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Abstract: Negative effects o f  habitat edge have been advanced as an important proximate cause o f  extinctior6 
and a growing literature calls attention to the matrix surrounding habitat remnants as a critical factor 
determining populat ton persistence I examined spatial distribution o f  California red-backed voles (Clethri- 
onomys californicus) on 13 forest remnants and f ive control sites in southwestern Oregott The species was 
virtually isolated on mmnantg making little use o f  the regenerating clearcuts surrounding the remnant~ The 
e~ec~ o f ~  ct'e~rcm' a ~ o  ~p~ng .a r  o n  ~ , ~ m m ,  t ~  as  ~ e  e~ec~: s~x ¢~mes more tm~ea um,m c a p ~  per 
trap in the interior o f  remnants than on tbe edge Consequentiy, tbe density o f  voles per unit  area on remnants 
increased with remnant  siz~ despite the potential buildup o f  population density in small isolates due to 
limited emigratio~ I explored potential mechanisms of  the negative edge effect on voles and found  that the 
biomass o f  coarse woody debri~ per s~ did not explain the vole distribution because both number and 
volume o f  loss increased f rom the interior to the edge o f  remnant~ However, the distribution o f  the vole's 
primary food  iter~ hypogeous sport)carps o f  mycorrhizal fung6 did correspond to the vole edge effect 

Et ~ce to  he 'ms 'oorhes  y el  ~tanimtl¢o: et raton campestre ~'~etof,  onomys cdifjorn'g~s') en remanentes he 
bosque 

IR~mxmetx- £os efectos negat~oos de~ b o r ~  ¢fe gos hdfo~ats ha s(do oro, Oueato como t m a  Ctp~orta~te r a u a a  
knme~tata ~e ex~nctOn..y una ~ e r a ~ r a  c r e c ~ t e  e s~  2~on~end~o ~ a s ~ s  en ~a matrix ~ue ~ ~os rema- 
t~n~es como un fac~or c r~co  en ~a ~e~erm~rmc~/on ~e ~a Oers~s~nc~a.ooblac~ona~ ~xamin~ ~a ~ h u x g f t t  
espaclal de los ratones de campo californlanos (Clethrionomys californicus) e n / 3  remanentes de bosquey  5 

pOCO uso de los clareos que se regeneran alrededor de los remanentes del bosqu~ Los efectos de los clareos 
r a m b i ~  ayectw~on a |os remanen~es en .forma semejame al efecm de los ~ r d ~  se capturaron 6 veces 
ratoc~es~t~or Wam2t~ en e |  ~nt~r~r" de Zos r~m~rr~n~ ~ en Zos ~ Con~ecuen~ment~ l a  ~ ~e ~o~ 
ratones por  unidad de dwea en los remanentes se inerement6 con el t a ~  del remanent~ a pesar del 
crectmiento potenclal en la denstdad de la poblaci6n en pequedm~ ~reas alsladas debtdo a una ~mttada 
emigraci~fi~ Explor~ los mecanlsmos potenclales de los efectos negativos sobre los ratones y encontr~ q ~  la 
btomasa de los restos de madera no explican p o t  si misraos ta distribuct6m de los ratone~ debtdo a que tanto 
el m~mero como el volumen de los troncos se incrementa del interior de los remanentes hacla sus borde~ Sin 
embargo, la distribuci6n del alimento primario de los ratone& esporocarpos de micorriza~ si se correspondi6 
con el efecto de los hordes sobre los ratones 
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Introduction 

Ver t eb ra t e  popu la t i ons  in  fores t  r e m n a n t s  face  p robab i l -  
i t ies  o f  e x t i n c t i o n  tha t  d e p e n d  la rge ly  o n  the  r e m n a n t ' s  

395 

Conservation Biology, Pages 395---403 
Volume 9, No. 2, April 1995 

27293FWS_LIT_009448



396 Red-backed Voles on Forest Remnants Mills 

size and degree of isolation. Fragmenting a large popu- 
lation into small, isolated populations increases the 
probability of  extinction due to factors including sto- 
chastic demographic and environmental variation (see 
Lande 1993) and inbreeding depression (Frankel & 
Soul~ 1981; Mills & Smouse 1994). Exacerbating these 
risks are negative edge effects, which may shrink the 
functional size of the remnants by reducing habitat qual- 
ity at the interface of the remnant and surrounding hab- 
itat (see Yahner 1988). 

