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Abstract: To understand the dynamics of fire in red pine (Pinus resinosa Ait.) forest ecosystems that once dominated
areas of the northern Lake States, we dendrochronologically reconstructed the fire regime prior to European settlement
(pre-1860), after European settlement (1860–1935), and postrefuge establishment (post-1935) for different portions (wilder-
ness and nonwilderness) and landforms (sand ridges and outwash channels) of the Seney National Wildlife Refuge
(SNWR) in eastern Upper Michigan. Using data from 50 sites, we found that the cumulative number of fires showed a
slow rate of accumulation from the 1700s to 1859, a steeper pattern suggesting higher fire occurrence from 1860 to 1935,
and a return to fewer fires after 1935. Prior to European settlement, the fire cycle (FC) of sand ridge landforms inter-
spersed within a poorly drained lacustrine plain in the Seney Wilderness Area was 91–144 years. This was longer than on
glacial outwash channel landforms (53 years) and on sand ridge landforms interspersed within lacustrine plains located
outside of the wilderness (47 years). The FC was also shorter (30 years) during this period and has subsequently increased
(149–1090 years) after SNWR establishment. Differences in fire regimes among landform types were minor relative to the
temporal variation in fire regimes among the three time periods.

Résumé : Pour comprendre la dynamique des feux dans les écosystèmes forestiers de pin rouge (Pinus resinosa Ait.) qui
ont jadis dominé des régions du nord des États des Grands Lacs, nous avons reconstitué à l’aide de la dendrochronologie
le régime des feux avant la colonisation par les européens (<1860), après la colonisation par les européens (1860–1935) et
après l’établissement de refuges (>1935) pour différentes portions (zone protégée ou non protégée) et formes de relief
(crêtes sablonneuses et dépôts d’épandage fluvioglaciaire) de la Réserve faunique nationale de Seney située dans l’est du
Haut-Michigan. À partir de données provenant de 50 stations, nous avons trouvé que le nombre cumulatif de feux a aug-
menté lentement dans les années 1700 jusqu’en 1859, plus rapidement de 1860 à 1935 suggérant une occurrence plus éle-
vée des feux et à nouveau plus lentement après 1935. Avant la colonisation par les européens, le cycle de feu dans le cas
des crêtes sablonneuses parsemées à travers une plaine lacustre mal drainée dans la zone protégée de la Réserve de Seney
était de 91 à 144 ans. Ce cycle était plus long que sur les dépôts d’épandage fluvioglaciaire (53 ans) et que sur les crêtes
sablonneuses parsemées dans la plaine lacustre située à l’extérieur de la zone protégée (47 ans). Le cycle de feu était
également plus court (30 ans) durant cette période et a par la suite augmenté (149–1090 ans) durant la période qui a suivi
l’établissement de la réserve faunique. Les différences entre les régimes des feux parmi les types de formes de relief
étaient mineures relativement à la variation temporelle dans les régimes des feux entre les trois périodes de temps.

[Traduit par la Rédaction]

Introduction

Red pine (Pinus resinosa Ait.) is one of the few fire-
resistant tree species in the eastern United States (Starker
1934), with a range confined to the North American northern
forest region and the southern fringe of the North American
boreal forest region (Rudolf 1990). In the northern Lake

States region of the United States, fire-maintained mixed-
pine forests dominated by primarily red pine, but also con-
taining eastern white pine (Pinus strobus L.) and jack pine
(Pinus banksiana Lamb.) were common features of the
pre-European settlement landscape (Whitney 1986). During
this time, periodic surface fires played an important role in
red pine regeneration by providing full sunlight conditions
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for this shade-intolerant species, reducing competing vege-
tation, and exposing mineral seedbeds (Ahlgren 1976).
However, many of these forests in the northern Lake States
have been altered from their pre-European condition, first
by extensive logging in the late 19th and early 20th centu-
ries (Karamanski 1989) and, later, by fire suppression poli-
cies. Together, these activities have substantially decreased
the presence of naturally regenerated red pine stands across
the northern Lake States (Cleland et al. 2004).

The legacies of logging and of stand-replacing wildfires
in the northern Lake States have also contributed to the sub-
sequent increases in the abundance and distribution of more
pyrophytic species such as jack pine and fire-sensitive hard-
woods (e.g., aspen, Populus spp., and sugar maple, Acer
saccharum Marsh.; Friedman and Reich 2005), leading to
increased fuel loadings and fire hazards relative to a more
natural condition (Woodall et al. 2005). These high fuel
loadings present a challenge for land managers involved in
ecological restoration of these forest ecosystems (Palik and
Zasada 2003; Corace et al. 2008) because of potentially
high risk associated with using prescribed fire as a restora-
tion tool.

Natural fires have been recognized as the driving factor in
the historic development of red pine forests, with surface
fires being the most typical disturbance events (Engstrom
and Mann 1991; Cleland et al. 2004). However, regional
variation in fire regimes has proved to be an important fac-
tor in controlling the distribution of red pine across much of
its range. While moderate-intensity surface fires are thought
to regulate red pine regeneration and establishment across
the southern portion of the species’ range, Flannigan and

Bergeron (1998) suggest that red pine is regulated by large
stand-replacing fires across the northern extent of its range,
including areas of northern Quebec. As a result, at the north-
ern fringe of its range, red pine forests tend to be spatially
associated with habitats associated with nonstand-replacing
fires. Therefore, these refugia may function as seed sources
of red pine over large landscapes where stand-replacing fires
dominate the disturbance regime (Bergeron and Gagnon
1987; Bergeron et al. 1997). There is also a tendency for
red pine to be more abundant on xeric sites across its range
(Horton and Bedell 1960), likely reflecting the low probabil-
ity of stand-replacing fires on such sites due to their low
fuel loadings.

Both in more northern and central portions of the range of
red pine, fire-return intervals (FRIs) are estimated to vary
between 3 and 5 years (Bergeron and Gagnon 1987) to
>300 years (Heinselman 1973). This variability results from
differences in site and climatic conditions, as well as shifts
in fire regime due to changes in land-use patterns and,
possibly, the influence of changing climate on fire regimes
(Flannigan et al. 2001; Bergeron et al. 2004). Therefore,
knowledge of the factors controlling fire dynamics at the
ecoregional scale are crucial for formulation of sound con-
servation and restoration strategies for red pine-dominated
forest ecosystems.

In this paper, we quantify the characteristics of the pre-
and of the post-European settlement fire regimes of the
historically red pine-dominated landscape of Seney National
Wildlife Refuge (SNWR; Fig. 1). This 38 544 ha area
located in eastern Upper Michigan is dominated by two
major landform types: glacial outwash channels and sand

Fig. 1. Wilderness and nonwilderness portions of Seney National Wildlife Refuge (SNWR) with stand locations (open circles). White areas
on the refuge map indicate marshland areas, and darker areas indicate forest vegetation. Broken lines in the lower central part and in the
upper right part of the SNWR map delineate the outwash channel (lower part) and sand ridge (upper) landforms of nonwilderness area.
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ridges (‘‘islands;’’ sensu Heinselman 1965) interspersed in a
matrix of patterned or spring bogs located on a lacustrine
plain (Heinselman 1965). Additionally, SNWR forests re-
flect the legacy of natural disturbance regimes prior to
European settlement of the area, the extensive logging and
high-grading of the forests at the time of the Great Cutover
(end of 19th and beginning of 20th century; Dickmann and
Leefers 2003) and, finally, management oriented towards a
set of multiple objectives, including wildlife habitat, fire
protection, recreation, and ecosystem restoration (USFWS
2003; Corace et al. 2008). Our overall hypothesis is that gla-
cial landforms mediated the influence of fire on the SNWR
pre-European settlement landscape and that postsettlement
harvesting practices and fire suppression activities have
changed the pattern of natural fire activity associated with
each landform type. Specifically, we (i) characterize FRIs,
length of fire cycle, and seasonal and spatial patterns of for-
est fires over a period of 300 years (1707–2006) for the en-
tire SNWR landscape, as well as for the two major landform
types; (ii) examine the variation in fire regimes across three
different time periods (namely, pre-European settlement,
pre-1707–1859; European settlement, 1860–1935; and after
SNWR establishment, post-1935) that reflects the different
natural and anthropogenic disturbance regimes of the region;
and (iii) discuss possible management implications with
respect to the restoration of mixed-pine ecosystems and their
fuel management.

