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Abstract. Forestsin the Great Lakes region of Canada and the United States have been
important timber producing resources for more than 100 years. L ogging and fire suppression
have caused major, but unquantified change in those forests, which includes both the mag-
nitude of compositional change and its spatial patterns. Hence, a spatially explicit regional -
scale change analysis was conducted using General Land Office Survey records from the
late 1800s and the 1990 U.S. Forest Service Inventory and Analysis Survey, for a 3.2
million hectare study area in northeastern Minnesota, USA. These data document altered
species abundance, proportional basal area, and spatial distribution patterns. Regionally,
the proportionally most abundant species shifted from the presettlement period (spruce,
21%; larch, 15%; and paper birch, 15%) to aspen (30%), spruce (16%), and balsam fir
(16%) in 1990. In terms of proportional basal area dominance, white pine declined from
20% to 5%, birch from 16% to 13%, spruce from 14% to 9%, and larch from 12% to 2%,
while aspen increased from 8% to 35%. Based on ordination of species abundance and
proportional basal area, physiographic zones varying in geology and hydrology were char-
acterized by different species composition in the 19th century and experienced largely
parallel rather than convergent shifts in community composition since that time.

Maps were developed for the regional study area using a 10 X 10 km spatial resolution
to document spatial patterns of species proportional basal area. White pine co-dominated
(was ranked first or second in proportion of basal area) 45% of the 253 100-km? preset-
tlement zones, but none of the 1990 zones. Forest zones co-dominated by red pine, jack
pine, and larch also largely disappeared. These forests were largely supplanted by aspen
co-dominated communities, which accounted for 82% of the 1990 forest zones and represent
diminished regional landscape diversity. Although the same 11 species made up the 1990
as well as the 19th century forest, change in their relative abundance and dominance was
profound such that 85% of the 253 zones now contain community types (i.e., dominant

species pairs) that did not dominate anywhere in the presettlement era.
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INTRODUCTION

Land use-land cover change has been identified as
one of the most important components of global change
(Vitousek 1994). Large-scale changes to forest com-
position, spatial structure, and disturbance regimes
have direct implications for terrestrial carbon sinks,
water quality, and floral and faunal habitats. Land use
dynamics such as these have profound implications for
society, conservation of biodiversity, and myriad nat-
ural ecological services. The U.S. National Academy
of Sciences identified these interrelationships among
the eight most pressing environmental challenges
(Committee on Grand Challenges in Environmental
Sciences 2001). Directly linking long-term forest
changes with anthropogenic disturbance regimesis dif-
ficult as the overstory and understory may have dif-
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ferent responses to the same perturbation, and response
patterns may be temporally asynchronous or occur be-
low limits of our observational resolution.

World wide, change in southern boreal forests was
profound in the 20th century and has been linked to
the reduction of fires and the nearly simultaneous in-
troduction of logging (Kuusela 1992, Carleton 2000,
Reich et al. 2001). In northeastern Minnesota and ad-
jacent Ontario, fiber production represents a significant
component of the regional economy. Therefore, quan-
tifying previous changes, monitoring current trends,
and predicting future forest conditions, will bevaluable
in the development of regional and national long-term
management and policy for sustainable forests. Timber
harvesting elsewhere in the Lake States region of the
United States had already reached its maximum ex-
traction period by the 1880s, when much of north-
eastern Minnesota was just beginning to be harvested
(Sedjo 1990). Prior to timber harvesting, forest fires
were the primary disturbance agent in northeastern
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Minnesota (Heinselman 1973). Fire adapted species
such as jack pine (Pinus banksiana), paper birch (Bet-
ula papyrifera), and aspen (Populus tremul oides) were
abundant soon after fires and were replaced by later
successional species such as spruce (Picea spp.), bal-
sam fir (Abies balsamea), and northern white cedar
(Thuja occidentalis) (Heinselman 1973, Grigal and
Ohmann 1975, Ohmann and Grigal 1979, Frelich and
Reich 1995). Fire suppression policies initiated in the
late 19th and early 20th century following several
large-scale conflagrations represented a major depar-
ture from the natural disturbance history in thisregion.
Thus an important question regarding forest change is
how has fire suppression and logging influenced the
southern boreal forest?