Mechanisms driving negative edge effects include 
both biotic and abiotic factors. A rapidly growing liter- 
ature documents  changes in the susceptibility of birds 
to edge-induced predation and nest parasitism (review 
by Andr~n & Angelstam 1988; Reese & Ratti 1988). 
Furthermore, abiotic conditions and associated vegeta- 
tion structure and composition differ between the edge 
and interior of forest remnants ( review by Saunders et 
al. 1991; see also Williams-Linera 1990; Laurance 1991 ). 
These phenomena have been assumed to affect mam- 
mals negatively as well, prompting general concern that 
edge effects will decrease the densities of certain spe- 
cies on forest remnants surrounded by a human-altered 
landscape (Harris 1984; Franklin & Forman 1987). 

To date, however,  data documenting negative edge 
effects for mammals are sparse, and an explicit connec- 
tion of these effects to mechanisms is virtually nonexis- 
tent. In addition, the literature examining small mam- 
mals on islands (or  strongly isolated habitat remnants) 
predicts that small islands will actually contain higher 
densities than larger ones due to limited emigration (re- 
view in Glicwicz 1980); this prediction is exactly op- 
posite to expectat ion if negative edge effects drive pop- 
ulation dynamics (Bierregaard et al. 1992). 

The forests of the Pacific Northwest have received 
little attention with respect to edge effects on verte- 
brates (see review in Paton 1994). These forests should 
be a model system for examining issues related to edge 
effects and fragmentation on small mammals, due to the 
extensive clearcutting and wide range of small-mammal 
responses to forest fragmentation (Tevis 1956; Gash- 
wiler 1970; Hooven & Black 1976; Mills 1993). Califor- 
nia red-backed voles (Clethrionomys californicus) re- 
spond negat ive ly  to c l ea rcu t t ing  of  forests;  the i r  
abundance is lower for at least 10 years (and up to 
30-60 years) following forest harvest (Hooven & Black 
1976; Taylor et al. 1988; Raphael 1988; Rosenberg et al. 
1994). The avoidance of clearcuts by red-backed voles 
has been linked to the scarcity of coarse woody debris 
and/or their primary food: the belowground sporocarps 
of mycorrhizal fungi (Tevis 1956; Ure & Maser 1982; 
Hayes et al. 1986). 

I tested whether  edge effects influenced the distribu- 
tion of red-backed voles on a collection of unharvested 
forest remnants in southwestern Oregon and compared 

the space use on remnants to that in unfragmented con- 
trol sites and in the matrix of regenerating forest sur- 
rounding the remnants. I also explored mechanisms un- 
derlying the edge effect for red-backed voles, including 
the biomass of woody debris and the distribution of 
belowground fungal sporocarps. 

Methods  

study Area 
All sites were  located in the Klamath Mountains physi- 
ographic province of (Franklin & Dyrness 1973) of 
southwestern Oregon (Fig. 1, Table 1) and were  under  
federal or state ownership. The 13 forest remnants were  
unlogged mature-to-old-growth forest (more  than 80 
years old) surrounded entirely by land clearcut one to 
30 years previously.  The remnants  w e r e  primarily 
Pseudotsuga menziesii/Abies spp. communities, while 
clearcuts included Rubus, Ribes~ Ceonothus, and Eptlo- 
bium associations (Dyrness 1973). Virtually no trees 
were  retained in the clearcuts, although saplings were  
established in some sites. 

Remnants analyzed in this study were  small (0.6-2.5 
ha; Table 1), which allowed for accurate on-the-ground 
measurement of remnant size and edge characteristics. 
The remnants varied in elevation, slope, aspect, and the 
width of the clearcut matrix surrounding them (Table 1). 