Study area

The SNWR lies within the Seney Sand Lake Plain sub-
subsection of eastern Upper Michigan, where poorly drained
landforms of lacustrine origin prevail (Albert 1995). The
terrain is characterized by glacial outwash channels and a
matrix of patterned fens interspersed by sand ridges (Silber-
nagel et al. 1997a). This matrix was formed by the deposition
of Valders glacial outwash, subsequent inundation by earlier
stages of the Great Lakes, and drainage of the area during the
post-Algonquin period (i.e., 10 000 years B.P.) (Heinselman
1965). Across the Seney Sand Lake Plain, mixed-pine forest
ecosystems tend to be limited to both the outwash channel
and sand ridge landforms. At SNWR, outwash channels are
typically linear landform types that are associated with
streams and are approximately 6–8 km long and several hun-
dred meters to 1 km wide. However, sand ridges are smaller
features ranging from <0.5 to 5 ha, with most of them being
approximately 0.5–2 ha in size and several metres in eleva-
tion above the surrounding patterned fen landscape.

The climate of this ecoregion is continental but also
strongly influenced by both Lake Superior and Lake Michi-
gan. The long-term (1971–2000) mean annual temperature is
6.2 8C (MRCC 2007), with considerable variation between
the coldest (January, long-term mean minimum temperature,
–13.6 8C) and the warmest (July, long-term mean maximum
temperature, 26.7 8C) months. Total annual precipitation is
781 cm, most of which occurs in the form of rain (mean
snowfall: 312 cm). Precipitation tends to peak in July
(93.7 cm) and be lowest in February (30.2 cm). The mean
length of growing season is 119 days, with evaporation of
64 cm. Mean humidity varies from 50% to 60% from
spring through fall. Finally, long-term wind data suggest

that during the spring and summer months, the predomi-
nant winds are from the southwest and northwest (USFWS
2003).

Sedge- and shrub-dominated ecosystems, along with
mixed coniferous–deciduous forests, dominated the pre-
European landscape at SNWR (Comer et al. 1995; Zhang et
al. 2000). Particularly, many areas of SNWR were histori-
cally dominated by forest ecosystems comprised primarily
of red pine but with a lesser component of eastern white
pine and jack pine (Heinselman 1965; Comer et al. 1995).
Presently, SNWR is characterized by a wetland–upland
mosaic of forest and non-forest cover types (USFWS 2003;
Corace et al. 2008). The wetland vegetation is typically a
sedge- and shrub-matrix. Upland areas are dominated by
mixed forests with varying proportions of deciduous species
(e.g., American beech, Fagus grandifolia Ehrh.; sugar ma-
ple; and yellow birch, Betula alleghaniensis Britt.), as well
as several coniferous species (e.g., red pine; eastern white
pine; jack pine black spruce, Picea mariana (Mill.) BSP;
and balsam fir, Abies balsamea (L.) Mill).

Prior to European settlement, fires in pine forests of the
upper Great Lakes originated from both lightning and
anthropogenic sources (Loope and Anderton 1998). How-
ever, by 1851, the General Land Office had completed its
surveys in eastern Upper Michigan (Barnett 1982), and land
sales began shortly thereafter. Europeans moved into the
region, large areas were harvested for timber as well as to
clear the land for agricultural land uses, and there were sub-
sequent intense slash fires. Maybee (1960) suggests that the
approximate onset of logging at SNWR was 1860, focusing
first on red and white pine sawtimber. Following this exploi-
tive period, many areas were drained and cleared for agri-
culture; however, poor soil quality and the large-scale
intense forest fires fueled by logging debris thwarted these
efforts (Losey 2003). This period lasted until the early 1930s,
and much of this land was abandoned and tax-reverted to
the State of Michigan. In 1935, SNWR was established
and forest management practices have been undertaken to
foster wildlife and waterfowl management.

Methods

Field data collection
Field sampling was designed to allow reconstruction of

the fire histories of the two major landform types of the
SNWR landscape: (i) sand ridges interspersed within pat-
terned fens and (ii) glacial outwash channels. The majority
of the former type was located within the federally desig-
nated Seney Wilderness Area (hereafter wilderness), a
10 178 ha portion of the 38 544 ha SNWR, where remnant
old-growth red pine forest ecosystems remain and where
wildfires have occurred within the last 30 years. This area
is one of the best remaining tracts of old-growth red pine
forest ecosystems in the region. In the red pine dominated
sand ridges of the wilderness, the extensive wetland shrub
matrix precluded logging because access for horses or ma-
chinery was difficult. Conversely, the terrain of the nonwil-
derness (i.e., level outwash channels) did not constrain
logging to the same degree as in the wilderness, and records
of timber harvesting exist for this part of SNWR since 1935.
Our fire history sampling took place in the areas with differ-
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ent levels of human impact (‘‘low’’ in the wilderness vs.
‘‘high’’ in the nonwilderness) and different landform types.
In searching for stands to be sampled, we avoided sites where
the absence of fire-scarred trees, logs, and stumps precluded
fire history reconstruction (Swetnam and Baisan 1996).

Nested within the wilderness, the area sampled included
the most remote cluster of sand ridges that comprise por-
tions of the Strangmoor Bog National Natural Landmark
and its associated research natural area. We sampled all ma-
jor sand ridges that rose above the patterned fen matrix by
>2 m, as well as a number of randomly selected smaller
sand ridges. We sampled the small sand ridges (0.2–2 ha)
to increase the detection probability for small (*10 ha) fires
(as explained later) and to obtain a dataset representative of
the whole population of sand ridges in the wilderness. In the
nonwilderness (14 220 ha), sampling was constrained by the
low number of fire-scarred trees, stumps and snags, some of
which had been removed or destroyed during past logging
operations. Finally, because we were interested in the legacy
of past harvesting activities, we searched for sites that repre-
sented different combinations of vegetative cover and the re-
cent harvesting history (over the last 70–100 years) across
the area.

In each sampled site, we searched for fire-scarred live
trees, stumps, and deadwood and used the method of
‘‘wedge sampling’’ (Swetnam 1996) to extract a wedge
from the bole of trees containing scars. Trees representing
the oldest cohorts within the site were typically sampled to
recover scars not visible from outside of the trees (so-called
overhealed scars). At each site, we searched over an area up
to 1 ha (or smaller in the islands with the total area <1 ha)
and also limited our maximum search time for potential
samples to 2.5 h to ensure that our sampling effort did not
lead to differences in the probability of detecting past fires
among sites. However, as the size of study sites did not
exceed 1 ha, 2.5 h was ample time to explore the site, iden-
tify all fire-scarred trees, and then select the presumably
most informative live or dead trees with respect to fire
history reconstruction. This approach, which is similar to
that of Swetnam and Baisan (2003), allowed us to focus on
the trees (often the oldest trees within stand), snags, and
stumps, that exhibited multiple noneroded fire scars at each
site so as to develop the longest possible stand fire
chronology. As the red pine dominated forest ecosystems
are distributed along a narrow, xeric environmental gradient
in this landscape, the likelihood that there were differences
in the preservation times of deadwood, which may influence
estimates of fire frequency, across our sampled sites was
low.

In the majority of cases (97%), the samples were col-
lected from red pine; other tree species from which samples
were taken included jack pine and eastern white pine. In the
field, we recorded tree diameter at 1.37 m above the ground
(hereafter DBH), species, type of sample (e.g., living tree,
stump, snag, or log), and azimuth of the scar. The last pa-
rameter was analyzed to infer the direction of the fire which
produced the first scar of that sample. Due to the tempera-
ture pattern around a tree during a fire, fire scars typically
form on the side of the tree 1808 to the direction of fire
(Dickinson and Johnson 2001), given similar fuel conditions
around the base of the tree.

