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INTRODUCTION

In ordcr to cXist cndothcrlnic vcrtcbrates 1】 1ust usc cncrgy.  
·
rhc c。 nscqucnce of this ls that

thcy must find and proccss cncrgy.Thcsc statcmcnts, by thcmsclvcs,arC rather tautologica1.

I-】 o、vcvcr, thc study of accurnulation and allocation oF cncrgy as it rclatcs to liInits on lifc

history tactics is valuablc, for it gives us insights into what ani】 nals 。an and cannot d。 and
ho私` thcy arc limitcd in 、vhcn ccrtain activitics can occur.  It is 、vc11 kno环 `n that inost Vcrtc-

bratcs which livc· in scasonal cnvironnncnts sllch as high, alpinc, mcadow ccosystcms do not

brccd continuously nor arc thcir food sourccs honaogencOus throughout thc ycar.  It has bccll

suggcstcd by Go1dbcrg ct a1. (1980) that certain sorts of 】】o1t pattcrns do not occur siⅡ lultan-

cOusly with brceding in bcach voles, a· r氵 c'。
```J 

莎/白 ,‘,.'/扌 . 
·
rhcsc 。bscrvations suggcst tllat thc ab~

ility of small lnammals to accumulate cncrgy and allocatc that cncrgy to rcprodu。 ti。 n(fitncss)

is limitcd and ccrtain othcr cncrgy~rcqutring procsscs (c· g, n】 olt or growtb) cannot ocClir

v.,hen reproduction Occurs or vicc vcrsa.  stcnsCth et a1. (1980) havc dcvclopcd a lnodcl with

which they suggcst that cncrgy inay linit rcproduction in small lnainmals, Thus thcre i$

an underlying tcnct in small nlanan1al ccol。 gv that thc ability to accunlulatc cncrgy and thc

avcnues of allocation arc iⅡ lportant in dctcrmining 飞vhtt spccics can 1iVc 、vhcre, 、vhcn that

spccics can brcCd, how n1any young it can prducc and thcse n】 ay bc tied to various life his-

tory paramctcrs such as food habits(M∶ 。Nab,1980;1986).

F.or thcsc rcasons cncrgctics has bccn an ijmportant part of thc study of slnall nlalurnal cc-

ology (Grodzinski and `Vundcr, 1975),  
·
rhis is particularly truc for hcrbivorcs,   

·
I·hcy cat

foods 、vhich arc less encrgyy derlsc than thosc of carnivorcs and foods which arc gencrally

lllorc difficult to digcst.  .A~lso, thc qua1ity and abundancc of thcir food wi11 vary scasonallv.

plants grOw in su1nrncr and die back in fall and 、vintcr, translocating nutricnts to roots (scc

、Vurlder ct a1., 1977).

Much oF what I 、̀
i11 discu‘

s in this paper is lilnitcd to sn】 all hcrbivorcs.  I do this bc-

causc 1,,ost of the data I havc is lin1itcd to such fornˉ ls and bcCause I fccl thcy arc lil△ itcd

R.unnin8. Head: 1|iorpho~physiological 【ndicators
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nlorc by cnCrgctics for thc rcasons l havc lust listcd,
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F ig.1 A conceptual model。 f energy balance fof a small illammal indicaong a
priority cascade for energy allocation. Lines represent both total energy flow and

iatc functions(fr。 血 晒′under,1978a,with permissoon). Abbreviations a△ e: BiMR,

ba恩 al luetabolisin; N· sT, nonshivering thermogenesis; Evap, evaporation; assi 11,
assiBlilation.
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In ordcr to discuss how small hcrbivorcs might niake adjustmcnts in their balance of cn-

crgy accunlulatio】∶l and allocation in ordcr to n△ cct diffcrcnt strcssors in thcir cnvironlucnts,

it is valuablc to considcr thc pathlvays for balancc.  F.or that rcason I prcscnt a dcscriptivc

m.odcl whlch 1 havc discusscd bcfore(Wunder,1978a). (Fig.1). ThC thCsis is quitc s1m.plc.

Thc a1△ ount of cncrgy cxpcndcd by a sina11 hcr班 vore must equal 扛hat atc1】△ulaocd or the

aⅡmlal will cither: 1)hCat^or coo【  (imbalancc of thcrmal cncrgy)or.· 2)fattCn or star、呛(im-

balancc of chcnaical cncrgv).  I dcDict thc energv flow as a cascadc because I fccl that srnall

homeothcrms must all()catc cIlcrgy to d△ f望crent proCcsscs in a priority fasbion  (Ⅵ ′undcr,

1978a). If they do not ther1norcgulate,thcy can do nothirlg clsc as thcy canilot behavc.  se-

condly, thCy n1ust gathcr cncrgy by fccding as this is thc fccdback to balancc thcir nceds.

Whcn thosc first two nccds arc inct then thcy can do othcr tllings. I suggcst that whcn sucll

a balance cantlot bc inct or is tcnuous they cannot brccd; aIld,hcncc, tirniIlg for rcproduction

is liinitcd.  `V· e know tbat incrcascd nccds for thcrmorcgulation and/or rcproduction 、vill drivc

Brcedincl
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Costs up and 1】 cncc ncccssitatc that the anllilals gathcr rnorc cncrgy pcr unit tilη .c, draw· upoJ1

stores of chcn】 ical encrgy or both,

In order to iuect incrcascd Cncrgy dctllands sinall hcrbivorcs nlust accunlulate inorc encr-

gy. 
·

`Vc ccologists tend to think of food accuI11uItion as a proccss which consists prin】

arilv of

finding and handling food. 
·
rhis usually 111cans gctting food to the mouth.  I-Iowcvcr, in her-

bivorcs, espccially thosc wllich fccd on 1naterial with substantial cell 
、vall co1】.ponent, diges~

tion may bc limiting(DC1nent and Van socst,1985; Ⅵ/undcr,1985; Ⅵ7hitc,1978).

It is well known to anilua1 scicntists that hCrbivorcs 
、vbich feed upon lcafy vegctation tcnd

t。 kccp the gut full proccssing that hard-to-digcst food 〈′.ran socst et a1., 1983).  It is also

known that digcstibility is rclated to how long food is kept in thc gut (rCtention timc). If

