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Summary 

1. We investigated the effects of forest fraginentatio~l on Ainerica~l inartells (~Ml~ites 
ar7zericana Rhoads) by evaluating differences in marten capture rates (excluding recap- 
tures) in 18 study sites with different levels of fragmentation resulti~lg from timber 
harvest clearcuts and natural openings. We focused on low levels of fragn~entation, 
where forest coililectivity was maintained and non-forest cover ranged from 2% to 
42%. 
2. Martens appeared to respond negatively to low levels of habitat fragmentation, 
based on the significant decrease in capture rates within the series of increasingly 
fragmented landscapes. Martells were nearly absent froin laildscapes having > 25% 
non-forest cover, eve11 though forest co~lilectivity was still present. 
3. Marten capture rates were negatively correlated with increasing proximity of open 
areas and iilcreasiilg extent of high-contrast edges. Forested landscapes appeared 
u~lsuitable for inartens when the average nearest-neighbour distance between open 
(~lon-forested) patches was < 100 111. In these landscapes, the proximity of open areas 
created strips of forest edge and eliminated nearly all forest interior. 
4. Srnall mammal densities were significa~ltly higher in clearcuts than in forests, but 
inarten captures were not correlated with prey abundance or biolnass associated with 
clearcuts. 
5. Conservation efforts for the marten must consider not only the structural aspects 
of mature forests, but the landscape pattern in which the forest occurs. We recoinlneild 
that the combillation of timber harvests and natural ope~liilgs cornprise <25% of 
landscapes 3 9 kin2 in size. 
6. The spatial pattern of open areas is importa~lt as well, because small, dispersed 
ope~liilgs result in less forest interior habitat than one large opeiliilg at the same 
percentage of fragmentation. Progressive cutting from a single patch would retain the 
largest amount of interior forest habitat. 

Kej~-it~ord~: 	 proxiinity index, edge density, habitat fragmentation, Mcrtes nn~er~ica7za, 

timber harvests. 
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Introduction 	 Habitat fragmentation, originally defined as the for- 
mation of isolated fragments from a forinerly con- 

The inodification of forested landscapes through land 
tiiluous habitat (Wilcox 1980; Harris 1984), has taken 

illanageiueilt practices has fostered a growing interest 
on a broader n~eaniilg in recent times, reflecting an 

in the effects of habitat fragmentation on wildlife. 
awareness that fragmentation can affect orgallisms 

long before the original habitat is reduced to remnant 


~ ~clIristina D, ~~~~i~ ~ ~ ~
patches. In the fullest sense, fragmentation is dis- 
e-mail: cdh@;alpine.for.nau.edu). ruption in coiltinuity in any teinporal or fuilctioi~al 

~ (fax: (520) 556 2131; ~	 ~ ~ 

603_0832 
Page 2 of 17



1999 British 
Ecological Society, 
Jou~nnl of Applied 
Ecology, 36, 
157-1 72 

domain (Lord & Norton 1990). Habitat frag-
mentation occurs along a continuum, from landscapes 
dominated by the original cover type to landscapes 
where the original type is reduced to remnant patches. 

The majority of habitat fragmentation studies have 
focused on extreme examples of fragmentation, after 
the original cover type has ceased to function as the 
dominant landscape element. By focusing on remnant 
habitat patches, these studies have examined the effect 
that patch area and isolation have on population size, 
extinction and recolonization rates, and dispersal 
rates of individual species, as well as on species diver- 
sity ( Diamond 1975; Whitcomb e ta / .  1981; Harris 
1984; Rosenberg & Raphael 1986; Verboom & van 
Apeldoorn 1990). More recently, investigations have 
turned to less extreme cases of fragmentation, and 
have focused on the cohesiveness or contagion of the 
original habitat type when it is the dominant land- 
scape element (Franklin & Forman 1987; O'Neill et al. 
1988; Ripple, Bradshaw & Spies 1991; Spies, Ripple 
& Bradshaw 1994; Wallin, Swanson & Marks 1994). 
These studies investigate potential restrictions on the 
movement of organisms, the spread of fire or disease, 
or the flow of nutrients at the landscape scale (Turner 
1987; Turner etcrl. 1989; Bartell & Brenkert 1991; 
Turner &Dale 1991; Wiens et 01. 1993; Ims 1995). The 
area of the original habitat generally is not measured 
when it is the dominant landscape element, because it 
forms one continuous patch and may extend beyond 
the defined landscape boundary. The area and dis- 
tance between disturbance patches are nevertheless of 
interest because they serve as barriers to movement 
and affect the spatial configuration of the original 
habitat. 

Our study focused on low fragmentation of forested 
landscapes, where the extent of forest has been altered 
by timber harvests but still comprises the dominant 
landscape element. We investigated the effects of habi- 
tat fragmentation on the American marten Martes 
an7ericana Rhoads, a carnivorous mammal typically 
associated with mature forest systems. American mar- 
tens appear sensitive to habitat fragmentation, 
because populations generally are low in areas frag- 
mented by the clearcut method of timber harvest (Sou- 
tiere 1979; Snyder & Bissonette 1987; Thompson & 
Harestad 1994). However, marten responses to grad- 
ual increases in fragmentation are not well known. 
Most studies of timber harvest effects have been in 
areas where levels of fragmentation were not differ- 
entiated and where fragmentation was quite high, 
between 41% and 60% clearcut (Soutiere 1979; Ste- 
venton & Major 1982; Snyder & Bissonette 1987; 
Katnik, Harrison & Hodgman 1994; Thonlpson 1994; 
Potvin & Breton 1997). In our investigation, we were 
primarily interested in the response of martens to a 
gradual increase in fragmentation when forest con- 
nectivity was maintained, and therefore focused our 
study on a series of forested landscapes where non- 
forest cover ranged from 2% to 42%. 

