse m blage . Such equivalence
re pre se m s  a formoflifdistorysymmeny.  Datafrom nvo asse m blage  are  pre -
Kntcd  in supporn  of th e  argum e nt for sym m e tq .  Su4zh  life & story  sym m e try
m ay  re fle ct uniform ity in m ~ rph oiogical spda& aGon  in desznognath ine s.  Giv-
en  th e  m orph ological adaptations to burrow ing (h ad-w e dging) in th e subfam ily,
th e  re lationsh ip be tw e e n adult body size and h abitat pre fe rence  in Desaw gnath us
m ay reflect adaption to th e  siz e  of cover obje cts and com position of th e  sub-
srranun  along th e  aquat%4e r~ e szrial h abitat gradient I propose  th at th e se  vari-
abie q  illassociation w ith  predation and com pe tition, re pre se nt th e  se le ctive
facson  re sponsible  for body size  d ive rsification in D-gnah u .

FEW  ge ne ra of ve rte b rate s  e xh ibit variation
in body s i z e  and  liie  h istory as  extre m e  as

th at sh ow n by th e  d usk y salam and e rs of th e
ge nus Desmognathus (‘Tilley  and  Be m ardo, 19 9 3).
Demognathus.  w ith  16 spe cie s currcntiy re cog-
nized, is the principal ge nus in th e  subfam ily
D e s m ognath inae , th at oth e rw i s e  contains only
th e  m onotypic Phaeognathw (Tilley and  Ma-
h oney, 19 9 6; Titus and  Larson, 19 9 7). Th e  sub-
fam ily re pre s e nts a-h igh ly derive d , m onoph y-

I letic lineage  w ith in th e  Pieth odontidae  (Sch w enk
and  W ak e , 19 9 3).

In contrast to th e  pronounce d  variation in
s i z e  and  life  h istory, d e sm ognath ine s  are  m or-
ph ologically cons e rvative  (W ak e , 19 66; Sw e e t,
19 73, 19 80). Synapom orph ie s  th at distinguish
th e  d e sm ognath ine s  from  oth e r salam and e rs in-

e lude nine  s k e ie tom uscular ch aracte rs re iate d
to fe e d ing and/or burrow ing (Schwenk and
Wak e , 19 9 3). A lth ough  d e sm ognath ine s  are  e s -
s entially sem iaq uatic stre am s ide  salam and e rs,
an e xte nsive  adaptive  radiation in th e  south e rn
A ppalach ian Mountains h as yield ed  fully aq uat-
ic and te rre strial specie s. W h at is re m ark able
about th is radiation is th e  nearfy  e xact corre -
lation b etw e e n body s i z e  and  life  h istory-th e
large r form s are  m ore  aq uatic, th e  sm alle r are
m ore  te rre strial (H airston, 19 49 ). lh e  ph ysio-
graph ic s etting for th e  adaptive  radiation h as
b e e n th e  b road  m oisture  gradient of th e  h um id
m ontane  fore sts of th e  south e rn A ppalach ians.
Com pe tition (H airston, 19 49 ,19 73,19 86)  and
pre d ation (Tiiley, 19 68; H airston. 19 86) m ay
re pre s e nt th e  factors th at re gulate  th e  ob s e rve d
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pattern of species  dixriiucion along th e  m ois-
ture  gradient.

Ph a~ ognath fs  h ub rirh ti, th e largest b ypeck s in
th e  subfam ily, is th e  only im portant e xce ption
to th e  body s i z e - h abitat corre lation. It is an
e longate , te rre s trial burrow e r e n d e m ic to
south e rn A labam a_  Th us, th e  m od e l pre s e nte d
h e re in is re scricre d  to Desm ognath z u.  Ph aeogna-
rh w  is e xcluded on th e  basis of e xtre m e  m or-
ph ological specializ ation and  absence  from  m ul-
tispecies  as s em blage s  of th e  A ppalach ians.

It w as originally h ypoth e s i z ed  ch at th e  aq uatic
d e sm ognath ine s  are  m ore  prim itive  th an th e
te rre strial form s. w ith  e volution h aving pro-
ce e d e d  unidire ctionally or ne arly so (D unn.
19 26; H airston, 19 49 . 19 85). More  re ce ntly,
Bruce  (I 9 9  1) postulate d  th at th e  ance stral m od e
of life  i s  be st re pre s e nted  by  th e  s em iaq uatic,
stre am s ide  specie s , such  as D . & KUS, w ith  both
th e  aq uatic and te rre strial life  h istorie s  re pre -
s e nting d e rive d  s tate s . Tille y and  Be rnard0
(19 9 3) subsequently q ue stione d  long-standing
assum ptions re lating life - h istory variation in e x-
tant specie s  LO th e  ph gloge ne tic h istory  of de s -
m ognath ine s. Th ey argue d  th at e cological con-
straints  ob s e rved  i n  d e sm ognath ine  as s em -
biage s , acting w ith  life h istory  and  m orpuolog-
ical covariafion, could  s e rve  to d e couple
obs e rve d  tre nds in life  h istory from  ph yloge ny.
In th e  sam e  y ear, Sch w enlc and  W ak e  (19 9 3),
in e lucidating th e  te rre strial feed ing m e ch a-
nism  of th e  aq uatic D . m annorafus, sugge s te d
th at adult d e sm ognath ine s  h ave  s econdarily in-
vaded  stre am  h abitats. Mole cular data e ve n sug-
gest th at th e  fully te rre strial specie s  re pre s e nt
th e  basal condition (Titus, 19 9 2; Titus and  Lar-
son. 19 9 7; s e e  also Co~ az o and Mark s, 19 9 4).
Confirm ation of th is h ypoth es i s  w ould rq uire
th e  d e m onstration ch at d e sm ognath ine s  h ave
re e volve d  th e  larval stage . Th us, th e  traditional
vie w  of d e sm ognath ine  e volution is unde r ch al-
le nge by new e r data from  a varie ty of source s.

