
In tro duc tion
Pop u la tions of many arvicoline ro dents havebeen ob served to un dergo large fluc tu a tions innum bers. Some pop u la tion fluc tu a tions areshort-term, com plet ing a fluc tu a tion within afew months (Krebs and Myers 1974, Taitt andKrebs 1985), whereas oth ers may take 2–3 years to run their course (Oksanen and Henttonen

1996) .  In  ter  vals  be  tween pop u  la  t ionfluc tu a tions may be an nual, er ratic, or oc cur pe -ri od i cally at 2-5 year in ter vals, in which casethey are re ferred to as “pop u la tion cy cles”(Krebs et al. 1969, Krebs and Myers 1974, Taittand Krebs 1985, Krebs 1996, Bj!rnstad et al.1998, Klemola et al. 2002, Lambin et al. 2006).Pop u la tion fluc tu a tions of arvicolines varygreatly in ab so lute peak den si ties (high est den -sity achieved dur ing a fluc tu a tion) and am pli -
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tudes of fluc tu a tion (dif fer ence be tween den sityat the be gin ning of a fluc tu a tion and the peakden sity of the fluc tu a tion) across years. Fluc tu a -tions at trib uted to cy clic phe nom ena typ i callyachieve peak den si ties in ex cess of 500/ha(Korpimäki et al. 2004). Such high den si ties of -ten are found in rel a tively sim ple eco sys tems orwhere spe cial ist pred a tor-prey sys tems are in -volved (Hud son and Bj!rnstad 2003). In othersit u a tions, lower am pli tude pop u la tion fluc tu a -tions may dis play dis tinct ep i sodes of fluc tu a -tion, even if not pop u la tion cy cles per se (Taittand Krebs 1985, Getz et al. 2001). High mor tal -ity from pre da tion or low hab i tat qual ity mayde press am pli tudes of fluc tu a tion (Meserve1971, Oksanen et al. 1999).Sur vival and re pro duc tion are as sumed to bethe im por tant de mo graphic vari ables re spon si -ble for tem po ral and spa tial dif fer ences in pop u -la tion fluc tu a tions of arvicoline ro dents.Vari ables pro posed as be ing as so ci ated with dif -fer ences in peak den si ties and am pli tudes offluc tu a tion in clude: lit ter size, pro por tion of fe -males preg nant, age at sex ual ma tu rity, pro por -tion of fe males in the pop u la tion, length of there pro duc tive pe riod, sur vival rate, rate of re al -ized pop u la tion growth (sum ma tion of ef fects ofre pro duc tive and sur vival vari ables), and thelength of time en vi ron men tal con di tions fa vorpop u la tion growth (Krebs and Myers 1974,Gaines and McClenaghan 1980, Dueser et al.1981, Verner and Getz 1985, Batzli 1992, 1996,Oli and Dobson 1999, 2001, Lin and Batzli 2001,Getz et al. 2005a, 2005b, Hörnfeldt et al. 2005).Dur ing the course of a 25-year study of de -mog ra phy of the meadow vole, Microtuspennsylvanicus Ord, 1815, (Getz et al. 2001) weob tained data rel e vant to the eval u a tion of fac -tors in flu enc ing peak den si ties and am pli tudesof fluc tu a tion, as well as ces sa tion of pop u la tiongrowth. We here pres ent re sults of our anal y sesof data for 20 pop u la tion fluc tu a tions of M.pennsylvanicus. Spe cif i cally, we tested the hy -poth e ses that the fol low ing fac tors were re spon -si ble for greater peak den si ties and higheram pli tudes of fluc tu a tion in some years ratherthan oth ers: (1) ear lier on set of pop u la tion in -crease, (2) higher pop u la tion den sity dur ing thepre vi ous trough (ie, higher pop u la tion den sity