Brainerd (1990) proposed a model of marten 
response to fragmentation when non-forest cover occu- 
pied 55% of a hypothetical landscape. He predicted 
that habitat quality would increase if cut sizes were 
fine-grained, permitting marten movements across the 
clearcuts while taking advantage of increased prey in 
open areas. Habitat quality was predicted to decrease 
with medium- and coarse-grained cut sizes because they 
would restrict marten movements. A similar model was 
later developed by Thompson & Harestad (1994) that 
echoed Brainerd's (1990) predictions. Examining the 
full range of potential fragmentation, they predicted 
two possible changes in marten carrying capacity with 
increasing removal of timber. Under the clearcut 
method of harvest, equivalent to Brainerd's (1990) 
medium-grained or coarse-grained cut sizes, they pre- 
dicted a linear negative decline. With selective cutting 
and patch cuts <3 ha, they predicted an increase in 
carrying capacity at  low cutting levels, followed by a 
precipitous decline at approxi~nately 20-30% of forest 
cover removal, due to increased predation of martens in 
openings, high edge density, and loss of forest interior. 
Thus, their model differed from Brainerd's (1990) only 
in predicting a decline at an earlier stage of frag- 
mentation. 

Although martens avoid clearcuts and other large 
openings, especially in the winter (Soutiere 1979; 
Clark & Campbell 1979; Steventon & Major 1982; 
Hargis & McCullougl~ 1984), low levels of frag- 
mentation may have little effect on martens as long as 
forest connectivity is maintained. In fact, a positive 
response to low fragmentation may be expected, 
because in some locales martens forage in brushy 
clearcuts during summer (Steventon & Major 1982; 
Katnik 1992) and hunt along forest-meadow edges 
(Simon 1980; Spencer, Barrett & Zielinski 1983). Hav- 
ing a small proportion of the landscape in open areas 
may be favourable to martens because of the increase 
in abundance and diversity of small mammals associ- 
ated with clearcuts, and because marten diets are not 
restricted to forest-associated prey (Weckwerth & 
Hawley 1962; Koehler & Hornocker 1977; Buskirk & 
MacDonald 1984). The initial positive response would 
be followed eventually by a negative response as for- 
ested habitat became limiting. 

To test these predictions, we compared marten cap- 
ture rates across a series of increasingly fragmented 
landscapes. Our main objective was to determine 
whether marten abundance changed with incremental 
increases in habitat fragmentation caused by the com- 
bined effects of natural openings and timber clearcuts. 
If a correlation was found between capture rates and 
fragmentation, our secondary objective was to look for 
specific levels of fragmentation that suggested shifts in 
habitat quality in either a positive or negative direction. 
Preliminary results from this study were reported in 
Hargis & Bissonette (1997). This paper reports further 
analyses on the effects of landscape pattern on martens 
as measured by several landscape inetrics. 
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Methods 

S E L E C T I O K  OF STL-DY SITES  

We selected 18 sites in the Uinta Mountains of north- 
ern Utah where martens were known to occur. Each 
site was a square area covering 9 km', a size chosen 
to ensure that several martens potentially could be 
present at any given time, yet sufficiently small to 
allow a thorough survey of marten numbers. Open 
areas occupied 2 4 2 %  of each site (Fig. 1). Natural 

Fig. 1. Representative sites from the Uinta Mountains of 
northern Utah used in the study of forest fragmentation 
effects on the American marten: (a) Beaver Meadow (b) 
Hayden Pass and (c) East Park. Black represents forest and 
grey represents open areas. 

openings in the form of meadows and boulder fields 
covered 2-12% of the landscapes, while timber har- 
vests accounted for 0 4 2 %  of each site (Table 1). 

All sites were located in mature forests containing 
Engelmann spruce Piceu engelmunnii Parry ex 
Engelm., lodgepole pine Pintis contortu Dougl. ex 
Loudon and scattered subalpine fir Abies lusiocnipcr 
[Hook.] Nutt., with canopy cover >309'0, large diam- 
eter trees, and abundant coarse woody debris 
(Table 2). Elevations ranged from 2700 to 3200 m. 
Similarity in vegetative conditions was important to 
minimize variation among sites from factors other 
than fragmentation. 

We limited our study to the clearcut method of 
timber harvest, because marten responses to selective 
cutting may differ (Thompson & Harestad 1994). We 
chose sites where clearcutting had occurred at least 5 
years before to maximize the possibility of a stable 
marten response relative to this disturbance. However, 
one site contained cut blocks < 2  years old, and two 
sites contained clearcuts that had been harvested the 
previous year, but these totalled < 2 %  of each land- 
scape. 

In most cleared openings, average tree heights were 
<2 m because of planting failures and slow growth at 
high elevations. Dominant vegetation was grasses and 
forbs, providing a distinct contrast with adjacent 
forests. Harvested areas lacked coarse woody debris 
because logging slash was normally piled and burned. 

Our investigation involved four parts: estimation of 
marten use within each site, quantification of land- 
scape fragmentation, estimation of potential prey 
abundance and characterization of forest structure. 
The first two aspects were associated directly with 
the question of forest fragmentation effects on the 
American marten. The latter two assessed whether 
factors other than fragmentation contributed to 
differences in marten use among sites. 

E S T I M A T I O N  O F  M A R T E h -  U S E  

We used summer capture rates of individual martens, 
excluding recaptures, as a means of comparing marten 
use at  each site. Twenty-five live traps were placed 
in a systematic grid covering each entire site (750m 
spacing) and were monitored for 6 consecutive nights. 
This design potentially yielded 150 trap nights per site, 
but actual trapping effort varied among sites due to 
trap disturbance, damage and other field conditions. 
Each site was sampled at  least once during four trap- 
ping periods between 1991 and 1993. We surveyed 
nine sites twice in separate years to examine potential 
differences in capture rates between years, and one 
site was surveyed in all three summers. To examine 
potential differences in capture rates from early to late 
summer, we resurveyed four sites twice during the 
same summer. Captured martens were sedated with 
ketamine, weighed and ear-tagged. We recorded the 
weight, gender, and overall body condition of each 
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160 Table 1. Landscape chaiacteristics of 18. 9-km' landscapes in the Uinta Mountains of Utah 

Tile i77Juenc.e of 
frcignlentcttioll on 

% of site in % of site in Meail proximity Yearest neighbour 
Site openings* clearcuts Edge density index distance 

Mass fractal 
dirne~lsion 

Beaver? 
Anderson 
Highline 
Spirit 
Sinls 
Marsh East 
Bull 
Manila 
Sheep 
Cliff 
Chepeta 
Haydenj 
Dahlgreen 
Deer 
Marsh West 
Long Park 
Gold 
East Park? 

V a t u r a l  opeilings and clearcuts coillbined to for111 two-attribute landscapes. 
'r Illustrated in Fig. 1. 