A n unre solve d  e volutionary proble m  is h ow
a m orph ologically cons e rvative  line age  lik e  th e
d e sm ognath ine s  (Sw e e t. 19 80) h as undergone
such  e xtre m e  d ivedcation in body s i z e  and
life  h istory to yie ld th e  ob s e rve d  aq uatic-te r-
re strial gradient in spe cie s  d i stribution in th e
south e rn A ppalach ians. In th is pape r, i offe r a
solution th at is pred icate d  on th e  h ypoth es i s
th at m orph ological uniform ity w ith in th e  sub-
fam ily is associate d  w ith  com m on d e m ograph y.
Th e  d e m ograph ic m od e l outline d  b elow , w h ich
i s  an e laboration of i d eas pre s e nte d  e arlie r
(Bruce , 19 9 5:41 l), is  evaluated w ith  data from
tw o d e sm ognath ine  as s em blage s.

Dem ograph ic m odel.-Body s i z e  in  Desm ognath w

in th e  south e rn .Ippalach ian  M ountains CO_
M + S w ith  h abitat association_  Sm all species  are
m-resuiai  and large  one s  are  aq uatic (H airsron,
19 49 , 19 80, 19 87). Inte rspecific-  variation  in
body  s i z e  w ith in an as s em blage  is e xplained  by
variation in e gg s i z e , grow th , and age  at first
re production, w ith  th e  last accounting for m ost
of th e  variation (Bruce , 19 9 0). In a give n as-
s em blage , th e  incre ase in age  at first re produc-
tion (u) is ordinarily one  y ear in e ach  ste p of
th e  s e rie s  (Castane t e t al., 19 9 6).

In som e  as s em blage s , ave rage  annual fe cun-
dity (b) ne arly double s  as  body s ize  incre ases in
e ach  ste p in th e  s e q ue nce  of specie s  (Bruce ,
19 9 5). Th e  ratio of ave rage  annual fe cundity
of a large r to th e  ne xt sm alle r specie s  i s  th e
fe cundity m ultiplie r, k .

A nnual pre re productive  survivorsh ip is ap-
proxim ate ly 0.5-O -6  in e ach  specie s  (Tilley,
19 80; Bruce , 19 9 5). To m aintain e q uivale nce
in ne t re productive  race  (R ,,) am ong specie s , th e
pre cis e  re lationsh ip betw e e n fe cundity and  an-
nual survivorsh ip (s) is k  = l/s*, w h e re  k  is th e
fe cundity m ultiplie r as age  at first re production
incre ases  by a constant incre m e nt, n. in e ach
ste p of th e  s e q ue nce . If n = 1 ye ar, th e n k  =
L/s.

If R ,, = 1.0 in a specie s , it w ill b e  m aintaine d
at 1 .O  if th e  specie s  evolves  to a large r or sm aller
s i z e  th rough  th e  m e ch anism  of incre asing or
d e cre asing age  at first re production. Be cause of
th e s e  relationsh ips, th e  species  of a given as s em -
blage  are  d e m ograph ically uniform : i.e .. at a
give n body s ize  individuals of diffe re nt specie s
are  inte rch ange able  in te rm s of survival prob-
ability and  fe cundity. Invariance  in th e s e  Iife -
h istory param e te rs re pre s e nts a form  of sym -
m e try (Ch am ov, 19 9 3).

A s  a conse q ue nce  of d e m ograph ic sim ilarity.
adjustm e nts in age  at first re production re pre -
s ent a m e ch anism  for incre asing or d e cre asing
body s i z e  th at doe s  not involve  a cost in fitne s s.
th us, body s i z e  i s  fre e  to e volve , unconstraine d
by dem ograph ics, in respons e  to a varie ty of
s ele ctive  factors.