Sample preparation and dating
Samples were mounted on wood and progressively pol-

ished with up to 400 grit sandpaper to allow clear recogni-
tion of annual rings and fire scars under a binocular
microscope (using up to 40� magnification). All samples
were crossdated using a visual approach (following Stokes
and Smiley 1968), which included skeleton plots for each
sample. We developed local chronologies for sites at
SNWR, and the master chronology (also referred to as a
pointer-year chronology; Schweingruber et al. 1990), uti-
lized ring widths, earlywood and latewood widths, and late-
wood and earlywood densities. The resulting pointer-year
chronology provided a basis for, and was used for, accu-
rately aging each sample. Additionally, we used a number
of existing red pine chronologies, which were helpful in ver-
ification of our pointer year chronology, that were available
for the region from the International Tree-Ring Data Bank
(www.ncdc.noaa.gov/paleo/treering.html). Such an approach
has been used successfully in several North American and
European studies of fire history (e.g., Caprio and Swetnam
1995; Niklasson and Granström 2000; Brown 2006). After
cross-dating of tree rings was completed on a fire-scarred
sample, calendar dates and seasonal information were ob-
tained for all fire scars. Finally, after all samples were
cross-dated and aged, it became possible to use known fire
dates from the studied stands (and especially the dates of
large fires in the area such as the Seney Fire of 1976; An-
derson 1982) as an additional step to verify crossdating ac-
curacy.

Seasonal dating of fires was accomplished through identi-
fication of the position of each fire scar within an annual
ring. We classified fires into three groups: (i) earlywood
fires, those fire scars located in dormant earlywood to late
earlywood; (ii) latewood fires, those fire scars located in
early latewood to dormant latewood; and (iii) fires with
unclear seasonal dating.

Methods of fire history reconstruction
To deduce the size of past fires, we mapped and analyzed

the locations of recording sites for each fire year recon-
structed. We considered recording sites as those sites that in-
cluded a fire chronology covering a fire year in question,
either with a fire dated in a year (based on a specific fire
scar associated with a tree ring) or no history of fire during
that year (based on the lack of a fire scar associated with a
tree ring which indicates a fire-free year for that site). A site
was considered nonrecording for a year in question if any of
the wedge samples collected on that site were missing a ring
from the year in question. In identifying the periods when a
site was not a recording site, we considered not only suscep-
tible trees (e.g., already scarred) but all trees irrespective of
whether they were scarred or not. During spatial delineation,
we also used topographic and vegetation maps to identify
natural fire breaks (e.g., streams, local depressions in the ter-
rain, and shrub-dominated areas) that were considered as
suggested borders of the fires between two recording sites
with and without fire recorded for the year in question. In
this process, we adopted a conservative approach to deter-
mining fire history and considered any of the above features
of the terrain as a potential fire break. During delineation,
we also utilized seasonal information on fire occurrence to
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separate different fires occurring in the same calendar year.
We chose not to calculate fire areas as a simple function of
proportion of the number of sites recording fire to the total
number of sites. This calculation approach would assume
equal probability for fire spread across the landscape, which
would not be expected in our study landscape as many pine-
dominated ecosystems are located on landforms surrounded
by extensive wetlands.

To adjust for the variation in detection probability of fires
of different sizes and across periods with different sampling
coverage, we calculated the probability of a fire of a certain
size to be recorded given a certain number of recording
sites. Therefore, probability of a fire of a size A to go un-
detected can be written as e–�A, and the detection probability
for a fire of size A is 1 – e–�A, where � is the number of
stands covering that year divided by the study area (Niklasson
and Granström 2000). Detection probabilities for fires
within 11 fire size classes (Table 1) were calculated for
each calendar year over the span of our data set (1707–
2006). In these calculations, we used the midpoint of the
fire size interval (e.g., 5 ha for the first fire size interval:
0–10 ha). Prior to these calculations, we reduced the total
area comprising the wilderness and the nonwilderness por-
tions of our study landscape by subtracting the amount of
nonforest vegetation (marshland) and open water. By doing
so, we assumed a negligible probability of fire initiated in
these areas. However, within areas covered by forest vege-
tation, we assumed randomness of both fire occurrence and
spatial distribution of study sites. Consequently, our esti-
mates of the total area of the wilderness and the non-
wilderness portions of SNWR were 610 ha and 9510 ha,
respectively. To test for differences in the central tendency
and shape of the fire-size distributions between the wilder-
ness and the nonwilderness, we used a nonparametric
Kolmogorov–Smirnov test, a goodness-of-fit test used to
determine whether two underlying one-dimensional proba-
bility distributions differ (Sokal and Rolf 1995). To correct
for decreasing detection ability with decreasing fire size,

we used the frequency distribution of fires within each of
the three periods divided by the detection probability for
that fire size class. For example, the frequency of fires
within the 100–200 ha size class for the 1860–1935 was
divided by 0.48, the period-specific detection probability
for that fire size class.

Finally, at each site, one to three 50 m � 10 m plots were
established as a part of an accompanying study on stand
composition and fuel loadings (Drobyshev et al. 2008), and
time since the last stand-replacing event was estimated for
each site through aging of the three dominant cohorts of red
pine. In the field, we visually separated different cohorts on
the basis of tree DBH and height and cored several over-
story trees per site at the height of 10–30 cm to obtain
cohort origination dates. To filter out possible effects of
timber harvesting on stand age structure, we report cohort
origination data only for the wilderness portion of SNWR.

Analysis of FRIs and site survivorship functions
It has been shown that the distribution of FRIs; (the mean

number of years between successive fires) for a single site
often may be represented by the Weibull distribution
(Grissino-Mayer 1999). We tested the FRIs for goodness-of-
fit with respect to the Weibull distribution using the
Hollander–Proschan test, using both uncensored and cen-
sored observations (Dodson 1994). In the context of our
analyses, uncensored FRIs were those between two fires
dated on a site; censored FRIs were intervals between date
of a fire event and a nonfire date (e.g., the first year covered
by fire chronology of that stand or the year of sampling).
Differences in FRIs between both periods and areas were
checked with the Cox–Mantel test (StatSoft Inc. 2001). It
has been previously shown that this test is more powerful
than other alternatives for comparison of survivorship func-
tions drawn from populations that follow Weibull or expo-
nential distributions (Lee et al. 1975).

To assess site survivorship function, describing the proba-

Table 1. Detection probabilities for fires of different size classes within wilderness and non-
wilderness portions of Seney National Wildlife Refuge during three time periods.

Wilderness Nonwilderness

Fire size
class (ha) 1707–1859 1860–1935 1936–2006 1707–1859 1860–1935 1936–2006
10 0.43 0.43 0.43 0.03 0.04 0.04
100 1 1 1 0.26 0.35 0.37
200 1 1 1 0.37 0.48 0.5
300 1 1 1 0.6 0.73 0.75
400 1 1 1 0.71 0.83 0.84
500 1 1 1 0.79 0.89 0.9
600 1 1 1 0.84 0.93 0.94
700 1 1 1 0.88 0.95 0.96
800 1 1 1 0.91 0.97 0.97
900 1 1 1 0.94 0.98 0.98
1000 1 1 1 0.95 0.99 0.99
1100 1 1 1 0.97 0.99 0.99
1200 1 1 1 0.98 0.99 1

Note: Fires >1200 ha in size had detection probability of 1 in both areas and for all time periods. Fire size
column refers to the upper limit of the respective size class; the center of each class was used for calculation
of the detection probability (e.g., 250 ha for 200–300 ha size class).
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bility for a site to escape fire during a given time interval,
we used Kaplan–Meier estimator (Kaplan and Meier 1958):

SðtÞ ¼
Yt

j¼1

n� j
n� jþ 1

� ��ðjÞ

where S(t) is the site survivorship function estimated for a
time t, n is the total number of observations, P is the geo-
metric sum across all cases £t, and j is a dummy variable
that is either 1 if the jth case is uncensored (complete) or 0
if it is censored (incomplete). For the analysis of temporal
variation in fire statistics we examined three time periods
and analyzed properties of the fire regime separately for
each period including: pre-European settlement (pre-1860),
European settlement (1860–1935), and post-SNWR estab-
lishment (post-1935).