Table 2. Forest structure characteristics of lodgepole pine-spruce 
above the dashed line were siinilar anloilg sites (Fig. 2) 

Structural attribute 


Basal area (in' 11a-l) 

Overstorey basal area (111' 11a-l) 

Canopy cover (56) 

Stand density index 

Stand d.b.11.~ (cm) 

Diailleter of sound logs (cm) 

Diameter of rotten logs (cin) 

Metric toils h a 1  of souild logs 

Metric toils 11a-l of rotten logs 


Overstorep d.b.h., (cm) 

Overstorep lodgepole pine d.b.h.,, (cm) 

Overstorey spruce d.b.11.~~ 
(cm) 
% of live overstorey ill lodgepole pine 
O/O of live overstorey in spruce 
Live crown ratio of overstorep trees 
% of total steins in snags 
% of overstorey steins ill snags 
% of basal area ill snags 
% of overstorey basal area in snags 

forests in 18 sites in the Uinta Mountains of Utah. Variables 

Mean Standard deviation 

marten. and noted the appearance of lactation in high capture rates were generally associated with other 
females. indicators of good health and reproduction. This 

1999 British 
Because high capture rates do not necessarily imply inforlnation was qualitative because salllple sizes were 

Ecological Society. 
JOl,i.,li,l ofA1,plied high quality habitat (van Horne 1983: Pulliam 1988), insufficient for statistical analyses. 

Ecologj., 36. we used reproductive status. weight. body condition Martens were not harvested commercially during 
and recapture in subsequent years to assess whether our study. A 5-year moratorium on colninercial trap- 157-172 
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ping of martens in the Uinta Mountains was initiated 
in 1990, one trapping season prior to the onset of our 
study. Additionally. no trapping had occurred in the 
2 years prior to the moratorium (Utah Division of 
Wildlife Resources, unpublished data), and prior to 
that there had been sporadic harvesting by only two 
trappers. inost of which occurred outside our study 
sites. 

A N A L Y S I S  O F  F R A G M E N T A T I O N  

We obtained raster images of our study sites by 
extracting the relevant areas from an existing veg- 
etation map of the Uinta h4ountains. The vegetation 
map was derived from LANDSAT TM data (30-in 
resolution) and had been classified into 35 vegetation 
types with corrections for slope, aspect and elevation 
(Homer etal. 1997). Our extracted images contained 
12 of the 35 vegetation types, and we aggregated these 
into two classes: forests and open areas (clearcuts and 
natural openings combined). We reduced mapping 
error by coinparing the classified iinages to aerial 
photos, and corrected all inisclassified pixels to match 
the shapes of vegetation polygons on the photos. 

We further siinplified the maps to remove frag- 
mentation 'noise' that occurred at a finer grain than 
perceived by martens. Assuming that inartens readily 
cross 30-m openings (Koehler & Hornocker 1977; 
Hargis & McCullough 1984), patches <30m were 
removed by blending all single pixel openings with the 
surrounding forest polygon. Likewise, isolated forest 
pixels were reclassified to match the clearcut or natural 
opening in ~vhich they occurred. 

We quantified habitat fragmentation using five 
measures: the percentage of landscape in openings, 
edge density (m ha-'), mean proximity index, mean 
nearest-neighbour distance between open areas (m), 
and inass fractal dimension. The first five nleasures 
were calculated with a spatial pattern analysis 
program, FRAGSTATS (McGarigal & h4arks 1995). 
Mass fractal diinension was calculated using software 
developed by B. Milne and T.  Keitt at the University 
of New Mexico. 

We calculated the percentage of landscape in open- 
ings as the colnbined percentages of clearcuts and 
natural openings within each study site. Edge density 
was the sum of all edge pixels divided by total land- 
scape area, expressed as metres of edge per hectare. 

Mean proxinlity index quantified the mean isolation 
of each open patch from all other openings within a 
specified search radius. taking into account the size of 
all other openings as well as the distance between 
them. The mean proximity index was derived froin 
individual proxiinity indices for each patch in the 
landscape, when each patch is viewed as a 'focal 
patch'. The proxinlity index for each patch was cal- 
culated as the sum, for all patches within the search 
radius of the focal patch, of patch area (m') divided 
by nearest edge-to-edge distance squared (n12) (McGa- 

rigal & h4arks 1995, modified from Gustafson & 
Parker 1992). High values of the inean proximity index 
indicated closer proxilnity between open patches. We 
used the full extent of each study site (3000111) as the 
search radius for each patch. 

We calculated mean nearest-neighbour distance 
between openings as the average edge-to-edge distance 
between each non-forested patch in the landscape and 
its nearest neighbour. This measure differed from the 
proximity index by ignoring patch size and by defining 
interpatch distance only with the nearest open patch. 
Meail nearest-neighbour distance yields an absolute 
value that only can be used to compare landscapes 
wit11 the same extent and resolution (Gustafson & 
Parker 1992), but our sites met these criteria. 

Mass fractal dinlension was used to describe the frac- 
tal nature of the forest matrix. We chose this fractal 
measure over a perimeter-area fractal because it char- 
acterized the shape of the forest matrix caused by place- 
ment of open patches, rather than ineasuring the irregu- 
larity of individual patch perimeters. Mass fractal 
diinension represents the scaling relationship between 
the average number of forested pixels contained within 
a subsainple of a landscape and the length of the box 
defining the subsample. Computationally, it is the slope 
derived froin the log of the average nuinber of pixels 
associated with a series of increasing box sizes regressed 
on the log of the box lengths (Voss 1988; Milne 1991). 
We calculated mass fractal diinensioll by counting the 
inean number of forested pixels in subsainples of the 
landscape contained within square boxes with edge leng- 
ths of 3, 9, 15, 21 and 27 pixels. Theoretical limits of this 
measure are between 0 and 2. A value of 2 is achieved 
when the forest completely fills the 2-dimensional land- 
scape. and is reduced to some dimension <2  as non- 
forest patches are added. 

ESTISIATION O F  P R E Y  D E N S I T Y  

We estiinated small nlaminal populations on 12 of the 
sites during a 7-week snap-trap survey between 22 
July and 8 Septeillber 1992. Each site was surveyed 
with 12 trap lines consisting of 16 stations spaced 20 in 
apart, with each station consisting of 2 Victor lnouse 
traps alld 1 Victor rat trap, except for the last station 
which had one mouse and one rat trap. Lines were 
placed in forested areas, clearcuts and meadows in 
approximate proportion to the availability of each of 
the three habitat types, and were run for 2 nights (1200 
trap nights per site). Actual trap nights were calculated 
by subtracting all traps that lnalfilnctioned or were 
sprung each night. We estimated the relative abun- 
dance of each species as captures per 100 trap nights, 
and calculated total biomass of inainn~als per line 
from ineasured \veigl~ts. Data were sulnnlarized by 
site and by habitat types within each site. 