MAl-ERUU  AND  ~ k TH O D S

& W  data pre s e nted in th is pape r are  follicle
counts of gravid  fe m ales  and  counts of depos-
ite d  e ggs in l& id  ciutch e s. Sam pling localitie s
w e re  in th e  W olf Cie e k  and  Cow e e ta w ate r-
s h e d s. W olf Cre e k  is a 141-h a tract on Cul10-
w h e e  Mountain. a spur of th e  Cow e e  Moun-
tains, in Jack son County, North  Carolina. & Most
of th e  fe cundity dati w e re  obtaine d  th e re  as
byproducts of a varie ty of och e r studies  con-



ducte d  be tw e e n 19 86 and 19 9 5. In som e  use s,
I h ave  e xpande d data se ts ch at w e ie  pre se nted
e arlie r, e .g.. Bruce (19 9 0) and Bruce  and H air-
soon  (19 9 0). Se arch e s w e re  conduae d  in  th e
m ain stre am , e igh t h e adw ate r tributarie s ,  and
num e rous se e page s ove r an  e le vational range
of 730-l 130 m .

SYSTAT ve rs ion  5.2 for Macintosh .  Signi&-
cance  w s e valuated  a: a = 0.05 in  all tests.

RESULTS . .

Th e  Cow e e ra site s lie  w ith in th e  Cow e e ta H y-
drologic Laboratory, iocared  on  th e  e aste rn
slope s of th e  Nancah ala Mountains, in  Macon
County, North  Carolina. Cow e e ta is 30 k m
south w e st of W olf Cre e k . Sam pling at Cow e e ca
w as conducred  in  19 9 4 and 19 9 5 from  12 sites
in  th e  Bali Cre e k  and Sh ope  Fork  drainage s,
w h ose  conflue nce  form s Cow e e ta Cre e k . Most
salam anders w e re  tak e n  b etw e e n  e le vations of
69 0 m  and 1130 m , but a fe w  D. ucoe e  and D.
w righ ti  w e re  colle cted  up to 1420 m . Inasm uch
as fie fdw ork  at Cow e e ca w as conducted  incide n -
tal co anoch e r proje ct, th e  sam ple s of gravid
fe m ale s w e re  sm all, and no de posited  clutch e s
w e re  found.

Th re e  spe cie s of Desm ognath w  occur at W olf
Cre e k : th e  sm all D . ocuee, th e  m idsiz e  D . m onri-
cola, and th e  large  D . q uadram acuiatus. At Cow -
e eta, rh e  sam e th ree species coe xist w ith  th e  tw o
dim inutive  spe cie s. D . aen=  and D . tigh ti.  Th e
form e r, h ow e ve r, w as uncom m on ac th e  sam -
pling site s, and  n e ith e r gravid fe m ale s nor de -
posited  clutch e s w e re  obs erved ,

Gravid fe m ale s w e re  ordinarily ide ntified  in
th e  fie ld, re turned  to th e  laboratory, anesch e -
tile d in  MS-222, m e asured  (SVL = snout-ve nt
length  in  m m ), and th e n  pre se rved  in  8% for-
m alin. Yolk ed  follicle s in both  ovarie s w e re
counted  (FOL = num b e r of follicle s) follow ing
disse crion. Gravid fe m ale s w e re  de iine cl as in-
dividuals in w h ich  th e  ave rage  d iam e te r of ovar-
ian  follicle s w as at le ast h alf ch ar of de posited
ova. Th e  th re sh old siz e s  w e re  1.5 m m  in  both
D . w igh h  and D . ouw e  and 2.0 m m  in  both  D .
nw nticoia  and D . q uadram acuiatus.

At W olf Cre e k , fe m ale  D . quadram aculatus
ordinarily attach  th e ir e ggs to th e  underside s
of large  rock s in m idsz-cam  locarions.  Th ose  of
D . m onticoia se le ct sm alle r rock s buried  in  th e
stre am bed  or stre am bank ; in som e  case s, e ggs
w e re  found attach ed co s eve ral sm all scones  and
adjace nt roots.  Th e  fe w  clutch e s of D . m onticola
obs erved  at W olf Cre e k  w e re  all in  sm aile r
scre am s and seepages , w h e re as ch ose  of D . quad-
ram aczdatus  w e re  in both  large  and sm all stre am s.
On e  clutch  of D . padram aculatus  and th re e  of
D. m onticofa  w e re .found  in th e  sam e  sm all stre am
w ith in  2 m  of on e  anoth e r. Th e  e ggs of D . ococc
w ere  usually located  under m oss on soil, logs,
and rock s at th e  e dge s of srre am s.  .Uth ough
fe m ales  of all th re e  spe cie s  attend th e ir ciutch es ,
in  s eve ral case s I w as unable  to locate  tie  fe -
m ale s of D . q uadram aculatus and D . m onticoia.
For th e se , spe cie s ide ntification w as ve rified by
raising th e  e ggs to h atch ing in th e  laboratory.

Oviposition  s easons at W olf Cre e k  are  June
in  D . q uadram acuiatw ,  e arly co m id-JuIy  in  D .
m onticoia, and m id- co lace  July in D. XOCC. Egg
ciutch e s of all th re e  spe cie s h ave  b e e n  found in
th e  fie ld in m id-July.