when the in crease phase be gan), (3) greatersur vival dur ing the in crease phase, (4) greaterpro por tion of re pro duc tively ac tive adult fe -males dur ing the in crease phase, (5) higher rateof pop u la tion in crease, (6) lon ger re pro duc tivepe riod (num ber of months the pro por tion of re -pro duc tively ac tive fe males > 0.50), (7) lon ger in -crease phase; and for stop page of pop u la tiongrowth: (1) lesser sur vival dur ing the de clinephase than dur ing the in crease phase or the first month af ter the peak than at the peak and (2)smaller pro por tion of re pro duc tively ac tivelyadult fe males dur ing the de cline phase thandur ing the in crease phase or the first month af -ter the peak than at the peak.
Ma te ri al and meth ods
Study sitesThe study sites were lo cated in the Uni ver sity of Il li nois Bi o log i cal Re search Area (“Phillips Tract”) 6 km NE of Ur -bana, Il li nois (40!15’N, 88!28’W). We mon i tored pop u la tions of M. pennsylvanicus from May 1972 – May 1997 in 0.8–2.0ha blue grass Poa pratensis sites and in 1.0–1.4 ha al falfaMedicago sativa sites. Spe cific blue grass sites trapped forthe ba sic long-term de mog ra phy study (sites 6, 7, 11; Ta ble1) de pended upon re quire ments for as so ci ated ma nip u la tive stud ies (Getz et al. 1987, 2005). In ad di tion to the long-term blue grass sites, we trapped con cur rently 2 other blue grasssites as part of ma nip u la tive stud ies, 1 for 7 years (site 8;Ta ble 1), the other for 10 years (site 10; Ta ble 1). All blue -grass sites had been re leased from graz ing in spring 1971.We trapped al ter nately 2 al falfa sites in the Phillips Tractthat were sep a rated by a 10 m closely mown strip of grass.We trapped at a site un til in vad ing forbs and grasses be ganto crowd out the M. sativa. One year be fore trap ping waster mi nated in one site, the other was planted with M. sativaso that the plants would be fully de vel oped when trap pingcom menced.The study sites were con tig u ous within a 6 ha area sur -rounded by a 4 m wide mac adam county road, cul ti vatedfields, a 24 ha ma ture de cid u ous for est, and a 25 ha areathat un der went suc ces sion from an ag ri cul tural field to ayoung de cid u ous for est dur ing the study. Most sites ei therhad bound aries of un suit able vole hab i tat, or the ad ja centsite was also trapped, to ac count for in di vid u als whosehome ranges ex tended into an ad ja cent site (Getz et al.2001). Fur ther de tails of the study sites are de scribed inGetz et al. (1979, 1987, 2001).
Trap ping pro ce duresWe es tab lished a grid sys tem with 10-m in ter vals in allstudy sites, and placed one lo cally made wooden mul ti -
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ple-cap ture live-trap (Burt 1940) at each sta tion. Eachmonth we pre-baited traps for 2 days and then trapped for 3 days; cracked corn was used for pre-bait ing and as bait inthe traps. We set traps in the af ter noon and checked themat ap prox i mately 08:00 h and 15:00 h for the fol low ing 3days. At first cap ture, we toe clipped all an i mals (< 2 toeson each foot) for in di vid ual iden ti fi ca tion. All pro ce dureswere ap proved by the Uni ver sity of Il li nois Lab o ra tory An i -mal Care Com mit tee and meet the guide lines rec om mended by the Amer i can So ci ety of Mammalogists (An i mal Careand Use Com mit tee 1998).At each cap ture we re corded grid sta tion, in di vid ualiden ti fi ca tion, sex, re pro duc tive con di tion (males: tes tes ab -dom i nal or scrotal; fe males: va gina open or closed, preg nant as de ter mined by pal pa tion, or lac ta tion), and body mass tothe near est 1 g. We con sid ered an i mals that weighed < 29 gas young and those weigh ing > 30 g as adult (Hasler 1975).
Data anal y sisPop u la tion fluc tu a tionsVoles were ei ther ab sent or pres ent in small num bers( < 10/ha) for pro longed pe ri ods dur ing our study; this pre -cluded use of cap ture-mark-re cap ture (CMR) anal y ses(Boonstra 1985, Pollock et al. 1990, Lebreton et al. 1992) for es ti mat ing abun dance or de mo graphic pa ram e ters. Sur vival dur ing pe ri ods of low den sity is es sen tial for test ing the pro -posed hy poth e ses. In ad di tion, CMR pa ram e ters were in es -ti ma ble in Pro gram MARK (White and Burnham 1999),even when us ing the rel a tively sim ple Cormak-Jolly-Sebermodel. Fur ther, our data sets ex ceeded the in put ca pac ity of MARK. Thus, we used es ti mates of abun dance re ported byGetz et al. (2001), who em ployed the min i mum num berknown to be alive (MNA) model (Krebs 1999) to es ti matepop u la tion den si ties and sur vival. Trappability, ie, the pro -por tion of in di vid u als known to be pres ent on the study site(cap tured that month, or the month[s] be fore and month[s]af ter) that were cap tured a given month was es ti mated tobe ap prox i mately 90%, in part be cause of use of mul ti -ple-cap ture live traps.