Calculation of fire cycles
Fire cycle (FC; also known as fire rotation) is the length

of time (years) required to burn over an area equal to the
study area (Van Wagner 1978). We calculated FC as

FC ¼ TAreastudy

Areaburned

where T is the length of the time period under consideration
(years) and Areastudy and Areaburned are the study area and
the area burned over this time period (hectares), respec-
tively. In these calculations, we adjusted the area of each
fire by dividing its size by the detection probability of a
fire of that size category. In this way, we compensated for
the decline in our ability to detect smaller fires. We then
obtained 10% and 90% confidence intervals for the FC dis-
tributions by the bootstrap method (Efron and Tibshirani
1994). During bootstrapping, the original FC distribution
was randomly resampled with replacement 1000 times, and
confidence limits were calculated on the generated distribu-
tions of FC.

Results

Detection probability of past fires
Detection probabilities varied greatly across time periods

and fire size classes (Table 1). For the wilderness, detection
probability was 0.43 for fires <10 ha and 1.00 for
fires >10 ha for all three time periods (Table 1). For the
wilderness, no correction was needed to adjust the number
either of fires detected or for the area burned. In the case of
the first size class (0–10 ha), we assumed detection proba-
bility of the next fire size class. We adopted this conserva-
tive approach, which may lead to underestimation of the
number of small fires, because of the lack of information
on the distribution of very small fires. For the nonwilder-
ness, the number of sites covering a particular year varied
from a mean of 22.6 stands for the period from 1707 to
1859 to 33.6 for the period from 1936 to 2006.

The number of recording sites (sites recording fire or re-
cording ‘‘no fire’’ in a year in question) varied between 24
(1707) and 49 (since 1970), with the mean and mode being
44.1 and 47, respectively. Because of this variation, raw data
might have increasingly underestimated the number of fires
at the start of the study period (1707). We adjusted the

number of fires by calculating the inverse ratio of the total
number of sites (49) to the number of active sites for each
year. This coefficient, ranging from 2.4 (in 1707) to 1.0
(1970–2006), was multiplied by the actual number of fires
recorded during an individual year.

General dating and fire history information
In total, 97 wedge samples were collected in the wilder-

ness; the mean, minimum, and maximum number of samples
per island were 6.5, 1, and 12, respectively. Among the non-
wilderness sites, the total number of samples was 151. The
mean number of samples per nonwilderness site was 4.6
samples, with the minimum and maximum values being 1
and 12, respectively.

We dated 686 fire scars corresponding to a total of 410
site-level fire events. The earliest fire in the SNWR land-
scape based on our data occurred in the late growing season
of 1596. During the 1600s, 17 fires were recorded. How-
ever, sampling coverage for the time period prior to 1707
was low: on average, there were 7 sites (minimum 2 and
maximum 23) and a total of 56 samples (mean 17 samples
per year) from 1596 to 1706 (Fig. 2). Spatial analyses of
fire occurrence across the landscape and results of delinea-
tion of fire areas documented 217 individual fires from
1707 to 2006. Over this period, the slope of the cumulative
number of fires first increased slowly in the 1700s and the
first half of 1800s, followed a steeper increase in the second
half of 1800s and early 1900s, and finally leveled off in the
second half of the 1900s (Fig. 3A). The cumulative area
burned revealed a generally similar temporal pattern
(Fig. 3B), disrupted by single large fires. We identified
seven major fire years for the entire SWNR, defined as
years where the area burned exceeded 20% of the study
area (either wilderness or nonwilderness). The major fire
years were 1754, 1791, 1864, 1891, 1910, 1919, and 1976.
Of these, 1910 and 1976 were recorded as major fire years
only within the wilderness. The year 1754 was a major fire
year only in the nonwilderness portion of SNWR. The FRIs
for these larger fires averaged 37 years, with a range of 9–
73 years. Shorter FRIs corresponded to the period before

Fig. 2. Time span of each of the 49 fire history sites within SNWR.
Each chronology is based on a mean of five samples. Fires are re-
corded as ‘‘points’’ and blank spaces indicate a hiatus in a chronol-
ogy (i.e., stand was not recording during that period).
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SNWR establishment and the Great Cutover (Dickmann and
Leefers 2003).

Small (<100 ha) fires dominated the fire regime in both
the wilderness and nonwilderness portions of SNWR over
the entire period studied (1707–2006) and within each of
the time periods (Fig. 4). Large fires (>1100 ha) were the
main contributors to the total area burned, with the excep-
tion of 1860–1935 period in the wilderness where several
fires with sizes ranging from 400 to 900 ha burned most of
the area. A similar pattern was also observed in the 1936–
2006 period in the nonwilderness, where fires <500 ha
equaled more than one-half of the area burned during that
period.

Aging of the dominant cohorts indicated that most of the
sampled red pine associated with these sites at SNWR origi-
nated from two periods: 1870–1890 and 1920–1930 (Fig. 5).
Age of the most abundant cohort within a site was 169 ±
97.1 years (mean ± SD) in the wilderness and 150 ± 75 years
in the nonwilderness with age ranges of 31–356 years and
23–325 years for overstory red pine in the wilderness and
nonwilderness, respectively.

Wilderness versus nonwilderness comparison
The FRIs closely fit Weibull distributions, with the excep-

tion being the nonwilderness in the most recent period (i.e.,
after SNWR establishment; 1936–2006). The FRI showed
wide variation across sites and time periods (Fig. 6A). For
example, in the wilderness mean FRI was 28 years for the
whole study period (1707–2006) with considerable variation
observed in among periods (15–33 years). Moreover, within

each of the three time periods, FRI varied greatly, although
rarely exceeding 80 years (Table 2, Fig. 6). The variation in
uncensored FRI was highest in the pre-European settlement
time period (1707–1859) compared with the European
settlement period (1860–1935) in both wilderness and non-
wilderness, as indicated by the higher values of the scale pa-
rameter of the respective Weibull distributions: 74.17 and
50.64 versus 20.82 and 20.62 for wilderness and nonwilder-
ness, respectively (Table 2). For both areas, we may expect
even higher variation in the uncensored FRIs in the future
because the majority of most recent intervals for the study
area were apparently exceeding FRI ranges of the previous
intervals and were not complete (censored) at the time of
sampling (summer 2006). Corresponding with this observa-
tion, scale parameters were generally much higher for FRI
distributions in the most recent period. Except for the after
SNWR establishment period in the nonwilderness area, the
shape parameter of Weibull distribution was between 1.06
and 1.46, indicating a moderately increasing probability
over time for a site to experience a fire.

In the population of FRIs, we observed both short and
long intervals. Overall, 9.5% of all uncensored intervals in
the wilderness (12 intervals) and 4.9% (15 intervals) in non-
wilderness were <5 years, indicating that relatively short
intervals were not extremely rare at SNWR. However, we
also recorded censored intervals that were >100 years: they
comprised 3% (five intervals) of the FRI in the Wilderness
and 0.3% (one interval) in the non-Wilderness (Fig. 6A).

Changes in FRIs were tested for significance in pairwise
comparisons of respective site survivorship functions, repre-
senting probability for a site to escape a fire event. The FRI
changes were compared with estimated site survivorship
functions. In between-area comparisons, significantly longer
FRIs were found only in the pre-European settlement time
period (1707–1859) with no differences observed in the two
other periods and for the whole study period (Table 3). Dur-
ing this same time period (1707–1859), the survivorship
function revealed about a 50% chance for a site to escape
fire after 50 years of fire-free period in the Wilderness,
with this percentage declining just below 40% after 80 years.
For the non-Wilderness portion of SNWR, corresponding
analysis suggested a more active fire regime with half of
the sites being burned after only 40 years and 20% of sites
escaping fire for 80 years.