A N A L Y S I S  O F  F O R E S T  S T R U C T U R E  

Various aspects of forest structure appear important 
to martens. particularly a fairly closed canopy and 
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abundant coarse woody debris (reviewed by Buskirk 
&Powell 1994). To determine whether marten capture 
rates might be influenced by forest structure, we mea- 
sured structural attributes of forested habitat within 
each site. Using a modified plotless cruise at 25 points, 
mean values were derived for 19 structural variables 
for each site. Points were located at random compass 
directions and random distances 1-30 m from each 
marten trap. For marten traps located in openings or 
at the edge of openings, points were randomly selected 
within the nearest forest. We used a basal area prism 
to establish the number of trees included within the 
point sample, and recorded height, diameter at breast 
height (d.b.h.), species, crown class, live crown ratio 
and snag decay class of each tree included. Live crown 
ratio was a visual estimate of the percentage of total 
tree height in live branches. We identified two crown 
classes: understorey and overstorey, and seven snag 
decay classes based on Thomas (1979). Live trees wit11 
dead tops (snag class 2) were classified as snags rather 
than live trees. 

We calculated the stand density index (Reineke 
1933) as the relationship between quadratic mean 
diameter (d.b.h.,) and trees per ha (t.p.h.) using the 
formula SDI = t.p.h. (d.b.h.,/25)' (Daniel & Sterba 
1980). We estimated the amount of conifer repro- 
duction by tallying all trees <7 cm d.b.h. within four 
2-in radius plots located five paces from each sampling 
point in the cardinal directions. Canopy cover was 
measured with a densiometer at the centre of these 
four plots. 

We determined abundance of coarse woody debris 
by establishing two 15-m transect lines that extended 
from the plotless cruise sampling point in random 
directions (Brown 1974). We recorded the diameter of 
all woody material >10 cm intersecting the lines and 
classified woody debris as being either sound or rotten. 
We calculated biomass density (kg ha-') for sound 
and rotten decay classes. using formulae developed by 
Brown (1974). 

S T A T I S T I C A L  A N A L Y S E S  

At the end of the 3-year survey period, we had sur- 
veyed each of the sites 1-3 times out of four possible 
sampling periods. Because repeated trapping efforts 
within each site were not independent, we used a boot- 
strap technique (Efron & Tibshirani 1993) to select 
randomly one trapping effort from each site, including 
the number of individual martens caught and total 
trap nights for that trapping effort. We repeated this 
procedure to generate 35 unique combinations of trap- 
ping efforts, each containing one trapping effort per 
site ( 1 1  = 18 for all 35 data sets). This procedure 
enabled us to mix capture results from all years and 
from early or late summer seasons in a variety of 
combinations. 

We used Poisson regression analysis (Frome, 
Kutner & Beauchamp 1973) to test for differences in 

marten capture rates among sites due to frag-
mentation, prey availability and forest structure. The 
analysis was run on all 35 data sets, and from this an 
average P-value and 95% confidence interval (CI) was 
calculated. We chose the Poisson model because mar- 
ten captures were counts that occurred at  a low rate, 
and the data most closely fit the Poisson distribution. 
Our data were overdispersed, leading us to use a quasi- 
likelihood method for estimating model parameters, 
and a x2 statistic was used to test for significance of 
these parameters (McCullagh & Nelder 1989). 

We tested five fragmentation models, one for each 
measure described in the section on fragmentation, 
and evaluated the relative strength of each model 
based on a comparison of R2-values. We did not gen- 
erate a model containing all fragmentation variables 
because initial data exploration revealed high cor-
relation among measures. We were interested, 
however, in determining whether any of the measures 
were more strongly correlated with marten numbers 
than others. 

Prior to conducting the regression analysis, we 
evaluated 18 measures of forest structure and seven 
variables from the small mammal survey to determine 
whether there were sufficient differences among the 
sites, in either forest structure or prey abundance, to 
warrant inclusion in the analysis of fragmentation. 
Due to the large number of these variables relative to 
the sample size of landscapes, we used data explo- 
ration techniques to eliminate variables that either did 
not appear to differ among sites, or that differed but 
were not correlated with marten captures. We exam- 
ined box plots for each variable for differences among 
sites, and where differences were observed we used 
correlation coefficients between each variable and 
marten captures to determine whether the variable 
should be added to the fragmentation models. 

Results 

I N F L U E N C E S  O F  F O R E S T  S T R U C T U R E  A N D  

P R E Y  A V A I L A B I L I T Y  

Nine forest structure variables showed close similarity 
among sites, and 10 variables differed, based on 
exploratory analysis using box plots (Table2). Can- 
opy cover and several measures of coarse woody 
debris were among the variables that were similar 
among sites (Table2 and Fig. 2). None of the forest 
structure measures was strongly correlated with mar- 
ten captures, and only the measures of snag abun- 
dance had correlation coefficients >10.201 (Table 3). 
Based on a forward stepwise regression of the 10 vari- 
ables that differed among sites and marten captures, 
only percentage of total stems in snags (henceforth 
called snag abundance) explained sufficient variation 
in marten captures to be included in subsequent mod- 
els of fragmentation, and all other forest structure 
variables were dropped from further analysis. 157-172 
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Fig. 2. Box plots for forest structure variables having sinlilarity among sites; with sites arranged from highest to lowest marten 
capture rates. The solid line in the box represents the median value. the box defines the first and third quartiles, and extreme 
values are shown as dots. 

Table 3. Pearson correlation coefficients between marten 
capture rates and forest structure variables, with coefficients 

/ 0.20 highlighted in bold 

Variable 	 I' 

Basal area (m2 ha-') 

Sterns ha-' 

Stand density index 

Canopy cover 

Live crown ratio of overstorey trees 

Stand d.b.11.~ (cm) 

Overstorey dbh, (cm) 

Overstorey lodgepole pine d.b.h., (cm) 

Overstorey spruce d.b.h., (cm) 

% of live overstorey in lodgepole pine 

% of live overstorey in spruce 

O/O of total sterns in snags 
O/' of basal area in snags 
% of overstorey sterns in snags 
% of overstorey basal area in snags 
Diameter of sound logs 
Diameter of rotten logs 
Metric tons ha-' of sound logs 
Metric tons ha-' of rotten logs 

c~1999 British 
Ecological Society. 