cncrgy nccds incrcasc, that l△ lcans 111orC food lnust bc proccssCd through thc gut pcr unit tillle.

If gut sizC rcmains constant, thc rctcntion til△ nc lllay dccrcasc and; hencc,  digcstibility could

dccrcasc reducing the nct cncrgy gaincd pcr 1】 nit tinle 〈sibly,1981; `Vundcr,1985). 
·
rhc lilnits

to passagc ratCs 0I n1aterial through thc gut and factors 
、vhiCh affcct those ratcs arc discllssC0

by W·arncr (1981).  R.Cccntly it has becn follnd that gut sizc of s1)lall birds (rcviC$′
Cd in si-

1)ly,1981)and mamma1s(Gross Ct al,1085)changCs i11 rcsponsc to nCCd.

APPLICAT【 ON

Givcn this bricf ovcrvicw of cncrgy l`alancc in small herbivorcs it is frustra0ng tllat wc

havc fc`冫 insights and cvcn fc、 vcr data on how such fornls actually intcrprct that 、vorld in

which thcy opcratc.During wintcr we presumc thcy are cold strcsssCd and must spcnd cxtra

cncrgy on thcrmorcgulation. Wc presumc tbCy rnust cat dcad vcgctation with relative high

cc11 、va11 contcnt and rnust spCnd longcr to digest it.  I-IO、 vcvcr ,WC havc fc涵 7 data to substan-

tiatc thcsc suppositions.  
·
rhat it is cold is indicated by thc fact that insulation usua11y changcs

scasona11y (Irving, 1964; Bartholo】 ncw, 1977; 
ˉ
职′undcr, 1984).  But 、vith such changes in in-

sulation to buffcr thc aninnals against a cold cnvironnncnt wc do not actually kn()w thal thcy

n△ust continuously cxpcnd.cxtra cncrgy on tllcrnloregulation.  'r1】 c insulation alonc may coun-

teract the cold.  'rhcrc arc feⅥ ` nlcasurclncnts of Cncrgy expcnditiurc by anitoals in thc ficld,

Probably thc b· cst arc thosC of Nagy (1985a, b), but hc has not Iookcd at scasonal pattcrns or

aninaals found in cold, high alpinc arcas.

ovcr thc past 10 ycars I havc studiCd thc ways in which sma11 herbivorcs adiust to sCasonal

cIlvironln.cnts.  1 haVc bccn Partictllarly interestcd in how sn△
a11 maⅡ ln△als can. changc tlleir

capacity for hcat production and what cucing rnCchanisnls arc involved   (`Vunder,   1979;

1984);and,nlorc rcccntly,in how thcy changc gut sizc to allow for assintlatin of m.orc cnCr-

gy froin thc sinall intcstinc per unit tim.c Or for il△ orc fcrincntation of plant cc11 wall in thc

c aecu9】 1 pcr unit timc(Gross ct a1.,1985),bluch of this.rcccnt work is now in prcss or in

thc proccss of publication and I `】11 drav` hcavily upon it.  I)uring thcsc studics it occured

to mc that it 、votI1d bC Valuablc to havc solr1~c lneasurcs of how sinall hcrbivorcs aCtuallV interˉ

pret thc world in 、vhich they livc and hoⅥ `thcy rcspond to tllat 
、vor1d.

shvarts (1975〉 , ′70r。 ntsoV (1967) and B.ashcnina (1984) havC pioncercd in thc usc ol

l1△ orphophysio1ogical characteristics to indicate lvhat sort of habitat anilmals 1oay bc adapted

to and to somc cXtCnt hoW thosc ani1△1als adjust to cCrtain Cnvironmcntal strcssors. s0mc of tllc

indicators thCy havc uscd allo、 v ccrtain insIghts into thC cncrgy states of stma11 rnaⅡ lrnals. R压 ore

rcccntly schicck and Millar(1985)building on Carlicr studics of (GollCy,1960; Vorontsov,

1967;Barry,1977)have shown that vari。 us measures of the guts of sn】 all l△lammals can bc

used to cstitnatc food habits.  Iˉ Io、'ever, tlley do not talk about ho、v  thcsc n1ight changc in

· 37 ·

●
■
■
■
一



rclation to nccd.  I |prcsent sOIllc ncⅥ
` 11】orpllophvsiological indicators bclo职

`.

lMIETHODs

Most of tllc d.ata ūscd in this papcr colllc from thc literaturc Or papcrs in tllc proccss

of publication.  Pika (oc乃 oz口
`z日

 pr氵″rc/’‘
·
) wCre collcctcd fron△  Lovcland Pass, Clear Crcck

County,Co1orado. To samplc For brown fat,four animals werc c。
llcctcd by shotgun in JanuⅡ

ary 1981. Tw。 anirnals wcre collcctcd tn `farch 1981;and two wcrc c。 llcctcd in Dccembcr
1982. Four werc colleCtcd alivc using·

I′omahaw· k livc traps in spctcR1bcr 1982.  ·
rhcy 、vcrc

kcpt in thc lab at 23° 〈D in individual cagcs。 r n atural photopcriod givcn watc1·  and fo。 d 口('·

`J沙
``〃 `″

..Foo(i consistcd of rabbit chow and lnatcrial from thcir hay pilcs. I·
1owcver when

cold accliinated, the “
hay’

’ had run 。ut and tIlcy 、vcrc givcn grass clippings   (bluegrass)
froi△  iny law n.  ar氵 r/。

`彦`f oc乃
/(9g四J`c/ WcrC Captured ncar 【-】 orsctooth R.cservoir, Lari∶ △lcr Co~

unty,Colorado.For studics of nonsbivcring tllcrnlogcnCsis (Nˉ
ST) tItc volcs wcrc  trappcd

ovcrnight. Mcasurcs oF basa1 1】etabolism(BIMR)wcrC madc the day of capture as in Wun-
dcr ct a1.(1977).N· sT was n△ casurcd thc ncxt day (as in 、7undcr,1984) in animals wllich

had nlaintaincd body naass overnight (indicating tllcy 、vcrc cating and drinking).  T′ hcsc san△ c
aniinals ·wcrc thcn sacrificcd for studics oF gut 1ˉ norphology in thc January 1984 and stay
1984 san)plcs.  ·

I·hus, thcy had bccn cating rodcnt lab cho、 v in thc lab for onc day.  Gut mca~.
surcmcnts wcrc madc as in Cr邻 s ct a1.(1985).△r.。 c乃 /。g口了

`矽

r under in thc studies of thc cf~
fects of lactation 。n gut sizc 、̀ erc all born and raiscd in thc lab.  

·
I·hcy 、vcrc hcld at 12° (C

(becausc it is rcportcd that thcy brccd bcst in thc lab at that TA), givcn a 1△
i* of horsc chow

and rat chow pcllcts and 、vatcr c″
·

``乃
`````,7.  