We com bined data from syn chro nous fluc tu a tions forsome of our anal y ses, as de scribed be low. For sea sonal anal -y ses we al lo cated all ob ser va tions to spring (March–May),sum mer (June–Au gust), au tumn (Sep tem ber–No vem ber),or win ter (De cem ber–Feb ru ary). For some anal y ses, we fur -ther sub di vided au tumn into early (Sep tem ber–Oc to ber)and late (No vem ber) au tumn.We es ti mated sur vival as the pro por tion of an i mals (to -tal pop u la tion, adults, and young) that sur vived from onemonth to the next. Al though mor tal ity, the com ple ment ofsur vival, as here de fined, in cluded both in situ death andem i gra tion, death is pre sumed to be the most prev a lentcause of dis ap pear ance (Verner and Getz 1985). Be cause fe -males more ac cu rately de ter mined when re pro duc tionstarts or ends, we used the pro por tion of the adult fe malesthat were re pro duc tively ac tive as an in dex of re pro duc tiveac tiv ity of the pop u la tion.Peak den si ties and am pli tudes of fluc tu a tionWe used mul ti ple lin ear re gres sion anal y ses to ex am ine the in flu ence of to tal monthly sur vival, pro por tion of theadult fe males that were re pro duc tively ac tive each month,length (in months) of the re pro duc tive pe riod (pro por tion ofre pro duc tively ac tive fe males greater than 0.50), pop u la tion den sity at the be gin ning of the in crease phase, length (inmonths) of the in crease phase, and re al ized pop u la tiongrowth (to tal in crease in num bers/ha di vided by the num ber of months of the in crease) on peak den si ties and am pli tudes of pop u la tion fluc tu a tions. Be cause of small num bers ofpop u la tion fluc tu a tions in each hab i tat, we pooled datafrom all fluc tu a tions in both hab i tats for re gres sion anal y -ses.We also ran par tial cor re la tion anal y ses to test for cor -re la tions be tween pop u la tion den sity and over all monthlyto tal pop u la tion sur vival and pro por tion re pro duc tively ac -tive fe males in each hab i tat through out the en tire 25-yearpe riod and for only the pe ri ods of pop u la tion fluc tu a tions.Al though cor re la tions do not es tab lish causes and ef fects,these anal y ses al lowed us to es ti mate which vari able wasmost closely as so ci ated with changes in pop u la tion den sity.Be cause the mean per sis tence time of in di vid u als on the
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Ta ble 1.  Study sites from which Microtus pennsylvanicus data were used in the cur rent study: area, dates trapped, tim ing ofthe peak pop u la tion den sity (month of high est den sity) and peak den sity (in pa ren the ses) for each fluc tu a tion.  See Getz et al.(2001) for map of the study area show ing lo ca tion of study sites.
Habitat/“site” Area (ha) Dates trapped                 Years/months (n/ha) of peak densities              
Alfalfa       2 1.0 July 1977 – September 1983 77/11 (36), 78/9 (70), 79/7 (79), 80/5 (29)              3 1.0 October 1983 – December 1989 None             4 1.0 January 1990 – June 1993 None             5 1.0 July 1993 – May 1997 95/7 (52)Bluegrass 6 2.0 January 1972 – June 1977 76/6 (48)             7 0.9 July 1977 – January 1987 77/8 (54), 78/7 (81), 79/8 (91), 80/7 (52), 81/11 (50), 82/6 (35), 86/2 (35)           11 1.0 July 1987 – May 1997 95/11 (62)             8 0.5 May 1977 – November 1983 77/12 (34), 78/8 (80), 79/9 (110)           10 1.0 May 1977 – May 1987 77/12 (31), 79/6 (69), 80/1 (69)



study site was ap prox i mately two months (Getz et al. 1979), we used data from ev ery sec ond month to min i mize tem po -ral autocorrelation of the data. Ces sa tion of growthWe an a lyzed ef fects of changes in sur vival (adults andyoung voles, con sid ered sep a rately) and the pro por tion ofre pro duc tively ac tive fe males on ces sa tion of pop u la tiongrowth by com par ing dif fer ences in these 2 vari ables dur ing the 3 months be fore the peak (Pk -3 to Pk -1), the peakmonth (Pk), and the 3 months af ter the peak (Pk +1 to Pk+3). We an a lyzed sep a rately the data for pop u la tion fluc tu -a tions peak ing in spring-early au tumn and late au -tumn-win ter. For this spe cific anal y sis, we used thepro por tion of adult fe males that were preg nant dur ing agiven month; preg nancy is the best in di ca tor of re pro duc tive ac tiv ity. For sta tis ti cal anal y sis of pre-peak sur vival andpro por tion of fe males preg nant, we used data from monthsPk -3 and Pk- 1 as pre-peak, and Pk +1 and Pk +3 aspost-peak pe ri ods. This in creased in de pend ence of the datasince there was a 2-month in ter val be tween the monthsused in each pe riod and the pre- and post-peak pe ri ods.When there were syn chro nous pop u la tion fluc tu a tionsamong the study sites, we av er aged the data to ob tain onevalue for each month of each fluc tu a tion.Fre quently, the ma jor de cline in sur vival and pro por -tion of re pro duc tively ac tive fe males oc curred the month fol -low ing the peak. We there fore an a lyzed each fluc tu a tionin di vid u ally to com pare to tal sur vival and the pro por tion ofre pro duc tively ac tive fe males the month of the peak withval ues for the month af ter the peak. These anal y ses pro -vided an other means of es ti mat ing which of these 2 vari -ables was most closely as so ci ated with stop page of growthof each fluc tu a tion.To ex am ine the po ten tial neg a tive feed back of pop u la -tion den sity on sur vival and re pro duc tion as so ci ated withstop page of pop u la tion growth, we tested the cor re la tion be -tween to tal sur vival and the pro por tion of re pro duc tivelyac tive fe males with pop u la tion den sity dur ing a com pletefluc tu a tion, with a lags of 0–3 months. All fluc tu a tions were grouped for these anal y ses.All orig i nal cap ture data and ex plan a tory files from the25-year study are avail able to any one wish ing to make useof them at web pages: http://www.life.uiuc.edu/getz/ andhttp://ide als.uiuc.edu/han dle/2142/161.
Sta tis ti cal anal y sesWe log-trans formed all vari ables be fore anal y ses (Zar1999); af ter log-trans for ma tion, all vari ables were ei thernor mally dis trib uted or ap proached nor mal ity. Be sides mul -ti ple-lin ear re gres sion anal y ses, we used one-way ANOVA,in de pend ent-sam ple t-test, or Pearson’s cor re la tion anal y -sis, where ap pro pri ate. De grees of free dom (df) for t-testsare given in whole num bers; all vari ances were equal(Levene’s test for equal ity of vari ances). We used SAS(1999) and SPSS 10.0.7 for Macintosh (SPSS, Inc. 2001) forall sta tis ti cal anal y ses.