At W olf Cre e k , counts of yolk ed  ovarian fol-
Ii& s  in disse cted  gravid fe m ale s tend ed  to b e
h igh e r th an th e  num b e rs of e ggs in fie Id ciutch -
e s of all th re e  spe cie s (Table  1). Th is m ay be
th e  re sult of se ve ral factors, including failure  of

T.u az  1. FZ UNDE=LT IX Cow m ;l AND W OU  CREYC
Desm ognatftus.

De posite d  egg clutch e s w e re  obs erved  ar W olf
Cre e k  only. Som e attending fem ales and th e ir
clurcbe s  w e re  re turned  to th e  laboratory w h e re
SVLs w e re  m e asured  and  eggs w e re  counted .
Fe m ale s and clutch e s w e re  ofte n  h e ld until
h atch ing and th e n  re le ased . Oth e rw ise , fe m ale s
w e re  pre se rved  and disse cted  to de te rm ine  th e
condition  of th e  fe m ale  re productive  tract im -
m ed iate ly afre r oviposition. In m any D. ocoee,
fe m ale s w e re  m e asured  and  eggs w e re  counted
in  th e  fie ld, and-  th e  n e s z  w as th e n  re stored .

Laalicyandgia ” Ranpc Maa SD

Ovarian  follicles  pe r fe m ale
Cow e e ra

D . q uadram acuiatus 5 38- 69 54.2 11.78
D . m m & o& z 8 2244 29 .9 6.9 9
D . ocoee 12 12-28 17.3 4.39
D . w ri@ti 4 8-10 9 .3 0.9 6

wolf Crcdc
D . quadram aculatus 13 42-61 52.4 6.0;
D . m onticoh 23 19 -39 29 .0 5.57
D . acoee 17 9 -22 15.8 3.88

Eggs pe r deposited  clutch
D . quadram aculatus 3 38- 33 45.0 a.89
D . m ontiapia - 5 la-27 25.0 3.9 4
D . oanc 29 5-23 13.2 3.89

k al and Roh lf (19 9 5) and w as pe rform ed  w iti

Th e  principal statistical test e m ployed  w as an
analysis of covariance  of log.-follicle  num b e r (ln
FOL), w irh  log,-snout-ve nt length  (ln-SVL) as
covariate . Th e  ANCOVA de sign  follow e d So-

BRUCE-EVOLu-rION  IN DESMOGNXTH IrU‘E SAI_ _ aiMANDERS a’ I
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fe m ale s  to d e posit th e ir  full ovarian com ple -
m e nts, e gg m ortality afte r oviposition, as w e ll
as m y f%Iure  co locate  all e ggs in a cIutch . Th e
last factor w as m ore  of a probfem  in D . m onfi& z ,
w h e re  eggs w e re  often scatte re d  on s e ve raI sm all
rock s  in saturated  gravel b ed s. D issection of fe -
m ale s  tak e n w ith  clutch e s  som e tim e s  reveaIe d
one  or a fe w  orange -coiore d  atre tic follicles in
th e  ovarie s. Th us fem ales  m ay retain and  re sorb
som e  yolk ed  follicles.

To inve stigate  th e  re lationsh ip betw e e n body
s i z e  and  fe cundity, I us e d  a pow e r function ap
plie d  to SVL and  FO  L (Fig. I). Th e  pow e r func-
tion is  appropriate  b e cause SVL is a line ar di -
m ension and  follicie  num b e r is expected  to vary
according to body volum e . A  s e parate  analysis
of covariance  of In-FO L, w ith  In-SVL as covar-
iace. w as conducte d  for e ach  as s em blage  of spe-
cie s  (Table  2). Slopes  of both  re gress ion line s
in Figure  1 w e re  h igh ly significant (Table ,_%  te st
2). In ne ith e r analysis xis  th e re  a sigm ficant
inte raction b etw e e n  specie s  and  In-SVL (Table
2, ce sc I), th us  supporting th e  assum ption of
h om oge ne ity of slope  am ong treatm ents  (spe-
cie s ). Subsequent analyses  of com m on re gre s -
sion e q uations (Table 2, te st 3) s h ow e d  th at at
Cow e e ta th e re  w as no sign& ant diffe re nce
am ong sp ecie s  in  m e an In-FO L adjusted  for
com m on m e an ln-SVL but th at at W oIf Cre e k
th e  d iffe re nce  w as significant. Th at is, a com -
m on. re gress ion line  provided  an ad e q uate  fit
for all four specie s  ac Cow e e ta but not for th e
th re e  W olf Cre e k  specie s. Ne ve rth e les s , th e
com bined W olf Cre e k  data sh ow ed  a reasonably
clos e  approxim ation to a com m on re gress ion
(Fig. 1). Th e  m od e l is cons idere d  ad e q uate ly
de scriptive  for th e  purpose s  of th is study, b e -
cause th e  re lationsh ip of inte re st is between age
at first re production and  m e an clutch  s i z e.