·
1·hCy had cotton for ncsts. Expcrinlcntal aninlals

had lit· cr sizcs adjustcd to thrcc young at birth and 、vcrc allo、 vcd t。  continuc lactation t°
day 14.  C。ntrols wcnt through pregnancy but babics 

、vcrc ren】 oved at birth.  Virgins ha(.i
ncvcr brcd.  since alr. oc乃 厂0gcf`召r has a post partunl cstrus son1c of thc controls and cxpc-
rin1entals were also prcgnant.  Iˉ iolvcvcr, therc did not appcar to l)c any cffcct of pregnancy
on gut n1casurcnlcnts.

REsULTs AND DIscussION
As indicatcd in figure l,whcn a srnall,nonhibcrnating marnmal is faccd with a c。

ld
cnvironmcnt it must mαiify that thermal environmcnt to rcducc thc cold exposurc(microcn~

vironmcnt or insulation) 。r incrcasc its thcrnlogcncsis to maintain body  tcmpcraturc  (T:).
one way to incrcasc thcrna.ogcncsis is to incrcase basal mctabolisln (Bλ

在R) but that is cx~
pcnsivc becausc cncrgy cxl)enditurc is incrcascd c。

ntinuously cvcn if thc aninnal arc in thcr-
moncutrality.Anothcr mcans of increascd thcrm。 gcncsis is nonshivcring thcrmogcncsis(NsT).

`Vith this nlodc 
。f thcrinogcnsis thc,aninlal cx pcnds cxtra cncrgy only lvllcn cold.cxposc(1

and thcn in a rllost cfficicnt tnanncr,

Belo、' l discuss scvcral morphophysi。 l。gical parann.ctcrs 、vhich can bc tscd to dcfinc tllc
cnergy stress state of a small,herbivorous lnamma1.Thcsc arci 1)BMR,2)NST,3)statc of

brown fat, 4)gut sizc paramctcrs.At prcsent it is difficult t。
quantify thc rclation of cach

of thcsc to an cnergy statc.  H。 wcvcr, with spccific data for a particular spccics this I。
aybccomc possiblc.

Bagal Metabolic Rate
It is wcll known that BMR of small mammals incrcascs fo110wing cold acclimation(Ⅵ

′cb-stCr, 1974; 、Vundcr, 1979).  IE∶ arlicr litcraturc indicatcd 。r implicd that this is a consistcnt re~
sponsc to c。ld eXposurc (`Vcbstcr,1974).I· iowcvcr,wc (`Vunder,Gettingcr and scidcl,un-
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ACCLImATION cONDIT】 0N

F ig. 2  ^~-← B Metabolic response to iniection 。F norepinephrine by prairie voles~

under accliination condition,thc letter iefers to animals caught in summer(s)

or winter(Ⅵ′)and the number to thc tempefature to Which they were acclimated(°
C).

pb1.obs.)have rcccntly found that BMR does not always incrcasc in all spccics of small forms

follo、ving cold acclinnation.  At first we tho1】ght this corrclatcd to whcther thcy atc cncrgy

dcnsc (carniv° rc, on△ nivorc) or cnCrgy dilute (hcrbivorc) food·   IBut that rclation is not clcar.