I also sampled five control  sites, with at least one 
control  within 13 km of each remnant (Fig. 1, Table 1 ). 
For this study, "control" was defined as unlogged ma- 
ture-to-old-growth forests more  than 250 ha in size. The 
inclusion of more or larger control  sites, or sites closer 
to remnants, was precluded by the extensive forest frag- 
mentation in the region. 

Vole Trapping 

Trapping was conducted from June 25 to September 14, 
1990, and from June 7 to September 6, 1991. Both me- 
dium (9 x 8 x 23 c m ) a n d  small (6.5 x 5.5 x 16.5) 
Sherman live traps were  used, with a ratio of 3:1 me- 
dium to small traps held constant with respect to both 
distance from edge and across remnant, control, and 
clearcut sites. In each summer, up to 85 live traps were  
set for four nights in a measured, regularly-spaced trap- 
ping grid on both  remnants and controls. Although 
smaller remnants were  not  able to hold all 85 traps 
(Table 1), trapping effort per unit area was constant 
among sites due to standardized trap spacing: 15 meters 
apart, with adjustment of up to 4 meters in either direc- 
tion tolerated if traps could be placed under  or near 
fallen logs. All traps were  baited with 1:1 oat groats to 
sunflower seeds, and an approximately 1-cm 3 chunk of 
fresh apple. Upon capture,  voles we re  individually 
marked by toe clipping. 

The group of remnants (and associated clearcuts) 
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Figure 1. Locations o f  r emnan t  and  control sites analyzed f o r  rod-backed vole space use in southwestern Ore. 
gon, 1990 and  1991. Control sites (>250  ha)  are indicated by open typg remnants  by solid typ£ 

nearest each control was trapped within a month of 
when  the control was trapped. Simultaneous with sam- 
pling a remnant, the surrounding clearcuts were sam- 
pled with 16 Sherman traps placed in four lines of four 
traps each. Each line was placed roughly at a cardinal 
compass direction from the remnant, in the middle of 
and perpendicular to the likely line of  travel of an animal 
crossing the regenerating clearcut between the nearest 
forest and the remnant. As in the forest, traps were set 
for four nights, located under logs whenever  possible, 
and spaced 15 meters apart within lines. Analysis 
The edge, or clearcut/forest interface, was generally ob- 
vious. To ensure that measurements were  repeatable 

across remnants, however, the edge was operationaIiy 
defined as the minimum convex polygon comprised of 
the outermost conifer trees that were  at least two-thirds 
the mean diameter of conifers in the remnant center. 
The edge was allowed to be concave ff the distance from 
one edge tree to the next was more than 30 meters. To 
eliminate the influence of occasional unharvested trees 
outside the remnant, a conifer was not considered an 
edge tree if the line of travel along the remnant perim- 
eter and out to the tree formed an angle of less than 135 
degrees, and the tree was farther than 20 meters from 
any two trees inside the edge. 

By measuring the distance from each trap to the 
marked edge, I could assign traps to one of  four edge 
classes: 0 -15  meters, 16-30 meters, 31-45  meters, and 
46-90  meters into the forest from the edge. Estimates of 
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Table 1. Blogeographic characteristics of forest remnants and controls (>250 ha) used to stady red-hacked vole responses to 
forest fragmentation. 

Size Distance to Slope 
Site a (ha )  N u m b e r  Traps ~ Fores#: ( m )  Aspect  (degrees) Elev a ( m )  

Remnants 
O 3.6 85 150 W 31 1403 
HC 2.5 84 95 W 24 976 
E 2.5 85 100 W 32 1342 
JB 2.5 69 140 SE 13 686 
FB 2.0 81 120 W 25 671 
W 1.4 67 60 SE 14 732 
S 1.3 63 150 E 33 991 
YB 1.3 68 75 N 35 915 
HD 1.1 42 110 S 22 976 
Z 1.0 52 60 S 22 732 
PC 0.9 52 170 N 35 640 
JT 0.6 30 50 E 2 991 
M 0.3 20 100 W 10 1220 