In contrast with between-area comparisons, most of the
between-period comparisons showed highly significant dif-
ferences (Table 3). The FRI was shortest during the Euro-
pean settlement period in both areas and site survivorship
functions indicated that sites had a <10% chance of escaping
fire after 40 years without fire in the wilderness and after
50 years in the nonwilderness. A completely different pat-
tern was observed in the most recent period: even after
80 years since the last fire, there was a >60% probability
for a site to remain fire free in both the wilderness and non-
wilderness portions of SNWR.

Sand ridge versus outwash channel comparison
On both landform types, FRIs followed Weibull distribu-

tions for the first two time periods (Fig. 6B, Table 2). In the
pre-European settlement time period, mean values of the
FRI on the two landform types were similar (25 years on

Fig. 3. Cumulative percentage of the number of fires in the wilder-
ness (15.5 km2) and nonwilderness (153.5 km2) portions of SNWR
(A) and cumulative area burned as a percentage of the total area
burned in these two subareas (B) during 1707–2006. The broken
vertical lines are the boundaries (1860 and 1935) of three time per-
iods identified for the statistical analyses.
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sand ridges and 23 years on outwash channels). Both the
mean and variation of FRI decreased from the pre-European
to the European settlement period, as indicated by decreas-
ing values of Weibull scale parameter (Table 2).

Comparison of site survivorship functions between wilder-
ness and nonwilderness (Table 3, Fig. 7) sites showed a
significant difference for the pre-European period only,
with sites in the wilderness having a higher probability of

Fig. 4. Distribution of fires among 11 sizes classes (open bars) and relative contribution of each fire size class to the total area burned (solid
bars) in wilderness (A) and nonwilderness (B) portions of SNWR for three time periods. Note the different scales on the y axes. The largest
fire size class (>1100 ha) also included fires which exceeded the size of the area sampled.
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escaping fire than stands in nonwilderness. For example, a
stand had a 37% probability of escaping fire after 80 years
without fire in the wilderness and only a 20% probability
in the nonwilderness.

Temporal changes in site survivorship function were sim-
ilar in wilderness and nonwilderness (Table 3, Fig. 7). In the
pre-European settlement time period, the probability of a
site escaping a fire for >80 years was approximately 20%–
30%. In the European settlement time period, sites in the
wilderness and nonwilderness portions of SNWR had only a
10% chance of escaping fire after 40 years without fire. In
the period after SNWR establishment, the probability of es-
caping fire increased to 60% after 80 years without fire.

Comparisons of site survivorship between landform types
(Table 3, Fig. 8) showed a significant difference between
sand ridges and outwash channels within the nonwilderness
only during the European settlement time period. During that
time period, sites on sand ridges had a <20% chance of escap-
ing a fire after 46 years without fire. The corresponding time
for the sites on outwash channels was significantly shorter
(18 years). In the period after SWNR establishment, a decline
in fire activity resulted in a 60% chance for a site to escape
fire after 80 fire-free years on sand ridges, with a correspond-
ing value for outwash channels even higher (80%; Fig. 8).

On the sand ridges, FRI declined from the pre-European
time period to the postsettlement time period and then
showed a tendency to increase (p = 0.11; Table 3, Fig. 8).
Similarly, FRI on outwash channels showed a tendency to
shorten from the pre-European period to the European pe-
riod (p = 0.07) and then increased significantly in the latest
period (p < 0.0001). As in the case with the between-area
comparison (previous section), the variation between time
periods was generally more pronounced than between land-
form types (Table 3).

Fire areas and fire cycle
In the wilderness, the size distribution of fires differed

between the pre-European settlement and the European
settlement time periods (Kolmogorov–Smirnov test, p =
0.025), primarily because of more frequent large fires in the
European settlement time period (Fig. 4). No difference was
found in the period after SNWR establishment and the two
previous periods (in both cases, Kolmogorov–Smirnov test,
p > 0.100). In the nonwilderness portion of SNWR, no
difference in fire size distribution was found between the
pre-European settlement and the European settlement time

periods (p > 0.100). However, the fire size distribution dur-
ing the period after SNWR establishment was significantly
different from the previous two time periods (p = 0.005 for
both pairs of contrasts), as a result of smaller fires during
1936–2006. In the nonwilderness, fires were significantly
larger in outwash channels as compared with the area domi-
nated by sand ridges (Kolmogorov–Smirnov tests, all three
pairs of contrasts p < 0.050).

During the pre-European settlement period, the FC was
longer in the wilderness than in the nonwilderness (means
144 vs. 47 years, respectively). There was no difference in
the European settlement time period (means 20 vs. 19 years).
The period after SNWR establishment showed the opposite
pattern with a shorter fire cycle in the wilderness than in
the nonwilderness (148 vs. 196 years).

Within both the outwash channel and sand ridge landform
types, the FC decreased from the pre-European settlement
time period (53 and 91 years, respectively) to the European
settlement time period (30 and 22 years, respectively) and
then dramatically increased in the most recent time period
(179 and 1090 years, respectively). All of the above-
mentioned differences in the bootstrapped FC distributions
were significant (Kolmogorov–Smirnov tests, p < 0.001).
Across all contrasts, the bootstrap-assessed variation in FC
was high (Table 4), which was due to the corresponding
variation in the fire sizes and, specifically, the combination
of many small fires and few large fires (Fig. 4).

Seasonality and direction of fires
Our observations of earlywood and latewood development

in red pine at SNWR indicated that the transition from early-
wood to latewood typically occurs in mid-July. Seasonal
distributions of fires revealed a moderate prevalence of late-
season fires; 78 (46.7%) of all fires dated with seasonal
resolution were early season fires, and 89 (53.3%) were
late-season fires. This pattern was similar in both the wilder-
ness and nonwilderness portions of SNWR. In the
wilderness, we recorded 17 early season fires (42.5%) and
23 late-season fires (57.5%). In the nonwilderness, we
recorded 61 early season fires (48.0%) and 66 late-season
fires (52.0%). A c2 test revealed no significant differences
in seasonal distribution of fires between wilderness and non-
wilderness for each of the three time periods (Yates
corrected c2 = 0.000–0.020, corresponding p values =
0.988–0.877).

We did not detect any significant differences between any
two time periods within both the wilderness (c2 = 0.00–
0.020 and corresponding p values 0.892–0.901) or nonwil-
derness (c2 = 0.530–2.230, p = 0.135–0.467). Large fires
(>100 ha in the wilderness and >1000 ha in the nonwilder-
ness) were almost exclusively late-season fires (Fig. 9). Fi-
nally, a total of 115 samples with direction of first scar
identified were analyzed to deduce direction of fire move-
ment. Overall, fires tended to move from southwest to north-
east direction (Fig. 10). This pattern also held for single
large fire years.

Discussion

General pattern of fire activity over 300 years
The historical (1707–2006) fire regime of SNWR was

Fig. 5. Age structure of sites in the Seney Wilderness Area. The
first, second, and third cohorts refer to three of the most abundant
cohorts recorded within a site. A single site might have one to three
cohorts identified.
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characterized by large variation across three different time
periods and two different landform types. Frequent small
fires and less frequent, regular large fires were the main com-
ponents of the pre-European settlement fire regime. The fact
that most of the earlier large fire years were recorded simul-
taneously across most of SNWR indicated that total amount
of area burned during those years might exceed the total area
of SNWR. Therefore, these fires could be described as func-
tioning at the landscape scale rather than the stand scale.
Mean FRIs across all periods and parts of the Seney land-
scape varied between 11.5 and 32.7 years, with correspond-
ing estimates of FC revealing even larger variation in the
past fire activity (20–1090 years). Both very short (<5 years)
and relatively long (>100 years) FRIs were features of the
fire regime, with the shortest intervals as little as 1 year. Be-
sides a human-mediated increase in ignition frequencies, a
very short FRI could result from the immediate or delayed
mortality of canopy and understory trees, which might result
in an increase of fuel loading immediately or few years after
a fire. Similarly, very short FRIs (3–5 years) were recon-
structed in a red pine forest of northern Vermont during the
late 1800s (Engstrom and Mann 1991). However, not all
FRIs were short: almost 3% of the FRIs recorded in the wil-
derness were >100 years. This result suggests that these
stands may function as fire-free refugia, which may have an
important role in shaping forest composition (Asselin et al.
2001) by providing seed sources to recently burned areas.