`Vundcr ct a1., (1977〉
 dCm。 nstratcd that BlMR of ar.口σ乃/og“

``r incrcascd fo11owing Gold
cxposurc and may incrcase in wintcr.  Ho、 vcvcr, this varics fron1 ycar to ycar and sccnls to

Corrclate to wcathcr conditions (Wundcr, 1978b),  In any case, it scenls safe to concludc th.at

if BlˇIR~is incrcascd, thc sFua11 1△ 1anarnal bas bccn cold cxposcd, Although cold cxposurc does

not always causc an incrcasc in Bλ 亻R. Othcr factors can influcncc B′
.IR (WundCr 1979), so

onc must bc sorncwhat cautious in using this paran1ctcr to indicatc cold exposurc.

Nonshivering· rberlm.ogenegig and lBro`w.n Fat

lt is fairly wcll cstablishcd that as acclimation tclnpcraturc 〈T的) dccrcascs thc NST ca-

pacity of sma11 mammals incrcascs(Jansky,1973).Thus,it sccms reasonablc to conCludC that

aninlals 、vith incrcascd Ns· I·  ovcr their 
“
contro1”  1cvcls havc bccn cold cxposcd.  I-Io、 vcvcr,

thcrc are solη .c cC)1△1pliCati。ns with a rccentlv dCscribcd phcno111enon Callcd dict induccd thcrˉ

· 39 ·



250 BAT∶  VACUOLE DENsITY
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F· ig. 3  1)ensity of fat vacuoles in cells of intrascapular bro△
`】
1  adiposc  tissue

takeIl fronl Prairie voles. .A.cclinlation conditions are as dcscribcd for figure 2.
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nnogcncsis— RothwCll and stock, 1979.   
·
rhc rclation bc“vccn 

·
ra。 and 

ˉ
NS· I·  Ilas only bcen

quantitativcly shown in a fcw spccics (rats,·lansky ct a1.,1967; whitc mice, ``rcisnar and

Jansky, 1971; f)矽 /o`,`.ysr``‘  `矽
``cop· ``‘

, I..yncll, 1973; goldcn han△ stCrs, Vybiral ct a1., 1975;ar|cr。 ~

.```s oC乃 /ogas`召
', sf`刀

@ヵ 日″″
·
Wundcr, unpb1. obs.  and figurc 2),  ·

I·hcsc studics show that

onc rnust Calibratc thc rclation for individual spccics to find tcnlpcraturcs bclo、 v which furthcr

cold cxl)osurc clicits no grcatcr NS1·
·
 rcsponsc and~ to (icfin.e thc corrclation  relationships.

Howcvcr, givcn.sucll calibrations, onc should.hc ablc to usc Ns· r valucs t。  cstinlatc 
·
rac and

vicc vcrsa,  For field biologists thc meastlrcn】 cnt of NS1·
·
 in frcshly caught anirnals could

bc uscd as a gauge to thcir ficld cxposurc tciilpcraturc. since brown adiposc tissuc(BAT)is

thc n1ajor sitc of Nˉ ST (F° stCr and Frydman,1978), onc might prcdict that somc aspcct of

BAT inight also bc 1-‘ cd as an indictor of thcrmal challcngc in small mammals,  scveral

componcnts of BAT changc following cold acclimation.Thc ainount of BAT inay bc incre~

ascd,its histology n1ay changc fronil a unilcrular statc to a lnuItilocular statc (Tarkkoncn,

1970)and its biochcluistry inay changc(Cannon ct a1.,1981;Nicllols and Lockc,1984).Thus

onc could usc BAT as an indicator of thcrmal challcngc. Thc BAT statc may bc a bit more

complcx than NST as wc known that inass changcs do not always corrclatc with NsT。 apacity
(HCldmaicr ct a1,,1982;pcrsonal obs.).HowCver,in prairic volcs wc find that BAT vacuolc

dcnsity corrclates fairly wc11 with ·r^。 and is not affcctcd by scas。 n; although therc is a tcn~

dcncy to fcwer vacuolcs in anin】 als tcstcd in Wintcr comparcd to summcr (simon and`Vun-

dcr,llnpb1,obs.-fig.3).

Various factors other than tempcraturc lnay affect thc BAT and NST capacity oF sn△
all

hcrbivorcs.  IFor cxamplc photoperiod, norepincphrinc Or thyroxinc inicctions  and dict nnay

causc increascs in NS· r in addition to 
·
I′前 (scc ′Vundcr, 1979 and 1985).  Thus onc should

bc cautious to sort thcsc cFfccts out.

sincc wc know that the prcsencc of BAT and incrcascd 1cvels of NsT indicatc low tcm-
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peraturc exposure in small m3mmals and thcir abscncc Or teduccd valucs indic祭 c littlC°r

no thcrn· lal strcss,w·hat do w· c find in ficld catlght anim.alsP Rclatively fcw· such· data cxist.