Re sults
Pop u la tion fluc tu a tionsWe de fined in di vid ual pop u la tion fluc tu a -tions as those with peak den si ties ex ceed ing 25voles/ha. There were 14 pop u la tion fluc tu a tionsof M. pennsylvanicus in the main study sites(Fig. 1, Ta ble 1); an other 6 fluc tu a tions were ob -served in the 2 ad di tional blue grass sites (Ta ble1). The fluc tu a tions stood out as con spic u ousevents: al falfa, mean peak den sity, 52 voles/ha,(range 29–79), was 7.6 times greater than themean high den sity for years with out a fluc tu a -tion, 6.8 ± 0.4 voles/ha; blue grass, mean peakden sity, 56 voles/ha (range, 31-110), was 8.5times the mean high den sity of non-fluc tu a tionyears, 6.6 ± 0.5 voles/ha).All fluc tu a tions, but one, were < 1 year in du -ra tion. The mean (± SE) time from on set of thein crease to peak den sity was 3.8 ± 0.5 months;the mean du ra tion of a com plete fluc tu a tion,from be gin ning of the in crease to the end of thede cline, was 8.6 ± 0.7 months. Thus, we wereable to cat e go rize cal en dar years dur ing which apop u la tion fluc tu a tion did or did not oc cur. Pop -u la tion fluc tu a tions oc curred at ir reg u lar in ter -vals in the two hab i tats; there were only 5syn chro nous fluc tu a tions among the al falfa andblue grass sites (Getz et al. 2001). Move ment ofan i mals among sites did not ap pear to be in -volved in syn chrony of pop u la tion fluc tu a tions.Only 601 M. pennsylvanicus that were markedin 1 site em i grated to an other site dur ing the 25years of the study. Most such dis persal oc curredat high den si ties, rather than prior to be gin ningof pop u la tion fluc tu a tions (Getz et al. 2005a).Peak den si ties of pop u la tion fluc tu a tions ofM. pennsylvanicus were not cor re lated with thetime from es tab lish ment of a new al falfa studysite (r = 0.39, n = 5, p = 0.52). Nei ther was thepeak den sity of pop u la tion fluc tu a tions cor re -lated with length of time from re lease of theblue grass sites from graz ing (r = –0.18, n = 15, p= 0 .68) .  Pop  u  la  t ion  f luc  tu a  t ions  o f  M.pennsylvanicus were not uni formly or pre dict -ably sea sonal. Ten in creases be gan in spring,three in sum mer, six in au tumn, and one in win -ter. One fluc tu a tion peaked in spring, 12 in sum -
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mer-early au tumn, and 7 in late au tumn-win ter(Ta ble 1); 9 de clines oc curred dur ing sum -mer-early au tumn and 11 dur ing late au -tumn-win ter (Getz et al. 2001).Pop u la tion fluc tu a tions oc curred er rat i callyacross years. In al falfa there were 4 an nual fluc -tu a tions, 1977–1980, and then none un til 1995.In the main blue grass study sites, there were 7an nual fluc tu a tions from 1976–1982, an otherfluc tu a tion in 1986, and the last in 1995 (Fig. 1,Ta ble 1). There were 3 an nual fluc tu a tions(1977–1979, but none through 1983) in 1 of thead di tional blue grass sites; in the other, fluc tu a -tions oc curred in 1977, 1979, and 1980, but nomore through 1986. 

Peak den si ties and am pli tudes of fluc tu a tionRe gres sion anal y sis in di cated none of thevari ables was a sig nif i cant pre dic tor of peakden sity or am pli tude of fluc tu a tion. A mul ti plelin ear re gres sion model in clud ing all vari ableswas in sig nif i cant and ex plained only 45% of thevari a tion in peak den si ties (Ta ble 2) and 25% ofthe vari a tion in am pli tudes of fluc tu a tions (Ta -ble 3). Al though there was no cor re la tion be -tween length of the in crease and ei ther peakden sity or am pli tude of fluc tu a tion, the later inthe year an in crease phase started, the lowerwere the peak den si ties (r = –0.56, n = 19, p =0.01) and am pli tudes of the fluc tu a tion (r =–0.57, n = 19, p = 0.01).Over the en tire 25 years of the study, pop u la -tion den sity was sig nif i cantly cor re lated with to -
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Fig. 1. Pop u la tion den si ties of Microtus pennsylvanicus in al falfa and blue grass hab i tats in east-cen tral Il li nois. Pop u la tionswere mon i tored at monthly in ter vals.