Jotri nal of Annl~ed Because of the negative correlation between snag 


> A. 

Ecologj', 36. 	 abundance and marten captures. we explored cor-
relations of other variables with snag abundance. We 

found a positive relationship between snag abundance 
and the percentage of site in clearcuts ( F  = 6.54: 
d.f. = 1;16, P = 0.02, R2 = 0.25) and a negative cor- 
relation between snag abundance and canopy cover 
(F= 10.85, d.f. = 1,16, P = 0.005, R' = 0.37). Mar- 
ten captures, however, were not correlated with can- 
opy cover (i. = -0,01), because cover was within an 
acceptable range for marten habitat suitability at all 
sites. Canopy cover ranged from 28% to 55%, and a 
lower limit of 30% is considered suitable (Koehler & 
Hornocker 1977; Spencer, Barrett & Zielinski 1983). 
There was no significant correlation between snag 
abundance and biomass density of coarse woody 
debris ( F  = 0.15, d.f. = 1,16; P = 0.70; R' = 0.0) or 
between snag abundance and vole densities ( F  = 1.29, 
d.f. = 1;16,P = 0.27, R' = 0.02). 

The small manlmal survey resulted in 1753 captures 
in 11 417 trap nights; excluding sprung traps. The five 
most commonly trapped species were the southern 
red-backed vole Clerhriol~or?~j.sgapperi Merriam, deer 
mouse Pel.onlj~sctrs nzuniculutus Osgood, Uinta chip- 
nlunk Etrtui?zias umbrinzrs J. A.  Allen; least chipmunk 
Etrtcri??ius i~~ir~inzus H.  and the vag-A.  Howell, 
rant/masked shrew complex Solex vcrgruizs Merriam 
and S ,  cinereus Kerr. We investigated seven variables 
that related to prey availability: captures per 100 trap 
nights for each of the five common species (five vari- 
ables); total biomass per trap nights of all nlammals 157-172 
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164 captured per site; and total captures per 100 trap 
Tlze irifl~rerice o f  nights per site. Total bioinass was the total weights of 

,fi~agi?ieritatioizorz trapped per site, excluding the weights of all ~ n a ~ n ~ n a l s  
incidental snap-trap captures of snowshoe hare Lepus 
c11nericniius Erxleben. We found differences anlong 
sites for all prey variables, but all were weakly cor- 
related with marten captures (Fig. 3 and Table 4). Vole 
captures showed the highest correlation with marten 
captures (r = 0.72) but were not a significant predictor 
of marten captures either when used alone (mean P 
of 35 bootstrap sailiples = 0.68, CI = 0.65. 0.71) or in 

7 

(x Uinta Chipmunks 

0 

? 

= 

Shrews 

-	 Biomass 

combi~iation with one of the fragmentation ineasures 
and snag abundance (mean P of 35 bootstrap sam-
ples = 0.53, CI = 0.50,0.56). The correlation between 
inarten and vole captures was primarily due to one 
site that had both the highest number of martens and 
an extremely high density of voles (Fig. 4b). When this 
site was omitted, the correlation coefficient was 0.53. 

Although prey availability was not correlated with 
Illarten captures, we found differences in prey among 
forests. meadows and clearcuts that were useful in 
interpretation of marten response to fragmentation. The 

Least Chipmunks 

Total Captures 

Sites 

Sites 
Fig. 3. Box plots for prey variables, with sites arranged from highest to lowest marten capture rates. The solid line in the box 
represents the median value. the box defines the first and third quartiles. and extreme values are shown as dots. 

density of small inammals was highest in clearcuts; fol- 
lowed by forests and meadows (XZfor clearcuts vs. for- 
ests = 20.12; d.f. = 1; P = 0,001; X' for meadows vs. 

Table4. Pearson's correlation coefficients between marten 
capture rates and prey variables 

Variable 

Voles 100 trap nights-' 

Deer mice 100 trap nights-' 

Uinta chipnlunks 100 trap nights-' 


sc 1999 British Least chipnlunks I00 trap n i g h t s '  

Ecological Society, Shrews 100 trap nights-' 

J f ' Total n~anllnals 100 trap nights-' 

Ecologj', 36, Bionlass 100 trap nights-' 


forests and clearcuts = 16.14, d.f. = 1, P = 0,001). We 
captured an average of 21 illa~n~nals 100 trap nights-' 
in clearcuts, 14 ma~nmals 100 trap nights-' in forests, 
and 6 ~ n a ~ n ~ n a l s  

i 

100 trap nights-' in meadows. The total 
0.72 bio~nass was highest in clearcuts; followed by forests 

-0.37 and meadows (F= 17.5; d.f. = 2, P < 0,001).
0.21 

-0.14 
0.12 	 M A R T E N  RESPONSE T O  F R A G M E N T A T I O N  
0.16 
0.29 	 We captured 53 individual inartens (34 inales and 19 

females; 46 adults and 7 juveniles) in 4983 trap nights, 
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Fig. 4. Scatterplot o f  individual Inartell captures with (a )per-
centage o f  total stems in snags and (b) vole captures 100 trap 
lights-'. 

with 0-8 individual captures per site during any given 
trapping period. Although capture rates differed 
ainong sites (described below), we found no significant 
difference in capture rates anlong trapping periods 
within any given site ( x 2= 2.89, d.f. = 3; P = 0.41). 
Sites with higli captures were consistelitly higli; and 
sites with zero captures remained low, resulting in a 
nearly stable ranking of sites across all years, and 
confirniing that differences in capture rates were due 
to factors other than seasonal variation or sampling 
error. 

Marten captures were negatively correlated with 
loss of forest habitat, as measured by tlie percentage 
of each site in open areas, and this relationship was 
significant ( P  = 0.03) when snag abundance was 
added to the model (Table 5). Capture rates were vari-
able in sites with low fragmentation, but only one 
inarten was captured in 937 trap nights in the four 
sites having >0.250i0 open areas (Fig. 5a). 