Didow and iHayward(1969)rcportcd that,BAT imass was highcst during wintcd in ficld caˉ

ught meadow volcs(ar.Pc刀弼

'`″

口刀:c9`‘ ). And Aleksluk (1971) rcportcd similar results for

rcd squirrcls (T四 仍jcsr,“ r″f乃″
'‘

。″氵c″s). I'ynch (1973) reported that in whitc亻 ooted mice

(P饣
'口

″9夕fr“‘ J召 9‘co`臼‘) Ns△
·
 incrcascd in fa11 and rem。△】cd reasonably bigh in winter decreˉ

asing again in sprinRsuInmer. ,· rhis c。rrc18ted rcasonablv well wih the cffects found fo11o¨

wing cold Ta.in thc lab. Fcist and Rosenm.ann(1976〉 △0mparcd′小于sT valucs fo。 rcd backed

volcs 〈C`c汤汀o″口仞ys rr9i`” )caught in summer and winter wlh lab acclimatcd animals.Th〈 ,

found that NST was bighcst in wi11tcr compared to sun1· ilcr and the ficld《 aught anitnls llad

valucs cqual to or igher than th()sc acclimated to 5°C in thc lab(Tabl。 l), Thus one can

conclude that Alaskan red-backcd voles arc, indCCd, cold cxposcd in winter, 
∶Merritt (1986)

also rcpon.s that Ns·r in sh。rtiailcd shrcws (1’J口

'氵

,,口 沙rov|c口″

'口

) capturCd in i Pennsylvania

is higher iil winter than in sumIncr.  But he doCs not rcport lab acclilnation data.  Wc can

now add data for prairic volcs and pika (or乃 。′口″cp/;勿 c矽p‘
)·
 WC havc studicd Ns· r in pra~

Table I Iu.etab。 Iic IRo● poose of sn311 matn:。3【 t to lNorepi口op△ rinc)FoI【 owing

Tooperatoro ACdII口 otoo or seBBOIni^eClim亦 口olio::

sI,ccies

NE Response1 Acclination

Warn△ Cold
`Vintcr

Clethrionoiiys futiluss

Pefo.nlyscus le11copijs‘

Phodopus sungorus’

~【 icrotus oChrogaster‘

7· 4(20)么

4  (26)

6.5(23)

4· l(23)

1I.5(5)

8 (5)

1I· 5(10)

5· 8(5)

ls.7

8

13.3

3.5

summer

6,8

4

2,‘

1.Values given are ml o`(g· h)^1·

2.Number in parentheses is acolimation temperatures(℃ i),

3.Feist and Rosenmann(1976).
4.△ ynch(1973)· values fiom.a giaph,

5,Held且 aier et a1.(1982)·  Wintcr anirnals wefe beld in cages outside.

6. `Vunder (unpb1. obs,).

iric vo1cs botll in the lab and in thc ficld for scvCral ycars and find、
vhat 、̀

c Originally thougllt

was a ph0topcriod cffcct (`VundCr, 1984)and now rcalizc is an cndogcnous rhythn△
(lW·un~

der,1985). In any casc、 ⒎hat、vc find in tllc lab is thc following. NST valucs arc low in fall,

incrcasc to pCak in 、̀intcr and dCcrcasc in spring (fig·
 4)·  whCn wc co11cct△ r. 。c万/ogct`C`

froⅡ1 thc field, mcasurc BNIR.thc day of cal)turC and NS·
r·  onc day latcr as in VV.undcr

(1984),wC find rcsults as in figurc 4(Ⅵ
/undcr,Ratph,Arno1d,unpb1.obs.).Onc striking

conc1usion can bc drawn. The N· sT rcsponsc of ficld-caught anilrlals in Inid-wintcr is lowcr

than that of anin1als acclin1atcd to 23° C) in thc lab.  
·
I· his could t)c duc to any of nlanv rc。

asons but the ilnost likely arc: l) V· olCs may bC strcssCd in thc lab and nevCr adjust to it.TIlus

thcy sccrctc high lcvels of NE and stimulatc BAT and NST.2) ThC animals dcvclop morc

BA·r 、vhcn given a go。 d dict in the lab, sho· 呐̀ing 、vhat nutriti0nists call dict-induccd thcrmoˉ

gcncsis (RothwCll and stock, 1979), 3) T1】 e volcs arc not CxposCd to lol″ tclnpcrattlre during

thc wintcr in thC field, I would arguc against非
|l sincc wc havc now studicd scvcral spccies

and havc lookcd at the allomctry of thcir iNST rcsponsc.  ThC allornctry corrclation is qu△
e

good.  If nauch of the NST rcsponsc wcrc duc to 
“

strCss’
’ I WOuId cxpCct much variation

bet、vccn specics sincc therc should bc sOI△ c variatioIl in thc rcspoIlse of anirnals to thc lab. 1叭
nd
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MONTH
F ig.4 N· onshivering thcrmogeni。 response (rc;ponse to NE-BbiR) of prairic volcs held
in thc 1:b at 23℃  (shaded triangles) or hcld in cages outside (unshaded triangles) 3s
inWundcr(1984)· shaded circles indicate values for voles capturcd in thc fieId at diffcrent

tiiiles of yeay(1cue灬 indicate nontbs。 F thc year).Nunbers (81 or 82) rcfer to thc year

of Iileasurcmcnt.

lab animals(rats,micc and hamstcrs) fit thc allomctry quitc wcl1. Thcy sb。
uId bc adiustCd

to laboratory circunlstances,  Nurnbcr t、 vo is possible but unknown; and if a factor, thcn it

must add to thc △
′

^ cffcct producing a higltcr thcrn】 ogcnesis than 1·A 、̀ould alonc (see thc
platcau cffcct in figurc 2 with animals 。n cllow and low T。 。in thc lab).Thc last factor sc~
cnas thc ntost plausiblc and is yct countcr to our intuitive fccl 