Our results suggest that the majority of fires reconstructed
at SWNR were nonstand-replacing events. A large percent-
age of studied sites had several overstory cohorts of red
pine (75% in our study), multiple scars commonly found on
red pine trees, and mean age of red pine cohorts exceeding
the mean FRI for any part of SNWR landscape; all these
factors support this conclusion. Therefore, estimation of
stand-replacing fires carries an additional uncertainty associ-
ated with selecting the dominant cohort within a stand.
Aggregated data on cohort ages over the wilderness indicate
that it experienced two main cohort-initiation periods around
1870–1890 and 1920–1930. These time periods generally
coincided with large fire years of 1864 and 1919. Assuming
no human impact on stands in the wilderness, it gives an
interval of approximately 60 years between the two events.
It is worth noting that only a few cohort-initiation events
were recorded during 1700s and the first half of 1800s,
which suggests considerable variation in FRI for such
events. Nevertheless, our estimate corresponds with a return
interval of 68 years for stand-replacing fires reported for red
pine forests of northwestern Quebec (Bergeron and Brisson
1990). Compared with less severe surface fires, the return
interval of stand-replacing fires is most likely driven by
large-scale anomalies in atmospheric circulation patterns
(Le Goff et al. 2007).

Although the SNWR landscape of red pine dominated
stands within a matrix of patterned fens may not be typical

Table 2. Statistical descriptors of fire-return interval distributions of SNWR.

Weibull distribution

Mean ± SD Median Range Shape Scale Goodness-of-fit p n
Wilderness

1707–1859 32.7±19.2 29.0 5–72 (2–84) 1.36 74.17 0.223 57 (30)
1860–1935 14.5±10.6 10.0 3–46 (1–50) 1.46 20.82 0.980 83 (30)
1936–2006 18.5±11.5 16.5 3–40 (1–71) 1.24 72.77 0.601 41 (29)
All periods 27.9±21.6 22.0 2–90 (2–138) 1.12 40.89 0.793 155 (29)

Nonwilderness
1707–1859 24.3±15.1 22.0 3–70 (2–82) 1.28 50.64 0.577 113 (52)
1860–1935 14.1±11.2 11.0 1–59 (1–59) 1.45 20.62 0.610 186 (68)
1936–2006 16.1±13.5 13.5 3–52 (1–71) 0.78 182.30 <0.001 70 (52)
All periods 21.7±18.4 15.0 1–96 (1–106) 1.06 35.63 0.423 310 (67)

Sand ridges
1707–1859 25.4±15.6 22.0 3–56 (3–75) 1.34 54.47 0.578 52 (25)
1860–1935 11.5±8.1 9.5 1–48 (1–48) 1.59 15.75 0.545 108 (32)
1935–2006 18.0±17.5 10.5 3–52 (1–71) 0.74 151.46 0.002 33 (23)
All periods 18.6±16.5 12.0 1–91 (1–93) 0.99 31.27 0.421 164 (31)

Outwash channels
1707–1859 23.4±14.7 22.0 3–70 (2–82) 1.31 42.87 0.746 59 (25)
1860–1935 19.7±14.9 15.0 4–59 (3–59) 1.56 30.04 0.795 71 (34)
1936–2006 13.5±7.1 17.0 3–20 (3–71) 0.77 319.24 <0.001 33 (27)
All periods 25.7±19.7 21.0 3–96 (2–106) 1.18 41.29 0.706 135 (34)

Note: Goodness-of-fit for two-parameter Weibull distributions were tested with the Hollander–Proschan test. Mean, standard
deviation (SD), and median are given for uncensored observations. Range and n values are given for both uncensored and cen-
sored (in parentheses) observations. Distribution of fire-return intervals for sand ridges and for outwash channels are shown for
nonwilderness only; there were no areas of outwash channel sampled in the wilderness.

Fig. 6. Distribution of fire-return intervals of SNWR between the wilderness and nonwilderness (A) and outwash channel versus sand ridge
landforms (B). Note the different scales on the y axes. Solid and open bars are uncensored and censored observations, respectively (see text
for explanation).
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of the northern Lake States, there are physiographic analo-
gies to the SNWR mixed-pine forest, including larch (Larix
laricina (Du Roi) K. Koch) woodlands occupying string fens
in northern Quebec (Busque and Arseneault 2005). Although
low-intensity fires were frequent in these communities, no
stand-replacing fire has occurred based on fire reconstruc-
tion studies over the last 350 years. Populations of both
larch and red pine have been shown to decline where severe
stand-replacing fires dominate the fire regime (Bergeron and
Brisson 1990), suggesting that their life strategies may be
adapted to habitats with low-intensity fire regimes.

Biological legacies and fire regimes
For the most part, the fire history over the last 300 years

at SNWR was characterized by moderate fire activity in the
pre-European settlement time period (likely fueled by the
exploitive timber harvesting), increased fire activity during
the European settlement time period, and finally diverging
patterns in wilderness and nonwilderness areas after the
establishment of the SNWR. Below, we review variation in
FRI and FC of these three periods.

For the pre-European settlement period, FRIs varied
between 24.3 and 32.7 years. Our estimates were close to
the mean FRI interval for surface fires at the northern limit
of red pine distribution in Quebec, reported to be approxi-
mately 30 years (Bergeron and Brisson 1990). The mean
FC on sand ridge landforms both in the wilderness and non-

wilderness portions of SNWR was 91–144 years, which was
longer than the FC of the outwash channel landforms
(53 years) or, in the larger nonwilderness, encompassing
both outwash channel and ridge landforms (47 years). We
suggest that the longer FCs on sand ridge landforms is asso-
ciated with the fact that these areas occur within a matrix of
fen and bog vegetation, which is not conductive of fire dur-
ing most of the fire season. Our estimates of FC appear
shorter than the 122–250 years reported for the Boundary
Waters Canoe Area from 1542 to 1868 (Heinselman 1973).
This difference may be due to better spatial resolution in our
study, primarily because of a smaller study area (total area
7600 ha vs. 215 000 ha) and, therefore, increased detection
rate for fires with the size range of 10–100 ha.

It is reasonable to assume that human impact on forest
fire regimes was minimal in the pre-European settlement
time period, as compared with more recent periods. We
base this conclusion on the written history of the area, which
indicates the middle of the 19th century as the time period
when large-scale logging started in eastern Upper Michigan
(Karamanski 1989; Maybee 1960; Zhang et al. 2000).
Native Americans also played a role in shaping the histori-

Table 3. Tests for differences in estimated survivorship functions
between the two areas (wilderness vs. nonwilderness) of SNWR
during three time periods, between different time periods (<1860,
1860–1935, and ‡1936) within areas, between two landform types
(sand ridges and outwash channels) within the nonwilderness, and
between time periods within landforms.