tal sur vival in both hab i tats (al falfa: r = 0.48, n = 38, p < 0.01; blue grass: r = 0.29, n = 69, p = 0.02).Pop u la tion den sity was not sig nif i cantly cor re -lated with the pro por tion of re pro duc tively ac -tive fe males in al falfa (r = 0.08, n = 38, p = 0.64)and only mar gin ally cor re lated in blue grass (r =0.23, n = 69, p = 0.05). To tal sur vival (al falfa and blue grass, com bined) was cor re lated with pop u -la tion den sity dur ing a fluc tu a tion (no lag: r =0.32, n = 155, p < 0.01; l-mon lag: r = 0.50, n =146, p < 0.01; 2-mon lag: r = 0.61, n = 136, p <0.01; 3-mon lag: r = 0.38, n = 125, p < 0.01). Thepro por tion re pro duc tively ac tive fe males (al falfa and blue grass, com bined) was not cor re latedwith pop u la tion den sity dur ing a fluc tu a tion (nolag: r = 0.14, n = 155, p = 0.08; l-mon lag: r = 0.03, n = 146, p = 0.68; 2-mon lag: r = – 0.02, n = 136, p= 0.86; 3-mon lag: r = 0.12, n = 125, p = 0.17).

Ces sa tion of pop u la tion growthTo tal sur vival dur ing win ter did not dif ferfrom other sea sons, ir re spec tive of whether apop u la tion fluc tu a tion oc curred (F = 0.090, df =3,73, p = 0.96) or did not oc cur (F = 0.242, df =3,95, p = 0.86; Fig. 2). The pro por tion of re pro -duc tively ac tive fe males was sig nif i cantly lowerdur ing win ter than dur ing other sea sons foryears with (F = 9.521, df = 3,67, p < 0.01) andmar gin ally so for years with out a fluc tu a tion (F= 2.972, df = 3,78, p = 0.04) pop u la tion fluc tu a -tions (Fig. 3). The pro por tion of re pro duc tivelyac tive adult fe males did not dif fer dur ing sum -mer (t = 0.53, df = 41, p = 0.60) or au tumn (t =1.30, df = 46, p = 0.20) of years with and with outpop u la tion fluc tu a tions (Fig. 3).When data for pop u la tion fluc tu a tions peak -ing in spring-early au tumn were grouped as
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Ta ble 2. Re sults of mul ti ple lin ear re gres sion anal y sis ex am in ing the ef fects of vari ables hy poth e sized toin flu ence peak den si ties of M. pennsylvanicus pop u la tion fluc tu a tions. The re gres sion model was in sig nif i -cant and ex plained a small pro por tion of vari a tion in peak den si ties (F6,12 = 1.66, p = 0.21, R2 = 0.454).
Variable Parameterestimate SE t p
Intercept   3.64483 0.54266   6.72 < 0.01   Survival   0.58300 0.03683   1.58 0.14Reproductive females –0.17605 0.29107 –0.60 0.56Beginning density   0.16254 0.10189   1.60 0.14Length of increase –0.03834 0.24746 –0.15 0.88Length of reproduction   0.33032 0.23373   1.41 0.18Population growth rate –0.13201 0.13615 –0.97 0.35

Ta ble 3. Re sults of mul ti ple lin ear re gres sion anal y sis ex am in ing the ef fects of vari ables hy poth e sized toin flu ence am pli tudes of M. pennsylvanicus pop u la tion fluc tu a tions. The re gres sion model was in sig nif i -cant and ex plained a small pro por tion of vari a tion in peak den si ties (F6,12 = 0.67, p = 0.68, R2 = 0.250).
Variable Parameterestimate SE t p
Intercept   3.67217 0.69156   5.31 < 0.01   Survival   0.60551 0.46936   1.29 0.22Reproductive females –0.06596 0.37093 –0.18 0.86Beginning density –0.00055 0.12985 –0.00 0.99Length of increase   0.07323 0.31536   0.23 0.82Length of reproduction   0.29713 0.29786   1.00 0.34Population growth rate –0.09880 0.17351 –0.57 0.58