。f what thcsc aninlals should
bc cxpcricncing in wintcr. McasurcIncIlts of Inctabolism in thc ficld in wintcr and summcr

should bc nladc using radi。 isot。 pcs,

Pika (o. Pri″ rc`,) also livc in cold macrocnvironmcnts in Colorado.Onc population

is rcasonably casy to rcach in st△ △1mcr and 、vintcr.  
·
rhcsc pika livc at about 12,oo0 fcct clcvaˉ

tion near I.ovcland Pass, Clear Crcek County, C)o1orado.  Wc have shot aninlals in 
、vintcr

to sanlplc for BA.r.  Four aniFnals collcctcd in January 1981 showcd no BA1· ′
 upon dissec~

tion. Two animals collcctcd by shotgun in Miarch 1981 als。  had no BAT, At thosc tinlcs
tlle aninlals had lots of sno`` c。 vcr and only canle out on to rocks or thc snow surfacc for
short p·criods cach day and thcn only in 1ow numbcrs. F.ollowing thosc dissections I had con-

cludcd that pika may not dcvelop BAT sincc w· c had f° und nonc in Inid、 vintcr,  I-Iow.cvcr, it
、vas puzzling that this tissue can bc found in other Lagon)orpha but not in thcsc prirnitivc for-

ms.  ·rhus in scptclη ber 1982 I collectcd four livc pika from this sa∶
m.c site.  

ˉ
upon rcturn to

thc lab I 1】 lcasurcd BlˇIR and injccted the anilnals 、vith norcpincphrinc (0· 4m.g/Kg, a dose
takcn from our allomα ric rclationship cliciting highcst mctabolism in small mammals).

△.herc was no inctabolic rcsponse to norcpincphrinc.  I thcn cold (5。
C) acclirnatcd thc pika

for 14 days.  
·
rhcy arc hard to kccp alivc in thc lab and oIlc dicd bcf。

rc 、̀c started cold
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.acclimation. Onc morc died during cold acclimation.Onc dicd during thc sccond BMR(lc-

tcrnlination, thus I could tcst for NS· r in 。nly onc aninla1.  Nonctheless it showcd a strong

NST rcsponsc f。 llowing thc NE inicction (2,46 Inl o2( gh)^l for a 15【 g pika). It alld tllc

anirnal which died during acclimation were disscctcd and showed high levcls of BAT.l colˉ

lcctcd onc nlorc pika from thc ficld in Dccernl)Cf 1982, It showcd lots。 f BAT.That ycar

、vc llad no goo(I snow coyCr at Lovcland Pass by Dcccrnbcr.  
·
rllus it appcals that pika cdIl,

indccd, forn△ and usc BA1· but only do so、 ȟCn Cold cxposcd.  In fall wllcn it is col(l tllcy

Inay use the tissuc but oncc sno、 V arrivcs and insulatcs their habitat and dens thcy losc thc BA· r

-as they arc living in an cffcctively warm cnvitronrneIlt.  I-Io`vcver, thcy arc 、vcll insulalcd

and havc incrcascd BMR cvcn aftcr living ill thc lab (MiacArthur and Wang, 1973).

Energy Acqulsition and Gut MOrp△ ology

lt has long bccn known that gut morphology of snlall lllalllmals can L)e rclatcd lo foo(】

llabis (Davis and Colley,1963; VorontsoV,1967).EvCn morc rcccntly schicck and Mil△ lr

〈1985) drcw conclusions about thc rclationship bctwccn gut naorphology and food habits of

isInall n1an-lrnals showing that herbivores tend to have longcr hind guts and largcr cacCa.  I● a-

nsson (1985) found that C`召
``,氵

氵(,`,臼 ,:ys gJ日
'co```‘

 fron1 northcrn sw.cdcn cat a morc cncrgy

'd.ilutc dict than thosc in the south and havc corrcspondingly largcr guts.  Most of thcsc sttldics

assunlc that gut size is rclatively fixcd or do not considcr ho砜 ` gut sizc llligllt changc se~

asonally,  Although HaIlsson (1985) did look at potcIltial changcs and thc cffccts of gcnctic
.background on thosc changcs.

Aniinal scicntists and sornc ccologists havc long kno、 vn tbat gut naorphology nlay

Cllangc i】 l rclation to nccd and/or fibCr contcnt in tllc dict (sibly, 1981).  Morc rcccntly

wc d()cumcnted how thcsc strcssors affcct gut sizc in prairic vol“  (Gross Ct a1., 1985). Ⅵ′
C

modified thc animals nccd for cncrgy by placing tbcm in the cold;and wc modificd thcir

ability to gct cncrgy from food (cncrgy dilution) by n1odifying thc fibcr contcnt of thc food.

Fronl tb皱  study wc dcmonstratcd that not only docs thc sizc of thc gut (nlCasurcd as lcngth

and/or dry rnass of tissuc) changc in rcsponsc to thosc stressor but diffcrcnt protions of thc

gut changc in rcsponsc to diffcrcnt strcssors. Ccncrally,whcIl strcsscd with dccrcascd T^ (in-

tcstinc incrcascs (sitC of chenlical digcstioIl andcrcascd cncrgy necd) thC sizC of thc s∏ lall in

absorption). Whcn strcsscd with fibcr(cnCrgy dilution of thc di欲 ),thC caccum(sitC oF biolo-

gical fcrmcntation) incrcascs in sizc. Thus, providcd onc has som∶ c bascline or coinparison

points’ onc Ought to bc ablc to daw.couclusions about thc rclativc cncrgy necds of animals

from.diffcrcnt scts of conditions (c.g.winter vs. suⅡ llner; high vs. low ￡ood availability) by

looking at rclativc gut sizc, cspccially thc lcngth and mass of thc sn△ all intcstiIlc.  Likcb`isc

l)y assaying thc lcngtl1.and. nlass of thc caccun) onc cught to bc. ablc to d.raw conclusions

about 
“
quality” of thc dict fron snnall herbivorcs.  Morc rcccntly wc havc also found that

lactation, anothcr form of increascd cncrgy nccd, drivcs an incrcasc in gut sizc (′ ~′undcr,