Martens showed significant responses to landscape 
pattern as well as loss of habitat (Fig. 5b-d and 
Table 5). Capture rates were lowest in landscapes witli 
large, closely spaced open areas, as nieasured both by 
mean proxinlity index and nearest-neighbour 
distance. Landscapes with an average distance 
between open areas < 100m had no marten captures. 
Also, landscapes witli high edge density had fewer 
marten captures. We did not observe a significant 
correlation between marten captures and inass fractal 
dimension, although the trend was for low to zero 
captures in landscapes where tlie forest matrix was 
highly convoluted (Fig. 5e and Table 5). 

COMPARISOK O F  F R A G M E K T A T I O K  MODELS 

We examined correlations between percentage of each 
site in openings and the four nieasures of landscape 
pattern to assess the degree of additional inforination 
provided by these iileasures (Table 6). Correlations 
were generally higli, with mass fractal di~nensioiihav-
ing the liigliest correlation with habitat loss (i. = 

-0.97) and nearest-neighbour distance the lowest 
(1 .  = -0.67). In addition, tlie four iileasures were 
interrelated ainong themselves; with edge density and 
niass fractal dinlension having the strongest cor-
relation (1. = -0.96). 

Partly as a consequence of these interrelationships, 
nearest-neighbour distance, edge density and per-
centage of site in openings were similar in their role 
as explanatory variables of marten capture rates. Used 
alone; each explained approximated 200i0 of the vari-
ation in iiiarten capture rates and P-values were simi-
lar. When used in conibinatioli with snag abundance, 
percentage of site in openings and edge density became 
better predictors, but the relationships for nearest-
neighhour distance were weakened. Mass fractal 
diniensioil provided tlie poorest fit of all frag-
mentatioli measures examined, both when used alone 
or in coinbination with snag abundance. 

The combined effects of mean proximity index and 
snag abundance provided the best fit for explaining 
differences in marten capture rates, based on a coin-
parison of P-values and R' terms from all frag-
mentation ~iiodelsexamined (Table 5). The con-
tribution of meail proxiniity index was greater than 
that of percentage of site in openings, which became 
an insignificant term when both nieasures were 
included in a model (mean P for each variable, respec-
tively, based on 35 bootstrap runs = 0.37 and 0.01). 

Discussion 

Martens appeared to respond negatively to low levels 
of habitat fragmentation, based on a significant 
decrease in capture rates observed across a series of 
increasingly fragmented landscapes. Martens were 
rarely detected in sites with >25% open areas, even 
though forest connectivity was still present. 

Martens were sensitive not only to loss of habitat 
but also to the size and proxiniity of open areas. As 
measured by tlie mean proximity index, inartell cap-
ture rates decreased as open patches became niore 
closely situated (Fig. 5b). When the average nearest-
neighbour distance between open patches was 
< 100in, nearly all forest interior had been converted 
to narrow strips of forest that functioned only as edge 
habitat (Fig. lc). 

We provide several caveats to aid in interpreting 
these results. First, R' values associated with all sig-
nificant relationships were low. It inay be unrealistic 
to expect high R 5 a l u e s  i11a study design where land-
scapes are the units of replication, but nevertheless 
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Tables. Statistical siguifica~lce of fragmentation models explaining individual marten capture rates, with mean P-values 
(coufidence iutervals i11 pare~ltheses) derived from chi-square tests performed on 35 bootstrap data sets per model (error 
d.f. = 15 in each model). Models with P < 0.05 are indicated with an asterisk. The second colulnn contains both the mean 
uuivariate P-value aud the meall multivariate P-value of the fragmentation measure when snag abundance is added to the 
model 

P-value of fragmentation P-value of snag abuudance 
Model parameters measure i11 multivariate model R2 

Oh of site in openings 

* '10of site in openings, 
snag abundance 

* Proximity iudex 

Proxi~nity iudex, 
snag abundance 

* Nearest-~leighbour distance 

* Nearest-nelghbour distauce, 
suag abuudance 

Edge density 

* Edge density, 
snag abundance 

Mass fractal dimension 

Mass fractal dime~lsion, 
suag abuudance 

the low R2 values indicate substantial unexplained were caught, and in all cases no martens were captured 
variation in marten capture rates. during these second attempts. Nevertheless, we cannot 

Secondly, the size chosen for study areas was small conclude that no martens were present. 
relative to marten home range scale. The size of mar- Also, we were unable to determine whether martens 
ten hoine ranges in the Uinta Mountains is unknown, in our sainples were residents or transients. This is 
but in the neighbouring state of Wyoming the mean an important consideration because high numbers of 
summer home ranges (950i0 ~niniinuin convex poly- transients could indicate a population sink (Pulliain 
gon) of seven females was 669 (+67 SE) ha and that 1988). Although we do not know how many transients 
of eight males was 1820 (k153 SE) ha (O'Doherty, occurred in each site, we do know that sites with high 
Ruggiero & Henry 1997); sizes that would suggest ~narten captures contained residents. The two sites 
only 1-2 martens per landscape. hTevertheless, we wit11 the highest number of captures were the only 
expected several martens to occur in each landscape sites m~here we recaptured the same individuals in sub- 
because home range boundaries were unlikely to cor- sequent years. These sites also represented two of the 
respond to study area boundaries, and therefore par- four sites with lactating females; denoting repro-
tial home ranges of several inartens could be ductive activity. In the site with the highest capture 
represented. Martens exhibit intrasexual territoriality rate, the average weight of inales was above average 
(reviewed by Powell 1994) but > 1 female range typi- for all sites, and general body condition was fair to 
cally occurs within those of males. Non-territorial juv- excellent. Thus, there is no evidence to suggest that 
eniles soinetilnes share ranges with territorial adults sites with high captures were simply areas of dispersal. 
(Archibald & Jessup 1984). Rather than view these Our final caveat regards the apparent threshold in 
landscapes from a home range perspective, we viewed inarten occurrence when open areas were approxi-
each landscape as a window providing a snapshot of mately 250i0 of the total landscape. Martens in our 
~nartennumbers at  a given point in time. sites may have exhibited a stronger response to low 