pre-peak (Pk–3 and Pk–1) and post-peak (Pk+1and Pk+3) pe ri ods (Ta bles 4 and 5), sur vival ofadults (t = 0.53, df = 30, p = 0.60) and young (t =0.43, df = 25, p = 0.67) and pro por tion of adult fe -males preg nant (t = 0.83, df = 34, p = 0.41) didnot dif fer be fore and af ter the peak. Dur ing fluc -tu a tions peak ing in early au tumn-win ter, adultsur vival was sig nif i cantly greater be fore thanaf ter the peak (t = 3.48, df = 14, p < 0.01), but not sur vival of young (t = 0.16, df = 11, p = 0.88). Thepro por tion of preg nant fe males was also greaterbe fore than af ter the peak (t = 3.25, df = 38, p <0.01).Com par i son of the peak month with the firstmonth af ter the peak showed that ei ther to talpop u la tion sur vival de clined > 10% or the pro -por tion of re pro duc tively ac tive adult fe malesde clined > 20% af ter ces sa tion of pop u la tiongrowth in 18 of 20 fluc tu a tions. Sur vival andpro por tion of re pro duc tively ac tive fe maleschanged er rat i cally af ter two peak fluc tu a tions.Sur vival re mained the same the first 2 monthsand then de clined by 14% the third month af terthe peak, whereas the pro por tion of re pro duc -tively ac tive fe males in creased for 3 months af -ter the peak in blue grass in Au gust 1978.Sur vival re mained the same the first month af -ter the Sep tem ber 1979 peak in blue grass andde clined by 15% the sec ond peak; the pro por tionof re pro duc tively ac tive fe males in creased 23%the first 2 months af ter the peak and then de -clined 24% the third month.In re spect to the other ll pop u la tion fluc tu a -tions that peaked dur ing spring-early au tumn,the pro por tion of re pro duc tively ac tive fe malesde clined > 20% or sur vival de clined > 10% thefirst month af ter the peak. There was a de clinein only sur vival or in the pro por tion of fe malesre pro duc tively ac tive the month af ter threepeaks, each; both sur vival and pro por tion re pro -duc tively ac tive fe males de clined the month af -ter 5 peaks. A > 20% re duc tion in the pro por tionof adult fe males that were re pro duc tively ac tivethe first month af ter the peak was as so ci atedwith all 7 pop u la tion fluc tu a tions that peakeddur ing late au tumn-win ter. Sur vival de clined >10% the first month af ter 2 of the late au -tumn-win ter peaks.

Vole pop u la tion fluc tu a tions 7

Fig. 2. Sea sonal pat tern in the mean (± SE) sea sonalmonthly sur vival (pro por tion of the to tal pop u la tion thatsur vived to the next month) of Microtus pennsylvanicus incom bined al falfa and blue grass hab i tats dur ing years withpop u la tion fluc tu a tions (n = 20) and years with no fluc tu a -tion (n = 47).

Fig. 3. Sea sonal pat tern in the mean (± SE) sea sonal pro -por tion of adult fe male Microtus pennsylvanicus that werere pro duc tively ac tive in com bined al falfa and blue grasshab i tats dur ing years with pop u la tion fluc tu a tions (n = 20)and years with no fluc tu a tion (n = 47).



Dis cus sion
Tem po ral vari a tion in hab i tat qual ity hasbeen sug gested to in flu ence peak den si ties andam pli tudes of fluc tu a tion of arvicoline ro dents(Batzli 1992, Lin and Batzli 2001, Schmidt et al.2005). Al though we did not mea sure an nualvari a tion in veg e ta tion com po si tion, there wasno con spic u ous change from year to year in theveg e ta tion in any of the sites. Fur ther more,there was no cor re la tion be tween the time a sitewas first es tab lished (pro vid ing time for veg e ta -tive changes, and thus hab i tat qual ity) and peak den si ties of sub se quent pop u la tion fluc tu a tions.We con clude, there fore, that vari a tion in veg e ta -tion was not a ma jor fac tor in flu enc ing peak

den si ties and am pli tudes among pop u la tionfluc tu a tions of Microtus pennsylvanicus acrossyears in our study sites.An nual pop u la tion fluc tu a tions of M.pennsylvanicus were most com mon in our sites(4 of 5 fluc tu a tions in al falfa and 12 of 15 in blue -grass). There was, how ever, no dis tinct sea sonalpat tern, ie, sea son in which the peak den sity oc -curred, to the pop u la tion fluc tu a tions; 13 fluc tu -a tions had peaks dur ing spring-early au tumnand seven dur ing late au tumn-win ter.The peak den si ties were some what lowerthan those re ported for M. pennsylvanicus byTaitt  and Krebs (1985)  from pub l ishedshort-term stud ies, and were much lower thanthose re corded for this spe cies by Boonstra(1985) and Ostfeld and Canham (1995). Peakden si ties and am pli tudes of fluc tu a tion werealso lower than those typ i cally as so ci ated withmulti-an nual pop u la tion fluc tu a tions of otherarvicoline ro dents (Huitu et al. 2003, Zhang etal. 2003, Korpimäki et al. 2004, Bryja et al.2005). On a land scape scale, how ever, the fluc tu -a tions stood out as con spic u ous ep i sodes of rel a -tively high den sity among ex ten sive pe ri ods ofvery low den sity. Per haps only un usu allyhigh-den sity fluc tu a tions have been re ported inthe lit er a ture.Getz et al. (2005b) con cluded that vari a tion in be gin ning den sity and length of the in creasephase were the most im por tant fac tors in flu enc -ing peak den si ties and am pli tudes of pop u la tionfluc tu a tions of M. ochrogaster. Vari a tion in sur -
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Ta ble 4. Sur vival (mean ± SE) of Microtus pennsylvanicus the 3 months be fore the peak (P-3 to P-1),peak month, and 3 months af ter the peak (P+1 to P+3) dur ing pop u la tion fluc tu a tions with peaks dur ingei ther late au tumn-win ter or spring-early au tumn.  Adults ! 30 g, young < 29 g.
Month Late autumn-winter peaks Spring-early autumn peaksAdult Young Adults Young
Peak –3 0.37 ± 0.10 0.63 ± 0.15 0.54 ± 0.09 0.60 ± 0.12Peak –2 0.44 ± 0.10 0.25 ± 0.14 0.64 ± 0.07 0.49 ± 0.07Peak –1 0.42 ± 0.10 0.30 ± 0.09 0.56 ± 0.06 0.414 ± 0.08Peak 0.42 ± 0.04 0.30 ± 0.07 0.57 ± 0.06 0.46 ± 0.12Peak +1 0.33 ± 0.09 0.55 ± 0.05 0.54 ± 0.06 0.52 ± 0.17Peak +2 0.44 ± 0.10 0.46 ± 0.03 0.58 ± 0.09 0.29 ± 0.10Peak +3 0.37 ± 0.03 0.44 ± 0.04 0.41 ± 0.07 0.24 ± 0.07