I)cterson, and Harnn】 ond, unpb1. obs.),  Intchcstingly, in addition to thc largc snlall intcstiIlc

found with a tcΠ ,pcrturc cffcct, 、vC also found that lactating 亻cnlalcs incrcasc stomach sizC

ovcr contactating fcmalcs and nonbrceding anilllals (fig·  5)·

It is not clcar 、vhy lactation should affcct this changc in ston】 ach sizc whcIl incrcased

nccd duc to thcrm.orcgulatory nccds did not.Howcvcr, lˇ Iadisan(1981)has show· n that activity

of lactatiilg lfc】△】Blc ar. p召 刀
`9‘

y`″‘:刀丿
'踟

f tcnds to bccom.c rcduccd and ccntralizcd rclativc to

nonlactatillg aninlals,  Thus it may bc that lactating fcnlalcs ta·kc fcw· cr, largcr meals  and

spcnd n△ orc tlinc ln thc nest brooding young.
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F· ig. 9  stonaach size in prairie voles, Controls had gone thiougb pregnancy,

virgin.s 11ad never b.red.antl experinlcntals had gone througll 10  days  o1

lactation with a litter sizc。 f thFee.

Givcn the discussion ab。 vc I suggcst that changcs in gut Inorpho1ogy could bc uscd to

indicatc thc lcvcl of cncrgy strcss for s1△ iall llcrbivorcs fron∶ l thc ficld,  `Vitltn a spccics of

hcrbivorc, a long sma11 intestinc 私.7ould indicate illcrcasCd cncrgy nccds (c.g, tCⅡ lpcraturc, la-

ctation,activity). IF couplcd with a largc sfomach it should indicate lactation. An incre~

ascd caccunl sizc sllould indicatc a chaIlgc in food habits to foods of highcr fibcr contcnt。

I-Io、vcvcr, it should bc kcpt in lnind that th(sc comparisons can probably only bc madc ``i● -

thin a spccics a【 ld thcn only in a co1ˉnparativc scnse.

`Vc have uscd thc logic abovc to prcdict that volcs sllould havc.longcr sinall intcstincs inwintcr bccause it should bc cold and they should havc higher thcrn1oregulatory nccds.  And-

、vc prcdictcd that thc cacculn should bc largcr in 、,intcr bccausc plant matcria1 uscd as food

should bc dcad vvith a highcr fibcr content than in sun11△ cr.  
·
I· hcrc havc bccn fcw studics dc·

signcd to look at gut paran1ctcrs of snlall hcrbivorcs on a scasonal basis.  Wc havc sonlc prc~

lil△linary drata、 vhich l、`ill prcscn hcrc and M.`c havc initiatcd a longcr tcrnl study.  ()nly Ccb~-

czynska and Ccbczynski (1971) havc prcscntcd data 。n the cffccts °f rcproduction on cc1· tain·

paralnctcrs of thc gtlt, studying ilr`r/@`z`J OCro`‘ o`″ z`s in a Polish forcst.  1′ he lcngth rncasurcs.

thcy n,adc arc t11c n】。st Valuablc to this discussion.  tInfortunatcly thcy did not nlcasurc dry·

mass of thc tissue,only frcsh wct mass, Gross ct a1.(1985) pointcd out thc problcms lvith-

using we mass for g()()d comparisons.Cccz)nska and Gcbczynski(1971)notCd that total in-

tcstinal lcngth was grcatest in summcr,1owcst in spring and intcrmediate in winter,  rhey

also notcd that “lcngth 。f thc intcstincs is alv`ays grcatcst in nursing fcll△ alcs’
’
.  Thcsc rcsults

for ficl(l catlght aninlals arc sinailar to our lab find~ings rcportcd.abovc.

Intcrcstingly our ficld data (ten anilnals capturcd in January 1984 and tcn in R.lay 1984)

￡。r △r. cc乃 /口:口Δ
`召

/ show that our predictions given abovc do not llold.  Gut sizcs of volcs

capturcd at thcsc tilucs are si1△ ilar.  'I·hc Only significant diffcrcnccs wcrc that thc stonlaCh,

cacculn and total gut lcngth and dry lnass of thc slnall intcstinc wcrc largcr in May anilnals

(1·
′
ablC 2).  △·hio poscs sonlc intcrcsting spcculation.  The gut data suggest that volcs arc pro一

ccssing morc encrgy in 、Ⅰay than in January, Although `,c did not includc arlirnals 、vllich
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1·ab:。  么 (G.u111.eaoureo口eotB of△ffcrof口 r oc△ rog“ fcr(C.aptured::l tho Field

season

^1Casurc nlent January May

stonlach Lengthl

stornach I>ty lˇrass,

stD all Intestinc Length

small Intestine Dry Mass

Total Length

Body 、‘nss

39· 9± 2· 1·

o.115iO.037

505+I3

0· 100‘ 土0· 008·

734△—32小

56.7+4.l

06· 8± 3· 0°

o.lO2± 0.008

319± 16

0.122I± 0.020中

789」 :25△

41· 5± 4· 9

1,Length given in inii1.^11 samp1c sizes are ten.Valucs givcn are 111eans± 2sEM·

2. `iass given in granis.
△indicates significant(P<0· 05)dinerence betwecn samples.