Contrasts
Cox–Mantel
statistic p

Between-area comparisons
1707–1859 (period 1) –2.00 0.046
1860–1935 (period 2) –0.08 0.940
1936–2006 (period 3) 0.58 0.563
All periods combined –0.97 0.334

Between-period comparisons (areas)
Wilderness: period 1 vs. 2 6.38 <0.0001
Wilderness: period 2 vs. 3 –7.42 <0.0001
Wilderness: period 1 vs. 3 0.18 0.854
Nonwilderness: period 1 vs. 2 6.49 <0.0001
Nonwilderness: period 2 vs. 3 –7.40 <0.0001
Nonwilderness: period 1 vs. 3 –3.60 <0.001

Between-landform comparison
1707–1859 (period 1) 1.23 0.217
1860–1935 (period 2) –4.89 <0.0001
1936–2006 (period 3) –1.44 0.149
All periods combined –2.16 0.031

Between-period comparisons (landforms)
Ridges: period 1 vs. 2 6.80 <0.0001
Ridges: period 2 vs. 3 –5.50 <0.0001
Ridges: period 1 vs. 3 –1.63 0.108
Channel: period 1 vs. 2 1.83 0.067
Channel: period 2 vs. 3 –4.79 <0.0001
Channel: period 1 vs. 3 –3.77 <0.001

Fig. 7. Estimated survivorship curves for the wilderness (A) and
nonwilderness (B) portions of SNWR. The curves show the propor-
tion of an area predicted to remain unburned over time and are ex-
ponentially fit to the plotted survivorship times. Solid and open
symbols are complete and censored observations, respectively. Sta-
tistical details of the analyses are given in Table 3.
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cal fire regimes; however, these impacts might have been
relatively localized (Loope and Anderton 1998; Silbernagel
et al. 1997b). The prevalence of wetlands and the relative
remoteness of SNWR may have influenced the degree of
human impact over the settlement periods. At a smaller
scale, the following observation supports this assumption.
The presence of 350-year-old red pines in the wilderness,
located on sand ridges in the matrix of patterned fens, and
lack of similar stands in more easily accessible nonwilder-
ness, indicates that cumulative human impact on an area
may depend on its connectivity with the rest of the land-
scape.

More frequent fires in the postsettlement period (1860–
1935) resulted in shorter FRIs and FCs across the whole
SNWR landscape. We attribute this trend largely to the
human impact on fire regimes through increased ignition
frequency and higher fuel loads on logging sites and possi-
bly greater fuel connectivity. Active logging began in this
part of Upper Michigan in the second half of the 19th cen-
tury, although historical data show that small-scale timber
harvesting had started in the area already in the beginning
of 19th century (Karamanski 1989; Taylor 1991). Increased
human exploitation of the forests since the Great Cutover
(Dickmann and Leefers 2003) inevitably resulted in the
more frequent and sometimes deliberate ignitions (Kara-

manski 1989; Sodders 1997), which were likely reasons for
both shorter FRIs and FCs during this period. Additionally,
timber harvesting resulted in considerable slash and cutting
residues, which might have increased the fire hazard by
providing a better fuel continuity (Haines and Sando 1969;
Karamanski 1989).

Another possible reason for synchronous decline in FC in
wilderness and nonwilderness portions of SNWR was a
number of large fires reconstructed during that period (in
1864, 1891, and 1919), all of which occurred across most
of the SNWR landscape. Climatic forcing of these fire
events is likely. However, among these 3 years, only 1864
is known for its precipitation anomaly, being one of the
strongest droughts in North America (Cook et al. 2007;
Stahle et al. 2007). Therefore, subregional climatic recon-
struction should be helpful (e.g., Girardin et al. 2004) in
separating role of humans and climate in increase in fire
activity during the postsettlement period.

The time period after SNWR establishment was character-
ized by diverging trends in fire activity in different parts of
SNWR. In the wilderness, the level of fire activity, ex-
pressed as FRI and FC, returned to levels observed in the
pre-European settlement period. Beside frequent small fires,
the large Seney Fire of 1976 (Anderson 1982) was a major
contributor to the fire statistics for this area. Despite its size
(260 km2), our data show that this fire was not a stand-
replacing event in the portions of the wilderness we
studied. This observation supports our view that fires in
mixed-pine forests comprised mostly of red pine at SNWR
are mostly nonstand-replacing events, whereas stands
comprised of more pyrophytic jack pine have a greater
likelihood of experiencing these type of events (Bergeron
et al. 1997).

In the nonwilderness portion of SNWR, levels of fire ac-
tivity decreased dramatically as compared with previous
time periods. Effective fire suppression policy that was in-
troduced since the establishment of the SNWR (USFWS
2003), was the evident cause of decrease in fire activity.
This trend, considered at a wider geographic perspective,
was probably one of the most considerable human-mediated
impacts on natural disturbance regimes in North America,
leading to changes in stand densities, fuel loadings, and can-
opy compositions (Parsons and Debenedetti 1979; Baker
1993; Cumming 2005). Our reconstruction showed that fire
ignitions did take place during that period; however, these
fires tended to be small, probably because of active
suppression activities. The most striking difference between
the pre-European settlement and the period after SNWR
establishment was observed for the outwash channel land-
forms in the nonwilderness portion of SNWR. It appears
possible that high connectivity of this part of the landscape
facilitated implementation of recent suppression policies as
it did the spread of natural fires in the pre-European settle-
ment time period.

Because our reconstruction is based on the dating of fire
scars, it is important to realize that our fire chronologies
provide a conservative estimate of the past fire activity at
the SNWR. Not all fires result in tree scarring, and both
decay of the deadwood and the limited number of samples
per site might have caused some fires to be missed in the
reconstruction (Swetnam and Baisan 1996). Specifically,

Fig. 8. Estimated survivorship curves for sand ridges (A) and out-
wash channels (B) within the nonwilderness portion of SNWR over
time. See Fig. 7 for further details.
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this might lead to estimated FRIs and FCs to be longer than
in reality.

Effects of landform type
Synchronous changes in FRIs and FCs across the entire

landscape were of higher magnitude than their variation
between landform types. This trend suggests that landform-
related factors were not the main drivers behind the varia-
tion in the historical fire regime at SNWR. For example,

the increase in fires during the European settlement period
(1860–1935) occurred simultaneously in all areas of
SNWR. With no evidence of logging and associated proba-
bilities of ignitions in the wilderness per se, the spread of
fires from the surrounding areas experiencing logging opera-
tions may explain this dynamic. Similarly, a decrease in
fires in the period after SNWR establishment (>1935), as
compared with the previous time period, may be attributed
to the decrease in the amount of outside ignitions contribu-
ting to the fire activity inside the wilderness. Therefore, we
hypothesize that sand ridges in the wilderness, which appear
relatively unconnected to the rest of the landscape because
of the patterned fen vegetation matrix, have nevertheless
been indirectly affected by the pattern of fire activity in
neighboring parts of landscape, providing additional sources
of ignitions.

Although differences in fire regimes across landform
types appeared minor compared with the temporal variation
in fire regimes, our study showed a consistent pattern of
variation in FC across SNWR with longer FCs in portions
of the landscape less conductive of fire (sand ridge landform
type both in the wilderness and nonwilderness portions of
SNWR) and shorter cycles in the area with high connectivity
between red pine stands (outwash channel landform type).
Whether these minor differences associated with the fire re-
gimes between outwash channels and sand ridges signifi-
cantly influenced stand composition and structure (including
fuel loadings) remains to be determined.

During most fire seasons, the patterned fen matrix
presents an effective fire break that limits eventual fire
activity on sand ridges. On several occasions (i.e., 1754,
1791, 1864, 1891, 1919, and 1976) fires burned across
SNWR, covering both wilderness and nonwilderness and

Table 4. Statistical descriptors of fire regime within different parts of SNWR
during three time periods.