Ta ble 5. Pro por tion (± SE) of adult fe male Microtuspennsylvanicus re pro duc tively ac tive the 3 months be forethe peak (P-3 to P-1), peak month, and 3 months af ter thepeak (P+1 to P+3) dur ing pop u la tion fluc tu a tions withpeaks dur ing ei ther late au tumn-win ter or spring-early au -tumn.
Month Late autumn-winterpeaks Spring-earlyautumn peaks
Peak –3 0.73 ± 0.07 0.75 ± 0.12Peak –2 0.68 ± 0.05 0.75 ± 0.06Peak –1 0.70 ± 0.10 0.66 ± 0.09Peak 0.69 ± 0.12 0.74 ± 0.04Peak +1 0.44 ± 0.11 0.67 ± 0.08Peak +2 0.31 ± 0.11 0.75 ± 0.10Peak +3 0.27 ± 0.12 0.76 ± 0.07



vival, pre sum ably from sum ma tion of in de pend -ent ef fects of mul ti ple pred a tors, was pro posedto be the pri mary fac tor as so ci ated with ces sa -tion of pop u la tion growth and thus vari a tion inam pli tude of pop u la tion fluc tu a tions of M.ochrogaster. Re duc tion in re pro duc tion was notas so ci ated with ces sa tion of pop u la tion growth.For M. pennsylvanicus, none of the vari ablestested was cor re lated with ei ther peak den si tiesor am pli tudes of fluc tu a tion. Nei ther sur vivalrates nor pro por tion of the adult fe males thatwere re pro duc tively ac tive dur ing the in creasephase was cor re lated with ei ther peak den si tiesor am pli tude of pop u la tion fluc tu a tions. We con -clude, how ever, that, as for M. ochrogaster, dif -fer en tial tim ing of fac tors stop ping pop u la tiongrowth was the most im por tant de ter mi nant ofvari a tion in the peak den si ties and am pli tudesof fluc tu a tion achieved by M. pennsylvanicusacross years.Ces sa tion of pop u la tion growth and the startof a de cline re sult mainly from in creased mor tal -ity and de creased re pro duc tion; em i gra tion doesnot ap pear to be an im por tant fac tor (Krebs andMyers 1974, Gaines and McClenaghan 1980,Verner and Getz 1985, Lidicker and Stenseth1992). In creased mor tal ity and de creased re pro -duc tion may re sult from ef fects of den sity-de -pend ent fac tors (eg, qual ity of the an i mals,pre da tion; Chris tian 1971, 1980, Saucy 1984,Krebs 1996, Norrdhal and Korpimäki 2000,Lima et al. 2006) or den sity-in de pend ent fac tors(eg, ad verse weather con di tions, as dur ing win -ter; Aars and Ims 2002, Stenseth et al. 2003).On first anal y sis, a de cline in re pro duc tion,rather than re duced sur vival, ap peared to be the most im por tant vari able re spon si ble for ces sa -tion of pop u la tion growth and vari a tion in peakden si ties of most pop u la tion fluc tu a tions of M.pennsylvanicus. A re duc tion in the pro por tion ofre pro duc tively ac tive fe males was as so ci atedwith 15 of 20 pop u la tion de clines, in clud ing all 7that peaked dur ing late au tumn-win ter. Thepro por tion of re pro duc tively ac tive fe males de -clined in win ter ir re spec tive of whether therewas a pop u la tion fluc tu a tion, whereas sur vivaldid not dis play a sea sonal pat tern. Com par i sonsof the 3 months be fore the peak with the 3months af ter the peak for fluc tu a tions peak ing