Controls 
G N/A 85 N/A S 19 1586 
B N/A 85 N/A SE 9 1083 
P N/A 85 N/A E 31 884 
YA N/A 85 N/A E 37 817 
JA N/A 85 N/A - -  2 991 

aSites with single letter designations were sampled in both 1990 and 1991; all others were sampled only in 1991. 
Number of  traps set for  four  nights each on measured grid with 15-meter spacing. Lack of  perfect concordance between trap number and 

remnant size reflects the influence o f  remnant shape on trapping grid layout 
CDlstance to newmst forest more than 7 ha in size, the area of  the largest remnant studied by Mills (1993). 
a Elevation at approximate center o f  sit~ 

actual vole density in each edge class would have re- 
quired considerably longer trapping periods than the 
four nights I used due to the relatively small number of 
animals and potent ia l  trap responses  (Menkens & 
Anderson 1988; Pollock et al. 1990); increasing the trap- 
ping period would have forced me to reduce the num- 
ber of replicate remnants examined. Because I was sim- 
ply interested in relative changes in space use by voles 
and felt that the number  of different animals captured 
per unit effort should not change in a biased fashion 
across edge classes, I relied on a simple index of space 
use: the number of different animals captured weighted 
by number of traps, or the number of different animals 
per trap over the four days of trapping. 

Six of  the 13 remnants and three of the controls were 
trapped in the spring/summer of  both 1990 and 1991 
using identical methodology (Table 1). For these sites, 
the trapping index values were averaged across years to 
give site values. The other sites were trapped only in 
1991. 

Based on natural history responses (see Tevis 1956; 
Gashwiler 1970; Hooven & Black 1976; Raphael 1988), 
we would predict  an edge effect to be negative for Cal- 
ifornia red-backed voles. Thus, the preferred statistical 
technique should test whether  space use ranked as 0 -15  
meters <~ 16-30  meters ~< 31--45 meters ~< 46-90  
meters. In order to test for both heterogeneity and di- 
rectionality using categorical (edge class) data, I used an 
ordered-heterogeneity test (Rice & Gaines 1994a~b). 

Specifically, heterogeneity among density index values 
(number of different voles per trap) across edge classes 
was determined by an ANOVA that is robust to unequal 
group variances (Rice & Gaines 1989). The ANOVA 
P-value was combined with the order component,  as- 
sessed by a Spearman's rank correlation. From the prod- 
uct  of  these two ( r a P e )  , a P value was ob ta ined  
for the ordered heterogenei ty  test (Rice & Gaines 
1994b). 

To compare vole use of remnants to that of surround- 
ing clearcuts and nearby controls, I determined number  
of voles per trap for each remnant by dividing the total 
number of different voles captured by number  of traps 
on the remnant. I then used a Behrens-Fisher T-test al- 
lowing for inequality of treatment variances to compare 
the average vole number per trap on remnants to that 
on surrounding clearcuts, as well as to that on nearby 
controls. 

I used line intercept sampling (DeVries 1974) to es- 
timate log volume (m3/ha) and log number  (number/  
ha) on each of two 20-meter line transects randomly 
located in each edge class of each remnant. For the 
purposes of this study, a "log" was defined as any dead 
woody material less than 45 degrees to the ground and 
greater than 10 cm diameter at the large end. Data for 
logs were analyzed with an ordered heterogeneity test 
as described above for data on vole captures. 

The distribution of hypogeous sporocarps of mycor- 
rhizal fungi ( t r t ~ e s )  was sampled on several of the rem- 
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nants and regenerating clearcuts to examine the rela- 
tionship be tween voles and truffles and between t n ~ e s  
and coarse woody  debris (Clarkson & Mills 1994). From 
mid-June through mid-August 1991, four remnants  
(sites O, HC, E, S) and the regenerating clearcuts sur- 
rounding two of  them (O, E) were  sampled. Truffle 
plots were  one square meter  in size and were  placed by 
raking down to the organic-mineral soil interface. Each 
of the four remnants had at least eight plots in each edge 
class (described above). The regenerating clearcuts sur- 
rounding the two sites had 40 plots each. Because dis- 
tance between truffle plots and the edge is known, we 
can relate tnxffie distribution to edge effects. However, 
the small number  of  replicate sites for truffle sampling 
limits analysis to a qualitative approach. 