A third caveat is that inarten capture rates represent levels of fraglnentation than would be expected in 
relative; not absolute, marten numbers. Sites with no geographical areas with less harsh conditions. The 
marten captures may have contained martens but a t  clearcuts in our sites provided no habitat for martens 
densities too low to detect during the 6-night trapping because cut areas generally were stripped of both veg- 
period. To increase our confidence in interpreting zero etation and logging slash after timber harvest. More- 
values; we resampled all sites in which no inartens over, the top soil was considerably disturbed, often 
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Fig. 5. Scatterplot of marten capture rates with five measures of fragmentation: (a) percentage of site in openi~lgs;(b) mean 
proximity index: (c) meall nearest-neighbour distance; (d) edge density; and (e) mass fractal dilne~lsioll 

Table 6. Correlation matrix for landscape ~netricsand snag abundance, with all coefficients >10,701highlighted in bold 

Nearest 
Edge Proximity neighbour Mass fractal 

Marten % open density index distaace dimension Snags 

Marten 1.00 -0.50 -0.45 -0.59 0.56 0.41 -0.53 
O/O open 1.00 0.97 0.85 -0.67 -0.97 0.28 
Edge 1.OO 0.74 -0.72 -0.96 0.26 
Proximity lndex 1.OO -0.50 -0.79 0.28 
Nearest-neighbour distance 1,OO 0.59 -0.26 
Mass fractal dime~lsion 1.OO -0.32 
Snags 1.OO 

retarding the establishment of conifer growth for a & Major 1982; Katnik 1992; Potvin & Breton 1997)fc1999 British 
Ecological Society, decade or more. and may tolerate higher levels of fragmentation under 

Journal of Appiied Elsewhere, martens apparently can forage in clear- these circumstances. Soutiere (1979) found marten 

Ecologj,, 36, cuts containing structure in the form of regenerating using areas that were 60% cut in Maine, although at 
157-172 deciduous or conifer vegetation and brush (Steventon lower population levels than in uncut areas. We find it 

603_0832 
Page 12 of 17



168 
Tlie iiij4zlence of 
fiagr7ierztatioi1 oiz 
niaifeizs 

1999 British 
Ecological Society. 
Joui.iicr/ of Alll~iietl 
Ecoiogj,, 36. 
157-1 72 

noteworthy. however, that Chapin & Harrison (1998), 
working in the same general vicinity as Soutiere, found 
no adult female marten territories where >3 1 % of the 
landscape was in regenerating vegetation. The median 
percentage of home range area in regenerating patches 
was 20% for 14 resident adult fe i~~ales  and 22% for 
13 resident adult males (Chapin & Harrison 1998). 
Also; Thonlpson (1994) found resident marten at only 
one of five sites with logged forests. and clearcuts on 
these sites were vegetated with shrubs and quaking 
aspen P O ~ Z I I L L S  These studies indicate that tier~zuloides. 
marten residency, if not martell presence, inay be 
affected by fairly low levels of fragmentation, regard- 
less of the vegetation present in open areas. In areas 
where openings are poorly vegetated for long periods, 
we anticipate that martens would respond to frag- 
mentation at approxiillately the same level that we 
observed. For example, clearcut nlanagement com-
parable to that of the Uinta Mountains occurs in 
much of the lodgepole pine and spruce forests of the 
intermountain states of western North America, and 
we consider our results relevant to marten con-
servation in that geographical area. 

Our findings may be pertinent to the conservation of 
the Eurasian pine marten 1bfai.tes 17i~r.tes Lill~laeus as 
well. Of 46 British illamillals analysed for vulnerability 
to fragmentation, the pine marten was considered one 
of the most vulnerable due to relatively low population 
density; slow breeding, fairly poor dispersal capabilities 
and close affinity to semi-natural habitats (Bright 
1993). In the former USSR, notable declines in marten 
abundance were apparent when illature forest was 
reduced to 25-35% of total area (Grakov 1972). In 
northern Sweden, pine marten densities were found to 
be two to three times higher within an old-growth forest 
reserve than in the surrounding landscape of com-
mercially managed, fragmented forest (Bjarvall; hTils- 
son & Norling 1977: cited in Brainerd 1997). In sou- 
thern Sweden and south-eastern Norway, pine martens 
consistently preferred later-successional seres of 
spruce-dominated forest and avoided open habitats 
throughout the year (Brainerd 1997). 

Martens in Scotland appear to tolerate high levels 
of forest fragmentation. but Balharry (1993) found 
that the normal rodent diet is supplemented by 
carrion, mostly from red deer C e i v ~ ue l a ~ ~ h u sculling 
operations and, to a lesser extent. from hill sheep Oz>is 
aiies. Carrion accounted for 35% of the estimated 
weight intake of all marten foods in two study sites. 
Nevertheless, some nlininluln area of woodland 
seemed inlportant for establishing breeding territories. 
because breeding adults had significantly more wood- 
land in their territories than juveniles and non-breed- 
ing adults (Balharry 1993). In a comparison of two 
study sites in Scotland, Balharry (1993) found that 
male marten home ranges were three times larger in 
the site having only 3.5% woodland than in the site 
with 27% woodland. 

American martens may be soillewhat more sensitive 

to fragmentation than pine martens; and may require 
a certain proportion of forest interior within their 
home ranges. As sunlillarized by Buskirk & Powell 
(1994); martens appear to use structural components 
of nlature forests to avoid predators (Drew 1995), to 
gain access to prey in winter (Hargis & McCullough 
1984; Coril & Raphael 1992; Sherburne & Bissonette 
1993; Sherburne & Bissonette 1994) and to gain ther- 
mal advantages. especially while resting (Buskirk e f  al. 
1989; Taylor 1993; Raphael & Jones 1997). Each of 
these could be affected by loss of forest interior habi- 
tat. Forest patches < 100in wide may not provide 
sufficient escape cover from known predators such as 
red fox Vzrlpes rulpe.~. coyote Crriii.~Iatr~arz.~and raptors 
(Hodgman et 01. 1997; Thompson 1994). Availability 
of preferred prey may also be a factor. Mills (1995) 
found lower densities of California red-backed voles 
Clethiioiioi~ij~scalifoir~icusnear edges than in forest 
interiors, and Nordstrom (1995) found lower densities 
of southern red-backed voles in narrow forest cor- 
ridors compared to contiguous forest blocks during a 
low population year. Thermal advantages may also 
be lost in forests that have been reduced to narrow 
strips. Chen, Franklin & Spies (1995) found that 
nlicroclinlatic edge effects can extend >240 111 into 
old-growth Douglas-fir forests. Therefore. a forest 
interspersed with closely spaced open patches inay 
lack the thermal conditions norillally associated with 
mature forests due to landscape pattern. 