Time period

Subarea and variable 1707–1859 1860–1935 1936–2006
Wilderness

Fire cycle (years)a 144 (29–369) 20 (11–30) 148 (20–436)
Fire size (ha)b 70 (2–1550) 149 (2–810) 143 (3–1106)
N 27 20 9

Nonwilderness
Fire cycle (years) 47 (24–78) 19 (11–30) 196 (100–327)
Fire size (ha) 497 (6–9626) 325 (6–5032) 107 (5–1156)
N 48 81 26

Outwash channel
Fire cycle (years) 53 (39–70) 30 (22–39) 179 (73–323)
Fire size (ha) 397 (26–

2231)
298 (9–1534) 204 (5–1156)

N 27 31 11
Sand ridge area
Fire cycle (years) 91 (36–193) 22 (16–31) 1090 (240–2809)
Fire size (ha) 241 (4–3211) 193 (1–1601) 33 (3–327)
N 26 46 12

Note: Both outwash channels and sand ridges were located in the nonwilderness (see
Fig. 1).

aValues are means with the 10% and 90% confidence limits obtained through
bootstrapping given in parentheses.

bValues are means with the range given in parentheses.

Fig. 9. Relationship between fire sizes and fire seasonality for
1707–2006 in the wilderness (A) and nonwilderness (B) areas of
SNWR. Open circles show early season fires, with fire scars located
within the earlywood, and solid circles show late-season fires, with
fire scars located in the latewood. Crosses are the fires with uniden-
tified seasonal dating. Note the logarithmic scale of the y axis.
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indicating that, during these years, the wetland vegetation
was conductive to fire. The capacity of the poorly drained
lacustrine plain to serve as a fire break was higher in the be-
ginning of the fire season, because snowmelt transformed
such areas into waterlogged marshland. Over the course of
the summer, water levels generally decline, increasing fire
conductive capacity of the vegetation. In line with this rea-
soning, almost all of the major fire years at SNWR were
late-season fires and tended to move in a northeasterly di-
rection. A similar temporal pattern of major fires, occurring
typically at the end of the fire season, has been observed in
many parts of the boreal zone, including forests of Alaska
(Kasischke et al. 2002) and eastern European pine forests
(Drobyshev et al. 2004). Therefore, because of its impact
on tree regeneration and mortality patterns, landform-specific
fire regimes may contribute to the variation in successional
pathways within a landscape, as was suggested for upland
forests of Lower Michigan (Host et al. 1987; Whitney 1987).

Characteristics of the terrain have been previously shown

to influence fire behavior and result in variation in site-
specific FRIs as a function of landscape connectivity and
structure of vegetation cover acting as natural fire breaks
(Engelmark 1987; Hellberg et al. 2004), fuel properties (Li
et al. 2000; Rollins et al. 2002; Krawchuk et al. 2006), and
environmental conditions, e.g., wind climate (Bessie and
Johnson 1995). However, during at least 7 years over the
last three centuries, fires have extended across the whole
SNWR landscape; this suggests that landform-controlled
differences in fire regimes tend to disappear with increas-
ingly severe fire weather (Johnson et al. 1998).

We have more confidence in the estimates of fire regime
in the wilderness than for the nonwilderness. This is due to
better detection probability in this part of the SNWR and the
higher possibility of interactions between natural factors
(e.g., climate variation, ignition frequency, and fuel compo-
sition) and human factors (e.g., affecting primarily ignition
frequency and fuel composition) on landform types in the
nonwilderness. We believe that higher uncertainty in fire re-
gime estimates in the nonwilderness acts towards lowering
the estimates of actual fire activity. The reasons for this re-
sult include our conservative method of delineating the fire
areas and our conservative adjustment for the lower detec-
tion probability of smaller fires. Our study clearly shows
that the historical fire regime on outwash channels was
more intense compared with sand ridges, but the difference
between the two landform types should be interpreted as a
minimum difference; the actual variation in fire activity
across the SNWR landscape may be possibly even higher.

The estimated FC in the wilderness area (148 years) was
found to be consistent over the pre-European settlement time
period (1707–1860). This observation suggests that, cur-
rently, this part of SNWR has an FC very close to the long-
term mean documented before extensive timber harvesting
commenced in eastern Upper Michigan. Therefore, this area
represents a valuable baseline for other studies of natural red
pine forests and a benchmark for restoration efforts. An
issue to be explored in future studies is how the legacies of
time periods with different fire regimes translate into the
current forest structure and projected successional pathways.

Management implications

Frequent (once in 25–35 years), low-intensity fires are
most likely the main feature of the historic fire regimes in
the red pine forest ecosystems of SNWR as they are else-
where across the northern Lake States (Frelich and Lorimer
1991). Therefore, a management plan aimed at conserving
and restoring red pine dominated forest ecosystems should
include such fire events, which promote red pine regenera-
tion and maintain low fuel loadings (Drobyshev et al.
2008). However, where red pine has been replaced by other
species, other management tools (including mechanical
treatments) should be considered before initiating a pre-
scribed fire program. Prior to European settlement, site
FRIs ranged between 23 and 33 years, which we consider
as reference values for the SNWR. Seasonal reconstructions
indicate that most of the study area burned during late-
season fires, a pattern presenting a potential challenge for
the forest managers. Emulating such a seasonal pattern
would mean conducting prescribed fires under conditions

Fig. 10. Reconstructed direction of fires. Fire direction was calcu-
lated as an inverse of the direction of first fire scar on sampled
trees for (A) the whole data set (central uppermost graph) and (B)
separately for six major fire years recorded at SNWR. North–south
directions on circular plots are represented by 0 and 1808, respec-
tively. In Fig. 10A, the values in the sectors are the numbers of
samples indicating the respective fire directions.
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of higher fire hazard, generally observed towards the end
of the fire season (Nelson 2001; Stocks et al. 2002).

An important question is whether a conservation- and
restoration-oriented management plan should target certain
levels of FRIs or be designed with estimates of historical
FC in mind. For SNWR, these were about 150 years for the
sand ridge landform type embedded within the patterned
fens and about 50 years in the outwash channel landform
type. We believe that it is the FC estimates that should ulti-
mately serve as long-term guidelines for the conservation
burns. The biological rationale for this decision comes from
the fact that amount of area burned appears to be an impor-
tant factor controlling the long-term dynamics of the amount
of different habitat types, for example, abundance of early
successional stages (Brooks 2003; Litvaitis 2003), landscape
structural diversity, and dynamics of deadwood (Johnstone
2006), all of which have been shown to be closely con-
nected to the dynamics of many species groups (Granström
2001; Muona and Rutanen 1994). Also, FC data incorporate
our knowledge on spatial extent of fires, a feature of fire
regime not represented in the FRI data.

Using FC reference values as a benchmark would imply
introducing fire activity at the scale of 100–1000 ha, which
may not be currently feasible because of high fuel loadings
in many formerly red pine dominated forests and the high
risk associated with escaping prescribed fires. Therefore, we
advocate for the use of FRI data for the development of
interim management targets. Subsequent versions of conser-
vation plans may want to address targets based on FC data,
which will inevitably expand the plan’s scope and include
the management of larger fire events (‡100 ha). High costs
associated with prescribed fires of such size may render
them currently infeasible as a tool to achieve the required
amount of fire-impacted areas. In this context, a combina-
tion of small prescribed fires and a less restrictive fire sup-
pression policies towards larger fires may prove a viable
alternative even given clearly a negative perception of large
fires in the general public (Arvai et al. 2006). Given that
approach, smaller and easier to manage fires can maintain
historical fire regimes at the scale of single stands, address-
ing the dominance of small fire events in the total number
of historical fire record. Smaller fires may also help reduce
continuity of fuels and risk of uncontrolled fire spread
during larger fire events. Moreover, removal of excessive
fuel loads in red pine stands should decrease the risk of
high-intensity fires, which were shown to eliminate red pine
(Bergeron and Brisson 1990).

At SNWR, areas in the nonwilderness should be the main
targets for the application of conservation- and restoration-
oriented fire management. Very long FCs on the sand ridge
landform type of the nonwilderness coincide with short FRIs
and reflect the fact that, during the most recent time period,
fires in this part of the area, although relatively frequent,
were confined to the sand ridges and did not expand over
the poorly drained lacustrine plain. To what degree the con-
servation- and restoration-oriented management of red pine
ecosystems should extend beyond the pine forests them-
selves is the subject of further analysis and discussion.
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