Th e  com m on re gress ions s h ould not obscure
th e  ob s e rvation th at th e  corre lation b etw e e n
fecundity and  SVL is w eak  or absent w ith in sev-
e ral of th e  populations sam ple d  (Table  3). O ne
strik ing discre pancy in Table  3 is th e  lack  of a
significant corre lation of In-FO L w ith  ln-SVL
in th e  large  sam ple  of brooding fe m ales  of D .
ocoe e  from  W olf Cre e k , e ve n th ough  th e  cor-
re lations w e re  s ignificant in th e  sm alle r sam pIe s
of gravid  fem ales  of this species at both  locali-
tie s. The e xplanation for th e  poor corre lation
of fecundicy  and  body s i z e  m ay derive  from  th e
h igh  res idualvariance  in clutch  s i z e  com bined
w ith  an unusually narrow  range  of fe m ale  body
s i z e  in desm ognach ines, as  docum ented  for W olf
Cre e k  (Bruce , 19 9 3) and  ob s e rved in och e r m ul-
tispe cie s  as s em blage s  of d e sm ognath ines  (O r-
gan, 19 6 1; Jute & o& , 19 78).

A ge s  at frrsc re production for fe m ales  at W olf

W olf& k
4507 In FO L = -2525 +  1_ 459 (ln SVL)

4.00-

350-

3.00-

2.50 -

3.00 350 4.00 4.50

coweeta
ln FO L = -239 2 +  1.405(in  SVL)

3.00 350 4.00 450

InSVIA
Fig. 1. Re gre s s ions  of follicle  num be r (FO L) on

snout-venf le ngth  (SVL) for log_-uansform ed  data
from  gnvid  fem ales  of Dem qndh us.  From  left to
righ t. th e  polygoru outline  dusters of points for D .
oaw e . D . m m tico& , and D . quudram z cuiah u  at W olf
Creek  and D . unigiui. D . ocoee, D . manticola.  and D .
q uacirm  at cow ecta.

Cre e k  are  4~ 5 yr in D . oct~ cc, 5-;7 yr in D . man-
tic&,  and  7-S yr in D. quadramaculatus(Cas-
tanet et aL, 19 9 6). Com parable  e stim ates  h ave
b e e n obtaine d  for th e  Cow e e ta populations (J.
Castane t, H . Francillon-Vie illot,  R . Bruce , un-
publ.). Th e e scim aces sugge st ch at th e  ave rage
diffe re nce  is approxim aceiy  1 yr b etw e e n suc-
cess ive species in th e  body-s i z e  s equence. H ow -
e ve r, th e  m od e l doe s  not re q uire  a I-yr diffe r-
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Tarm ; 2. h am  O F COV.UUANC~  OF LOG.-Forrrae  NUM Z .  (ln-FOL) IN Dm nagnurh ur Th e  cotire  k
!og& s xlour-ve nr lcngrh  (ln-.s ~ .L).

LaaGcv h ot-ruh ciar df MS F P

W oif Cre e k  W ith in
(1) Diffe rence s  am ong slope s

Error
Total

(2) SIope  of com m on re gre ssion
Error

(3) De viations  from  com m on inte rce pt am ong specie s
Error

cowexa w i t h i n
(1) Diffe rence s am ong slope s

Error
Tocal

(2) Slope  of com m on re gression
ElT0r

(3) De viations from  com m on inte rce pt am ong spe cie s
Esr0r

2
47

1
51

2
49

3 0.038 1.42 0.264 ns
21 0.027

1 8.763 281.75 < 0.001
27 0.03 1

3 0.055 1.9 7 0.145 us
24 0.028

0.063 2.20 0.122 ns
0.023 _

11.342 305.81 < 0.001
0.037
0.207 6.86 0.002
0.030

e nce  but on iy th at th e  d iffe re nce  b e tw e e n  suc-
ce ssive  spe cie s is constant.

At W olf Cre e k , th e  ratios of m e an  ovarian
foliide  num b e r are  1.8 1 for D. quadram acuiattrs:
D . m onticola and I.84 for D . m onticok  D . ocoee .
Th e  fe cundity ratios based  on  d eposited  ciucch -
e s are  sim ilarz  1.80 for D . q uadram acuiarus:  D .
m onticola  and I.89  for D . m onh ioia:  D . ocoee . Us-
ing th e  ratios of follicfe  counts, and assum ing
uniform  survival th rough  life , a 1-yr ste p in age
at first re production, and annuaI re productive
cycie s , th e  m e an annual survival rate  th at w ouid
yie Id  equaI &  is s * I,‘!.81 = 0.552 in  D . q uad -
ranz aculah u  and D . num h k o~ a and s = l/1.84 =
0.543 for D . m onticoia  and D . ocoee . Th ese  are
sim iiar to publish ed  sutival values  for D . ocoee
(Tilley, 19 80) and D . m unficoia  (Bruce, 19 9 5).
Com bin ing th e  suryival utim are s w ith  th e  ob-
se rved  fe cundity vaiu e s , w h e re  b /2 = daugh te rs
pe r ye ar, and basing age  at fxrst re production

OQ sk e le roch ronoiogical & m are s  (Castan et e t
al., 19 9 6), w ill yie id R,, vaiucs th at vary around
1.0 in ail th re e  spe cie s.