Results 

California red-backed voles on forest remnants in south- 
western Oregon are strongly and negatively affected by 
clearcutting of forest (Fig. 2). They were  exceptionally 
rare in clearcuts, with only three voles captured in 1404 
trap nights (351 traps out  for four nights ) over the 1990 
and 1991 seasons (vole density index = 0.014 different 
voles/trap). In contrast, a total of 135 different voles 
were  captured during 7332 trap nights on remnants (in- 
dex = 0.086) and 85 were  captured in 2792 trap nights 
on controls ( index -- 0.15). Voles were  captured on all 
5 controls, on 10 of 13 remnants, and on 3 of 13 regen- 
erating clearcuts surrounding remnants. The average 
number  of different voles per  trap in remnants was sig- 

Figure 2. Mean and standard errors of  the California 
red.backed vole density index and the number 
of  different voles captured per trap for  four nights 
of  trapping in southwestern Oregorg 1990 and 1991. 
Forest-edge classes (striped bars) represent number 
of  meters from trap to the nearest forest-clearcut in- 
terface The N refers to the number of  sites trappecZ 
Small remnants often did not have any area further 
than 30 meters from an edge 

nificantly greater (p = 0.003) than the average number  
in clear'cuts. Although there was a t rend toward fewer 
voles per trap in remnants, on average, than in controls, 
the difference was only marginally significant (p  = 0.1). 

Voles also exhibited a significant negative edge effect 
(p = 0.003), with six times as many voles per  trap in 
the interior of the remnants as on the edges (Fig. 2). 
Furthermore, the regression of the vole density index 
(number  of different voles/trap/remnant) against rem- 
nant area is significantly positive (Fig. 3). 

The significant increase in vole density with remnant 
area may result from the fact that small remnants have a 
higher ratio of edge to interior, so that they have lower 
vole densities per unit area. Alternatively, the density/ 
area relationship may arise from area-related phenome- 
non that are independent  of edge, such as the effects of 
remnant size on probabilities of extinction, predation, 
and/or immigration. If area-related phenomena do, in 
fact, drive the density of voles on remnants, the possi- 
bility arises that my observed edge effects within rem- 
nants arise simply as an artifact of interior edge dasses 
being found solely on remnants that have higher density 
due to large size. To consider this possibility, I re- 
analyzed the vole edge-effect data using only the eight 
remnants that were  large enough to have all edge classes 
represented, without the possible confounding factor of 
stand size. The results were  unchanged: vole density 
decreased significantly from the interior to edges of 
remnants (p -- 0.005), indicating that the edge effect is 
not  merely a function of area relationships on remnants. 

The biomass of coarse woody  debris showed a trend 
opposite to that of voles (Fig. 4), with numbers increas- 
ing from the interior to the edge of the remnant for both  
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Figure 3~ Relationship between size of  remnants 
(ha) and average vole density index for that rem- 
nant in southtt~tern Oregorg 1990 and 1991 (re- 
gression p = o .o2;  r 2 = 0 .40 ) .  
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Figure 4. Mean  and  s tandard errors o f  d o w n e d  log 
biomass  values relative to distance f r o m  edge f o r  al l  
remnants  trapped f o r  red-backed voles in southwest-  
era Oregor~ Solid bars show  n u m b e r  o f  logs p e r  hect- 
are, whi te  bars represent the vo lume  o f  log p e r  hect- 
are (m3/ha). The N refers to the n u m b e r  o f  remnants  
analyzeal For the most- inter ior  edge class ( 4 6 - 9 0  
meters), three sites (W, S, a n d  PC) that had  traps 
in that edge class d id  no t  have  enough area to sam- 
p le  logg so N = 5 compared  wi th  N = 8 in Fig. 2. 

log volume (p  = 0.04) and number  of  logs (p  = 0.05). 
A sequential Bonferonni correct ion of P-values (Rice 
1989) to account  for inflated Type I error  due to two 
tests of  the same hypothesis (edge  effects on log volume 
and number )  changes significance levels t o p  = 0.07 for 
both  volume and number  of  logs. 