、Vcrc obViously prcgnant or lactating in thc NIay sanlple, it appcars as though rcproductivc ac-

tivity in spring cffccts a grcatcr cncrgy nccd.than thcrnlorcgulation in.thc 、vintcr. It may bc tb.at

bccausc of the potcntial for incrcased cncrgy nccd duc to cold and decrcascd food availability

duc to high fiber in 、vintcr, volcs Could not nlakc cnough profit to brccd.  Thus thcy sim1)ly

lcavc thcir ncsts for short p· criods to foragc and tllcn spcnd rnost of thcir tinac in wc11-insu~

latcd ncsts.  For that rcas° n thcy havc low cncrgy nccd bccausc of rcduccd activity aIld rcˉ

duced cxposurc to Cold.  .rbis c。 nclusion is supportcd by our filldiIlgs on NST capacity dis-

cusscd abovc.  E)uring spring (1ofay) thCy brccd and malcs usc ⅡluCh encrgy to stay activc and

find fc1△1.alCs and fcmalcs$`ould bc proccssing cxtra cncrgy for lactatioI1,  Although 、vc havc no

data on thc tirnc ncccssary for gut sizc changc in volcs t。 ocCur, 、vc do know that guts incrcasc

in sizc for rats Ⅵ̀ithin days (FCll Ct a1., 1963) and oncc fc】 lanles havc had a littcr, it can takc

30 days for thc gut to rcturn to the snlallcr, nonbrccding sizc (F· C11 et a1., 1963).  
·
rhus cven

though wc eliminatcd fcmalcs w1】 ich wcrc obviously brccding froln our ficld sam.plc analysis,

sornc VolCs nlay havc had cnlargcd guts duc to prior lactation.  An analysis connparing 珏lalcs

and fcnlalcs, 】1o、vcvcr, sho、vcd no diffcrenccs due to scx but saInplcs of cach 、vcrc, obviously,

sinal1.  It 、vould bc valuablc to conlparC Ns· r and gut siz.cs of volcs rr。 m population cyclc

phascs 小̀ hcn thcrc arc many volcs and thev arc brccding in wintcr. I B`ould prcdict a 
αluch

differcnt picturc of gut size and NS· r capacity.

SUMMARY

I havc prcscntcd arguc111cnts indicating that BRIR,Ns· r,and BA1·
·
can be uscd to indicatc

tllat snlall inammals arO bcing stresscd by cold and havc incrcascd thcir capacity for thcrm()

gcncsis.  Data fronl prairic volcs and.pik.a capturcd in the field.indicatc thcy may not be

highly cold strcsscd in 、̀intcr.

(3)ut inorphology pattcrns allo职
` us s°mc insight into dctccting incrcascd nccd for cncrgy

by snlall herbivorcs or changes in dict quality. Ficld data arc scarcc but sornc indicatc that

brccding fc11)alcs increase gut sizc and that cncrgy proccssing for rcproduction in spring and/

or sl△ mnlcr lllay bc grcatcr than that ncccssary for thcrn1oregulation.during wintcr in 1)rairic

v。 lcs.
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应用形态一生理学的测定来指示草食性小哺乳

动物的能量状态
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摘   要

本文探讨了草食性小哺乳动物如何调节它们的能量积累和分配,以满足它们在不同

环境压力下的能量需要和达到能量平衡的途径。

作者认为通过草食性小哺乳动物的能流是呈阶级式 (cascadc)的 ,并按顺序将能量

分配到不同的生命过程中去,所获得的能量首先保证体温调节,然后才满足其他的需要.

确定草食性小哺乳动物的能量状态的四个主要参数是 ,(1)基础代谢 (BMR);(2)非

颤抖性产热 (NST);(3)棕色脂肪组织(BAT);(4)消化道(胃 、小肠、盲肠、大肠)的大

小(长度、湿重和干重 )。

草食性小哺乳动物的 BMR随冷驯化而增加 ,这是它们对冷暴露的一种反应,但并非

所有的小哺乳动物都呈现这一规律,因 为食物的质量和其他因素也会影响 BMR.当草食

性小哺乳动物的驯化温度下降至某一限度时,则它们的非颤抖性产热能力增加,在野外

条件下 ,小哺乳动物的 NST在秋季增加 ,冬季最高,春季和夏季下降.除环境温度外,影

响小哺乳动物非颤抖性产热(NST)能力还有光周期 ,注射去甲肾上腺素和甲状腺素,以 及

食物条件等。小哺乳动物的非颤抖性产热(NST)能 力往往和动物的棕色脂肪组织 (BAT)

有密切关系。因此,人们用 BAT来作为草食性小哺乳动物在冷压下对能量需要的一个

指示物.随着冷压的增加,动物 BAT的一些成分发生变化,BAT组 织会从一个单腔室
(unllocular).变 为多腔室 (multilocular)状态,脂 肪组织密度有增加的趋势,BAT的重量

也可能增加.草食性小哺乳动物消化道的大小不是像人们所假定的那样,保 持稳定不变。

通过将动物保持在 5℃ 冷环境下驯化 ,或者人为地改变它们食物中的能量密度(如在食物

中加人纤维素等),则它们的消化道大小发生变化.通常 ,随 着环境温度下降,动物处于冷

压下 ,对能量的需要增加,它们的小肠大小(化学消化和吸收的部位)增加,当 食物中纤维

素含量增加时 ,盲肠(氨基酸发酵的部位)大小增加。

人们根据上述四个指标,即 可对草食性小哺乳动物的能量状态作出判断。
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