Give n  a constant fe cundity ratio, th e  re la-
tionsh ip b etw e e n  fe cundity (b) and age  at first
re production (a) is th e  e xpon ential fun& on, b
= ct?, w h e re  M is t.be  instantan eous m ortality
rate  ch at can  b e  calculated from  annual survival,
s = e -‘. Using k = I.64 as a com m on fe cundity
m ultiplie r yie lds s = I/k  = 0.543, and M =
0.610. Ifth e  succe ssive  value s of cz  are  3,6, and
7 r, th e n  b  = 0.723eOd1*
th e  W olf Cre e k asse m blag;.

approxim ate iy, for
Th e  ave rage  adult

fe m ale  life span can  b e  caiculaced  from  l/M  =
1.64 yr and is ide ntical for th e  th re e  spe cie s
under th e  assum ptions  of th e  m ode l.

In th e  sm all Cow eeta sam ple , th e  ovarian fol-
licie  ratios are  1.8 1 for D . quadram acuiatusz  D .
m onticoh ,  1.73 for D . m anticola: D . ocoec, and
1.86 for D . ow ec: D . wvigltfi. Not only are  th e s e

TABLE 3. &mxEunON  B- In-FOL AND In-SVL IN IND~ ~ ~ JAL  Sm OP Dam ognath ur. Analysis
re sn_iae d  to ch ose  samples  where  n > 5.

n r c P

wolf creek D.quadraJtun& uw gravid 13 0.016 -0.052 0.9 60
D. m o.ntiw ia,  gzw id 23 0.29 6 1.418 0.171
D.oaw e s  g& d 17 0.79 6 5.09 1 c 0.001
D.ocae r, brooding 29 0.09 8 - -0.510 0.614

cOW?ZCta D. m anticoro, pvid 8 0.79 5 3.206 0.018
D.acom e  gnvid 12 0.69 8 3.087 0.012
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re m ark abiy uniform , th ey  are  ve ry sim ilar to
th e  W olf Cre e k  ratios. Th e  follicle  ratio of th e
large st to th e  sm aile st spe cie s at Cow e e ta, D.
yuad~ anuzcuiah rs, D. vrigh ti, a th re e -ste p se -
quence , is 5.83, and 5.83*fi  = 1.80, w h ich  can
be  used  as th e  common fe cundity m uitiplie r at
Cow e e ta. Substit7Xion of th is value  in th e  e x-
pre ssions given above  yie lds estim ate s of m e an
annual survival. 5 = 0.536, and instantane ous
m ortality race , .M = 0.587.

DISCU~ SON

Bodpf;c variation _ -Explanations of variation
in body size in Destnognatius  h ave  often  b e en
fram e d in te rm s of rrade -offs  in re source  allo-
cation am ong th e  com pe ting proce sse s of
grow th , m aintenance , norage , and re produc-
tion. W osc inve stigations of th is k ind h ave  in-
volved  D. ocoe e  (TilIe y, 19 80; H orn. 19 88; Be r-
nardo, 19 9 4). An unde rlying th e m e  e m e rging
from  th e se  studie s  is ch at m aturation e ssentially
h alts grow th  in fe m ale s and th e reby lim its body
siz e  and siz e -re lated  fe cundity. Th us, th e  d e ci-
sion to m ature  at one  age  or th e  n e xt m ay de-
pend on e xtrinsic Ie veb of m ortality in-th e  e co-
syste m  in que stion and th e  probability oi sur-
vival to th e  n e xt ye ar. H ow e ve r, Be rnard0 ( 19 9 4)
sugge sz ed  th at th e  d iffe rence  in age  at m aturity
m ay derive  from  dif5e renciaI se le ction on body
siz e  itse lf or on e gg siz e  via corre lational s e k c-
tion on body s i z e.

For inte rspe cifk  variation in body s i z e , th e
s tand ard  e xplanation d e rive s  from  Tilley’s
(19 68) conje czure on th e  role  of predation in
re gulating desm ognath ine  populations, foI-
low ed by H airsron’s (19 86) e xpe rim ental dem -
onstration of inte rspe cific inte ractions in a four-
spe cie s asse m blage . Th e  e ssential e volutionary
intirpre tation_ is  th at allopatric spe ciation  re -
sults in som e  initial body-size  variation; re e sta- ’
blish m ent of contact le ads to pred & on  of th e
large r spe cie s on th e  sm alle r and, to a less er
d egre e , com pe tition fivoring th e  form e r; th e
sm alle r spe cie s sh ifts to m ore  te rre suiai  h abi-
tats, w h ich  for de sm ognath ine s are  pre sum ably
le ss  satis~ aory th an th e  th e ore ticaIly ance stral
aquatic h abitats; and th e  sm alle r spe cie s e volve s
adaptations co th e  n e w  h abitat_  A ccording to
th is argum e nt, predation and com pe tition,
th rough  th e ir e ffe cts on mortality and oth e r
dem ograph ic atuibute s, re pre sent th e  fict~ rs
re sponsible  for th e  e volution of th e  body-size
.gradient in Dcs nw gm ztAtrr (H airsron, 19 86).