We sampled a total of  136 truffle plots on four forest 
remnants and 40 plots in the clearcuts surrounding each 
of two remnants. On the four remnants, 29 of 136 plots 
(21.3%) had at least one trttflte, with sporocarps com- 
ing from 12 genera (Clarkson & Mills 1994). 

Only one  plot  out  of  80 had any truffles in the 
clearcuts, despite a sampling regime that was intention- 
ally biased toward  finding truffles in the c learcuts  
(Clarkson & Mills 1994). Furthermore,  no truffles were  
found in the 32 plots  in the first edge class (O-15 
meters)  of  the four remnants. Truffles were  found, how- 
ever, in 11 of the 32 plots from 16-30 meters  from the 
edge, 11 of the 32 plots from 31-45  meters, and 7 of the 
40 plots f rom 46 -90  meters. Fresh-weight biomass fol- 
lowed the same trends. 

Discussion 

Although forest remnants  in southwest  Oregon cannot 
be considered analogous to true islands for all small- 
mammal  species (Mills 1993; Doak & Mills 1994), they 
do appear to be  operating as islands for California red- 
backed voles. Voles were  captured in most  remnants  but  
rarely in clearcuts surrounding remnants. Within the 

remnants, a negative edge effect decreased vole density 
from the interior to the edge of the remnants  (also see 
Waiters 1991). These trends hold across a wide range of  
clearcut ages; thus, isolation and edge effects on voles 
appear to be  general phenomena  for varying conditions 
in the matrix of regenerating clearcuts in southwest  Or- 
egon. 

Edge effects may be more  severe on remnants  than in 
continuous forest because the edge effect at any point  is 
a function not only of the nearest  edge but  also of  the 
rest of  the circumference of  the remnant  (Bierregaard et 
al. 1992). Because small remnants  have a larger propor-  
tion of their area close to an edge, negative edge effects 
would be expec ted  to translate into propor t ionate ly  
lower densities on smaller remnants  (Temple  1986). 
The prediction that negative edge effects decrease the 
functional size of a remnant,  so that density of  a species 
increases with increasing remnant  size, forms the core  
of several landscape-level approaches to quantifying the 
effects of  forest fragmentation (see Harris 1984; Franklin 
& Forman 1987; Groom & Schumaker 1993). 

On the other  hand, small-mammal studies have long 
documented  that limited dispersal can lead to higher 
densities in enclosures or islands (Lidicker 1975; Gaines 
& Johnson 1987). The demographic  consequences  of  
this "fence effect" has led to the counterintuit ive pre- 
diction that population densities per  unit area should 
decrease as island size increases (Gliwicz 1980). Studies 
of  presumed habitat islands have demonstra ted that the 
relationship be tween  small-mammal density and rem- 
nant size is mediated by the demographic  effects of  
crowding and environmental  conditions, and whe ther  
isolation is complete  enough to prohibit  emmigrat ion 
out of  the populat ion (Gottf r ied 1979; Kozakiewicz 
1985, 1993; Szacki 1987). 