Edge habitat per se is not necessarily detrinlental to 
martens. Marten use of edge may depend on the habitat 
coillposition on either side (Buskirk & Powell 1994). In 
California. illartens showed preferential use of edge 
that bordered inesic meadows (Simon 1980; Spencer. 
Barrett & Zielinski 1983) and in Maine edge between 
residual conifer forests and regenerating clearcuts was 
used in proportion to availability (Chapin 1995; 
Chapin & Harrison 1998). I11 our study. the correlation 
between edge density and mean proximity index made 
it difficult to deternline whether martens responded 
negatively to edge, or whether the actual response was 
to the loss of forest interior from closely spaced patches, 
and edge was siillply a covariate. 

In addition to loss of interior habitat. martens may 
avoid landscapes with abundant openings due to the 
increased energetic costs of circuillventing the open 
areas. It may be energetically prohibitive to defend a 
territory or forage in a home range that is widely 
diff~~sedand interspersed with large patches of unsuit- 
able habitat (Thompson & Colgan 1994). 

We found no evidence that illartens benefit from the 
increase in abundance and diversity of prey associated 
with clearcuts. We cannot state this conclusively 
because we did not collect dietary information, but 
our trapping data did not indicate a positive response 
to prey in clearcuts. Although sillall mammal densities 
were higher in clearcuts than in forest habitat, marten 
capture rates were not correlated with biomass of 
prey found in clearcuts, or with the abundance of any 
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species associated with clearcuts. Information on red 
squirrel (Tu?.iziasciurzls hudsolzicus Trouessart) or 
snowshoe hare abundance, which we did not obtain, 
would not have changed the relationship between 
martens and clearcut-associated prey. because both 
are associated with forests (Raphael 1988; Thon~pson 
& Colgan 1994). Seven of the eight incidental captures 
of snowshoe hares were in forests. 

We found a negative correlation between marten 
capture rates and snag abundance, but martens 
showed a positive response to snags in other studies 
(Spencer, Barrett & Zielinski 1983; Lofroth 1993; 
Drew 1995). partly because of their use of large diain- 
eter snags for resting sites (Campbell 1979; Spencer. 
Barrett & Zielinski 1983). In our study. snags were a 
common habitat feature in all sites aild may not have 
been limiting to martens. but snag abundance varied 
among sites due to differences in mortality from 
mountain pine De~~Cl i .oc to~~~l .~beetle po?~ilfi.o.~ae 
Hopkins. The representation of snags in the over-
storey ranged from 9% in an uninfected site to 65% in 
a heavily infected area. Sites with high beetle mortality 
were frequently selected for salvage timber harvests, 
and therefore sites with high snag densities also had 
the greatest number of clearcuts. Thus, the negative 
correlation between martens and fragmentation is 
mirrored by the negative correlation between martens 
and snag abundance. Because snag abundance 
improved the fit of all fragmentatioil illodels (Table 5), 
however, it is more than a correlate with frag-
mentation. and may be influencing marten ecology in 
ways that our data did not reflect. The more open 
canopy cover associated with high snag densities may 
cause edge effects to extend further into forests, caus- 
ing a greater loss of forest interior at any given level 
of fragmentation than sites with low snag abundance. 

R E C O M M E N D A T I O N S  F O R  M A N A G E M E N T  AND 

R E S E A R C H  

Our study was designed to assess changes in marten 
capture rates over a range of habitat fragmentation, 
but we were unable to separate the effects of habitat 
loss from the effects of landscape pattern. All mea- 
sures of landscape pattern except mass fractal dimen- 
sion were significantly correlated with marten 
captures, but each change in the measure of pattern 
was associated with a change in available habitat. To 
isolate the effects of landscape pattern, it would be 
necessary to sample martens in several landscapes 
having the same level of habitat loss but differing in 
landscape pattern. Landscapes with 20-35% of the 
area in openings appear fruitful for further inves- 
tigations, based on the notable change in capture rates 
we encountered at  this level. RJe predict that within 
this range of fragmentation martens are sensitive to 
landscape pattern alone, and that landscapes lacking 
forest interior may not sustain reproducing popu- 
lations. 

The effects of patch size and spatial distribution on 
forest interior are illustrated using three landscape 
patterns at the same level of fragmentation, with each 
landscape having approximately 20% of the area in 
openings (Fig. 6). The first landscape represents one 
of our study sites with open areas in a dispersed pat- 
tern that has resulted in the loss of much of the forest 
interior (Fig. 6a). The other images are of two simu- 
lated landscapes having 20% openings in which the 
openings are either clustered (Fig. 6b) or aggregated 

Fig. 6 .  T h r e e  landscape  patterns w i t h  a p p r o x i m a t e l y  20% o f  
t h e  area i n  open ings:  ( a )  a n  actual  landscape  i n  U t a h ;  (b)a 
s imula ted  landscape  w i t h  clustered patches;  a n d  ( c )  a s imu-  
lated landscape  w i t h  o p e n i n g s  aggregated i n t o  a single pa tch  
t o  m a x i m i z e  forest  in ter ior .  B lack  represents forest  a n d  grey 
represents o p e n  areas.  157-172 
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into a single patch (Fig. 6c). The sinlulations were 
created with a computer program that places patches 
on a landscape at any specified proportion and spacing 
(~ar 'g i s ,  Bissonette & David 1997), using digitized 
clearcut patch shapes from the Uinta Mountains. The 
comparison clearly illustrates the greater size of forest 
interior and fewer disruptions in continuity of habitat 
that occurs when unsuitable habitat is clustered or 
occupies a single patch. 

Assuming American martens do require forest 
interior for reproductive habitat, management should 
consider the guidelines developed by Franklin & For-
man (1987) for conservation of forest interior species 
in managed landscapes. They recommend that timber 
harvests be undertaken progressively outward from a 
single patch or in clustered cuts so that disturbance 
patches are consolidated and larger areas of undis- 
turbed forest could be maintained. For martens, pro- 
gressive cutting rather than clustered cuts would be 
preferred, because the forested buffers left between 
tightly clustered clearcuts have little apparent value 
to martens, and represent additional loss of habitat 
rather than useable forest. Progressive cutting from a 
single patch would create nlaxinlunl aggregation of 
disturbance and retain the largest amount of interior 
forest habitat. 
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