Th is e xplanation sufFe rs from  th e  absence  of
re liable  survivorsh ip data. Organ’s (I 9 6 I) sur-
vivorsh ip curve s and life  table s w e re  based  on
th e  questiona&  inte rpre tation th at th e  five

spe cie s  h e  studied  ail re produced  initially at th e
sam e  age . O th e r survivonhip data deal wivifh sin-
gle species and are difficult to use com paradve ly
(Da~ ~ tedt, 19 73; Tille y, 19 80; & uce . 19 9 5).
H airston’s (19 86, 19 87) analysis assum e d th at
an e volutionary s h ift co te rre str+ h abitacs  by
th e  sm alle r specie s  im proved survival, but h is
e xpe rim ents w e re not des igned  co generate sur-
vival data for th e  four species  in question. For
e xam ple , it is not k now n w h eth e r survival of D.
ocoe e  is  low er th an ch ar of th e  large r D. m m ticoia
and  D. q uadram acdatus  b ecause the former is
eaten by th e  latte r tw o specie s  or higher than
th at of th e  large r speci e s  because D. ocoe e  has
s h Z te d  to safe r, m ore  te rre strial h abitats.

De m ograph y.-Th e  fe cundity d ata pre s e nte d
h e re in, coupk d  w ith  re ce nt, m ore  re liable  data
on body size  and  age  at first reproduction (Bruce.
19 9 3; Castanet e r al., 19 9 6), sugge st & at a close
link age  or sym m e try e xists am ong age  at first
re production, body s i z e , and fe cundity in de s -
m ognath ines. If th is re iacionsh ip  is tie d  to sim -
ilar survivai probabilities  am ong species, th en a
fixe d  re lationsh ip am ong life - h istory variabies
m a7 pre scrib e  th e  d i re ction of e volutionary
transform ations unde r a varie ty of s ele ctive  re -
gim e s. Be cause of ge ograph ic variation in body
s i z e  and  fe cundity, th e  paae m  m ay not b e  as
e vident in studies  w h e re  d ata from  diffe re nt
populations h ave  b e e n poole d  (e .g.. T& y,
19 68). Th e  vaiuable  table  of d e sm ognach ine  liie-
h istory data provided by Tilley and  Be rnard0
(19 9 3) sum m a& e s  fe cundity for a w id e  range
of specie s  and populations but doe s  not pe rm it
e valuation of Sym m e try re Iacionsh ips  in partic-
uIar as s em blage s. If e xte rnal m ortality drive s
th e  e volution of life  h istorie s  (Ste arns, 19 9 2;
Ch am ov, 19 9 3), and if m onalicy  varie s  geo-
graph icaily, th en it is at th e  local level th at sym -
m e try w ill b e  d ete cte d .

Th e  d e m ograph ic argum e nt offe re d  h e re in
assum es uniform  s i z e - specific survivorsh ip and
fe cundity sch e d ule s  across specie s  boundarie s.
Th e  th e ore tical basis of th e  argum e nt is th e
ob s e rvation of re lative  m orph ological unifor-
m ity am ong d e sm ognath ines  (Sw e e t, 19 73,
19 80). Th is le ads  to th e  proposition th at m or-
ph ological uniform ity h as pre scrib e d  a com m on
set of intrinsic sunrival and  fecundity sch edules.
A d justm e nts in body s i z e , e volved in respons e
to various e nvironm e ntal fact0.n. axid  accom -
pliih e d  b7 s h ifts in age  at first re production.
provide  acce s s  to th e s e  sch e d ule s. Th e  obje ct
of se le ction is body  si& e c; b ecause of th e  invari-
ante  in dem ograph ic param e te rs, a ch ange  in
siz e  can be  attained  w ith out a cost in fitness
th rough  ch ange  in age  at first rcproducxion-
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Th e re  are  s eve ral difiicultie s  w ith  th e  m od e l.
O ne  involve s  egg s i z e  and  h acch ling siz e . Vari-
ation in e gg s ize  influe nce s  larval grow th  and
m e tam orph osis in salam and e rs (Kaplan, 19 80.
19 85). Th e  pre s e nt m od e l tre ats  individual e ggs
as e q uivale nt across specie s , w h e re as in re ality
th ey vary in siz e . Th us a com parison of e gg
num b e r doe s  not pre cis ely re fi e ct difFe rence s  in
re productive  allocation, inasm uch  as clutch  vol-
um e  is a product of e gg volum e  and num b e r.

Se cond. rigorous application of th e  m od e l re -
q uire s  th at pre -  and posunaturational survival
e ach  b e  constant and  e q ual am ong specie s  of a
give n as s em blage . Th is is unlik e ly. Ne ve rth e -
les s , th e  basic argum e nt doe s  not re q uire  d e -
m ograph ic identity, just a h igh  d e gre e  of sim -
ilarity.