I found that the index of vole density (per  unit area)  
did increase significantly with remnant  size (Fig. 3), im- 
plying population-level consequences  of  the negative 
edge effects. The increase in vole densities in control  
sites versus remnants  overall, however,  was only mar- 
ginally significant. In particular, the most  interior por- 
tions of remnants had higher densities than controls, 
while densities near the edge were  substantially lower  
(Fig. 2). Collectively, these results may indicate that 
although the negative edge effect decreases the func- 
tional size of the remnants, the strong degree  of isola- 
tion also plays a role by limiting dispersal into the sur- 
rounding matrix. It may be that the deleterious effects of  
edge on density are somewhat  counteracted by density 
buildup from lack of dispersal within the isolated rem- 
nants. Additional support  for the notion of the ecologi- 
cal isolation of voles on remnants  comes  f rom prelimi- 
nary examination of DNA fingerprints f rom five of  the 
remnants and two of the controls, in which remnant  
voles have lower genetic variation than control  voles 
(Mills 1993). 
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Although the value of coarse woody  debris to small- 
mammal space use in forests is well established (Har- 
mon et  al. 1986), logs per  se do not  explain the negative 
edge effect for red-backed voles. In this study, both vol- 
ume and number  of logs tended to increase toward the 
remnant edges, trends that are opposite the vole edge 
effect. This lack of concordance be tween log and vole 
distribution may seem surprising given the strong pos- 
itive association be tween  red-backed voles and logs 
(Doyle 1987; Hayes & Cross 1987; Tallmon & Mills 
1994). Although the number  and volume of downed 
logs in the interior edge classes of my remnants (Fig. 4 ) 
were  mostly within the range of values obtained previ- 
ously for Oregon Coast Range forest stands older than 
80 years (Spies et  al. 1988), the first two edge classes 
contain up to 1.5 times higher log volume and number. 
The large amount  of woody  biomass on the remnant 
edge probably results from cut trees falling into the for- 
est and from subsequent death and blowdown of trees 
on the edge (Lovejoy et  al. 1986; Williams-Linera 1990; 
Laurance 1991). Thus there is a rapid accumulation of 
coarse woody  debris on the edge due to clearcutting, 
but  the wood  is not  of advanced decay class (Williams- 
Linera 1990; Chen et al. 1992; Bierregaard et al. 1992). 
Tallmon and Mills (1994)  used radiotelemetry to doc- 
ument  that voles on one remnant (site E: Table 1) pref- 
erentially use logs of advanced decay, which indicates 
that the high biomass of logs at the forest-clearcut in- 
terface of remnants may represent  excess coarse woody 
debris that does not  necessarily benefit wildlife, or at 
least red-backed voles, in the short term. 

In contrast to total biomass of woody  debris, the dis- 
tribution of hypogeous sporocarps of mycorrhizal fungi 
was consistent with the space-use trends shown by 
voles: truffles were  virtually absent from regenerating 
clearcuts and from near the edges of remnants. Truffles 
make up over three quarters of the diet of California 
red-backed voles (Maser et al. 1978; Ure & Maser 1982), 
and Clarkson and Mills (1994)  found that red-backed 
voles were  significantly more likely to be captured in 
traps with truffles nearby than expected  by chance. It 
appears that food supply may provide a mechanism for 
the observed decrease in vole numbers in the regener- 
ating clearcuts and in remnants immediately adjacent to 
edges. 

Although microcl imatic  edge gradients, including 
changes in light, moisture, and temperature, may extend 
50 meters or more  into the forest (Lovejoy et al. 1986; 
Chen et  al. 1992; Matlack 1993; Young & Mitchell 
1994), I do not have direct evidence relating abiotic 
factors to the distribution of voles or truffles on these 
remnants. Soil characteristics may also mediate the vole- 
truffle relationship (Rosenberg et  al. 1994). 

These results, indicating effects of  both edge and rem- 
nant area on the density of red-backed voles, concur  
with studies of birds in fragmented landscapes. In a re- 

cent  review, Paton (1994)  concluded that predation 
and parasitism rates on birds are often significantly 
greater within 50 meters of an edge than in the forest 
interior. Obviously, not  all mammal species will exhibit 
negative edge effects (Mills 1993), but  Paton's (1994)  
call for rigorous examination of edge effects in forests 
certainly holds true for mammals, which have received 
amazingly little attention with respect to potential neg- 
ative impacts of edge. 

This study has several implications for remnants as 
nature reserves. Whether  the ideal shape for reserves is 
round or not (Diamond 1975; Wilson & Willis 1974) 
depends on the relative effects of shape on extinction 
and immigration (Game 1980); the consequences of 
shape, in turn, will be weighted by edge effects. In my 
study, edge effects for red-backed voles do not  diminish 
over the 90-meter boundary that I examined, implying 
that small remnants are dominated by edge for this spe- 
cies and that larger remnants will have decreased func- 
tional size. However, the fact that even very small rem- 
nants sometimes had voles on them implies that these 
remnants may serve important functions for species per- 
sistence (Fahrig & Merriam 1994). 
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