in late au tumn-win ter re vealed a sig nif i cantde cline in adult sur vival as well as in the pro por -tion of the fe males that were re pro duc tively ac -tive. It would ap pear, there fore, that growth ofpop u la tion fluc tu a tions that peaked in late au -tumn or win ter were not nec es sar ily stoppedsolely by the win ter de cline in re pro duc tion, thepat tern seen in most pop u la tions of tem per atesmall mam mals. A de cline in sur vival was alsoin volved in ces sa tion of pop u la tion growth dur -ing late au tumn-win ter.For pop u la tion fluc tu a tions that peaked inspring-early au tumn, there was no dif fer ence inei ther sur vival or the pro por tion of fe males re -pro duc tively ac tive when com pared for the three months be fore and af ter the peaks. When thepeak month was com pared with the first af terthe peak, there was a marked de cline in ei thersur vival or the pro por tion of the fe males thatwere re pro duc tively ac tive the first month af ter11 of the 13 peaks. Both vari ables de clined af ter5 peaks, whereas de clines in only 1 vari able oc -curred af ter 3, each, peaks. Sur vival was sig nif i cantly cor re lated pop u la -tion den sity in both the al falfa and blue grass,when data from the 2 hab i tats for all 25 yearswere con sid ered, as well as when anal y ses werere stricted to pe ri ods of pop u la tion fluc tu a tions.The pro por tion of adult fe males that were re pro -duc tively ac tive was not cor re lated with pop u la -tion den sity in ei ther hab i tat over the 25 yearsof the study nor when the anal y ses were lim itedto pe ri ods of pop u la tion fluc tu a tion.Ex treme weather ep i sodes did not ap pear tobe a pri mary fac tor in ces sa tion of pop u la tiongrowth. An un usu ally dry pe riod of 1–3 months(43.3%–84.2% lower pre cip i ta tion than the30-year mean for those months; un pub lished re -cords of the Il li nois State Wa ter Sur vey) pre -ceded four of the eight re duc tions in thepro por tion of re pro duc tively ac tive adult fe -males as so ci ated with pop u la tion de clines dur -ing spring-early au tumn. Dur ing ex tremedroughts, how ever, there is am ple free wa ter inthe  green veg  e  ta  t ion for  in  d i  v id ual  M.pennsylvanicus to meet their wa ter re quire -ments from nor mal daily food con sump tion(Getz 2006), even when con sid er ing the ad di -tional wa ter re quire ments for lac ta tion (Oswald
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et al. 1993). Other stresses as so ci ated withdrought con di tions may have ad versely af fectedre pro duc tion (Louch 1958). Re duced sur vivalwas not as so ci ated with these ep i sodes of lowpre cip i ta tion. Nei ther were ex treme weather ep -i sodes as so ci ated with de clines in sur vival or inthe pro por tion of re pro duc tively ac tive fe malesdur ing win ter.From the above ev i dence, we con clude that ade cline in sur vival was the most con sis tent vari -able as so ci ated with ces sa tion of pop u la tiongrowth of M. pennsylvanicus. A de cline in re pro -duc tion was ei ther the pri mary vari able or a con -trib u tory vari able to re duced sur vival in re spectto ces sa tion of growth of 15 of the 20 pop u la tionfluc tu a tions. Thus, changes in sur vival and re -pro duc tion were comp lexly as so ci ated with ces -sa tion of pop u la tion growth and mag ni tudes ofpeak den si ties and am pli tudes of fluc tu a tion.In creased sur vival, pre sum ably from the netef fect of re lax ation of pres sure from gen er a listpred a tors, was pre sumed to be re spon si ble forini ti a tion of pop u la tion fluc tu a tions of M.pennsylvanicus across years (Getz et al. 2006).Ex per i men tal stud ies by Desy and Batzli (1989)and Lin and Batzli (1995, 2001) dem on stratedpre da tion ef fects were a ma jor fac tor in sur vivalof voles and de pres sion of pop u la tion den si tiesin our study area. M. pennsylvanicus was es pe -cially sus cep ti ble to pre da tion in low cover hab i -tats (Lin and Batzli 2001). We pro pose,there fore, that not only re lax ation of pre da tionpres sure de ter mined when a pop u la tion fluc tu a -tion oc curred, but that in creased pre da tion pres -sure was a ma jor fac tor in flu enc ing peakden si ties and am pli tudes of pop u la tion fluc tu a -tion of M. pennsylvanicus. Al though sur vival, pre sum ably from vari a -tion in pre da tion pres sure, ap pears to be a ma jor fac tor driv ing pop u la tion fluc tu a tions acrossyears and af fect ing am pli tudes of fluc tu a tionwithin years of both M. ochrogaster and M.pennsylvanicus in our study sites, multi-an nualpop u la tion cy cles were not ev i dent (Getz et al.2001, Turchin 2003). These ob ser va tions agreewith other stud ies show ing that pre da tion playsa ma jor role in pop u la tion fluc tu a tions ofarvicoline ro dents whether re sult ing in an nualor er ratic fluc tu a tions (Hörnfeldt et al. 2005) or

pop u la tion cy cles (Korpimäki et al. 2004, 2005).Lambin et al. (2006) con cluded, how ever, thatreg u lar high-am pli tude pop u la tion cy cles ob -served in south-west France were not readily ex -plained by pre da tion ef fects.Ac knowl edge ments: The study was sup ported in part bygrants NSF DEB 78-25864 and NIH HD 09328 and by theUni ver sity of Il li nois School of Life Sci ences and Grad u ateCol lege Re search Board. We thank the fol low ing in di vid u als for their as sis tance with the field work: L. Verner, R. Cole,B. Klatt, R. Lindroth, D. Tazik, P. Mankin, T. Pizzuto, M.Snarski, S. Buck, K. Gubista, S. Vanthernout, M.Schmierbach, D. Avalos, L. Schiller, J. Edgington, B. Frase, and the 1063 un der grad u ate “mouseketeers” with out whose ex tra hands in the field the study would not have been pos -si ble. C. Haun, M. Thomp son and M. Snarski en tered thedata sets into the com puter.
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