Se fe ctir  facturs. -If th e  principal obje ct of s e -
le ction in D e m rognath us  is  body s i z e. th e n w h at
are  th e  s ele ctive  factors? Th e  traditional e xpla-
nation is th at th e  range s  of body s i z e s  and  life
h istorie s  are  products of sm alle r specie s  be ing
ouste d  from  favore d  aq uatic h abitats by unfa-
vorable  d e m ograph ic e nvironm e nts th at d e rive
from  inte ractions w ith  large r conge ne rs  (H air-
ston. 19 86). My exte nsion of th is m od e 1 is bas ed
on th e  pre m i s e  th at m orph ologicaliy  sim ilar
specie s  s h are  a com m on s et of respons e s  to th e
opportunitie s  afforded  by  th e  re source  gradient
of A ppalach ian e cosyste m s. Th e  e volution of
body s i z e  i s  s e en as an active  proce s s  drive n by
positive  s ele ction in respons e  to une xploite d  re -
source s  of a rich  e nvironm e nt.

Resource  variable s  th at sure ly h ave  contrib -
ute d  to th e  d ive rsification of d e sm ognath ine s
are  th e  com position of th e  substratum  and sub-
s tratum  partid e  s i z e. Sch w e nk  and  W ak e i
(19 9 3) functional-m orph ologic analysis sh ow e d
th at s eve ral of th e  s k e 1etom uscular  synapom or-
phia of d e sm ognath ines are  adaptations to h e ad-
first burrow ing involving cre vice  w idening
th rough  dorsove ntral w e d ging of th e  h e ad. L
sugge st th at large r specie s  are  adapte d  co th e
large  rock s found  w ith in th e  stre am  boundary;
m iddle- s i z e  specie s  to th e  sm alle r rock s and
grave 1 of th e  stre am bank ; and sm alle r specie s
to w ood, le ave s , and m oss of th e  fore st floor.
Se ve ral e xpe rim e nts on h abitat ch oice  in a va-
rie ty of d e s m ognath ine s  h ave  d e m onsvate d
th e s e  re lationsh ips (Krzysi k  and Mille r, 19 79 ;
Carr and : Taylor, 19 85; South e rland,  19 86).

Furth e r re solu& en  and sum m ury.-Som e  as s em -
blage s  of d e sm ognath ina  contain tw o or m ore
species  of sim i1ar  body s i z e  and  life  h istory. Such
e cological analogua are  usually found in e co-
syste m s w h e re  pre cipitation is h igh  and  th e

m oisture  gradient is particularly w ide. O ne  e x-
am ple  is D. mannoratus  and  D. quadramacuiatus,
which coexist in num e rous w ate rsh e ds,  with the
latte r being som e w h at m ore ,. te rre strial. De s -
m ognarh us  m&o& and  D. ficus toe_xist  at som e
localitie s , particularly in th e  ce ntral A ppalach i-
ans w h e re  th e  large r aq uatic form s are  absent
(e .g., Krzysi k , 19 79 ). In th e  Gre at Sm ok y Moun-
tains, th e re  are  com ple x patte rns of e cological
overlap of th e s im ilar- s i z ed  D. imitator, D. acoee,
and  D. s antdah  (Tilley, 19 8 1). Th e  tw o te r-
re strial specie s , D. aeww and  D. kghti,  coe xist
in th e  south e rn Nam ah ala  Mountains, re pre -
s enting th e  m ost m es ic e cosyste m  in th e  A p
palach ians  (Bruce , 19 9  1). If th e  occurre nce  of
e cologic4 analogues  i s  explainable  on th e  basis
of th e  b readth  and  rich ne s s  of th e  re source  bas e ,
th e ir coexistence in no w ay invalidates  th e  m od -
e l of adaptive  radiation pre s e nte d  h e re in.

Invariant re lationsh ips am ong age  at first re -
production, adult bodY s i z e , fe cundity, and sur-
vival in desm ognath ine s  w ould re pre s e nt life -
h istory sym m etry  (Ch am ov, 19 9 3). Unlik e  m ost
instance s  of sym m e try, w h e re  th e  unde rlying
cause is unk now n, th e  causal factor in d e sm og-
nath ines  m ay be  th e  m orph ological constraint
im posed  by th e  uniq ue  s et of feed ing/burrow -
ing synapom orph ie s. A  te st of th e  m od e 1 w ill
re q uire  a m ore  intensive  investigation of life
h is torie s  in an e xpand ed  s et of as s em blage s  e n-
com passing a gre ate r varie ty of specie s  th an oc-
curs at W olf Creek and  Cow e e ra.

I th ank  N. H airston  Sr.. S. Tille y, and  D .
W nEk p for valuable  critiq ue s  of th e  m anuscript.
Pe rm ission from  th e  USD A  Fore st Se rvice  to
sam ple  at Cow e e ta H ydrologic Laboratory is
grace fully ack now le d ge d . W e s te rn Carolina
Unive rsity h as ge ne rously provided  acces s  co
th e  W olf Cre e k  Biology  Pre s e rve  ove r m any
Y-.
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