The focus of this paper is on the influence of logging
(and associated fire suppression) as adriver of regional
forest changein the southern boreal forest. Recognition
of the differences between forest harvesting and natural
disturbance processes has increased, and many are ad-
vocating that management be conducted following nat-
ural disturbance dynamics (Hunter 1993, Neimela
1999, Bengtsson et al. 2000). In many areas major hu-
man disturbance began long before the concepts of nat-
ural disturbance-based management (Seymour and
Hunter 1999) were formalized. Hence we are only now
beginning to consider the full implications of early for-
est management practices from a disturbance-oriented
context. It is important to identify how those practices
have altered forest systems, and determine whether
these agents of change impact systems in ways similar
to or different from natural processes. While changing
disturbance regimes are recognized as one of the pri-
mary drivers of forest change, measuring and charac-
terizing change remains difficult.

Understanding how forest change develops and
where that change occurs are both important questions
for management and conservation biology. For instance
it is critical to address how variation in disturbance
regimes affects the composition, abundance, and spa-
tial organization of forest communities at all scales.
Studies of landscape-scale changes in forests have of-
ten used a forest fragmentation perspective, and are
often more concerned with vegetation patch isolation
and faunal metapopulation dynamics, and migration
corridors, than with direct changes to forest vegetation
(Hanski 1982, Harris 1984, Flather and Sauer 1996).

Pre-20th century fire return intervals were on the
order of 50-300 years in northeastern Minnesota
(Heinselman 1973). Throughout the 20th century fire
was not a mgjor component of the landscape distur-
bance regime, with return intervals estimated to be as
long as 1000—2000 years (Heinselman 1973, 1996).
Previously, we found that the spatial structure of the
presettlement forest (~1880s) in northeastern Minne-
sota was dependent on the mix of species adaptive
strategies and their clustering tendencies in combina-
tion with regional physiography and disturbance his-
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tory (Friedman et al. 2001). The combined influences
of variable fire return intervals and the suite of regen-
eration strategies resulted in an all-age forest mosaic
throughout the region (Heinselman 1973, Friedman et
al. 2001). Logging practices however, with shorter than
natural disturbance period rotation cycles can impact
canopy species composition, dominance, and spatial
distribution patterns, potentially limiting the develop-
ment of mosaics with uneven aged systems (Bormann
and Likens 1979, Phillips and Shure 1990). More gen-
erally, differences between natural and anthropogenic
driven disturbance processes are widely considered
large enough to have substantially altered forest com-
position, abundance, and spatial structure although ev-
idence is relatively sketchy or limited by spatial scale
or land coverage (Whitney 1986, Jackson et al. 2000).

Minnesota's forest resources have been the focus of
several investigations (1936, 1953, 1962, 1977, and
1990) that used regional-scale USDA Forest Service
data to provide estimates of timber supplies or supply
changes on productive forestland (Jakes 1980, Kings-
ley 1991, Leatherberry et al. 1995). These studies were
done well after the first major wave of logging and
none used a spatially explicit framework. Hence, no
investigation of forest change has been conducted at
the regional scale spanning the presettlement period to
any modern forest inventory survey in Minnesota. Cur-
rently, forest management is driven by ecological, so-
cial, and economic values with substantial attention
given to the historical natural range of variability, dis-
turbance, and species composition patterns. These pat-
terns have served as benchmarks in forest restoration,
forest biodiversity conservation, and long-term plan-
ning guidelines. To the extent that historical data rep-
resent hypothetical ‘‘natural’” forest and presettlement
forests are often used as surrogates for natural forest,
it is critical that quantitative assessments of past and
present forests be made to the extent possible with
common metrics. We address that need herein with the
development of a comprehensive regional-scale as-
sessment of composition and structural changes in
northeastern Minnesota forests.

Two recent studies have compared presettlement
with modern forest vegetation in central North America
(e.g., Radeloff et al. 1999, Jackson et al. 2000). Our
study extends these in several ways. First, our study
region, the southern boreal zone, differs physiograph-
ically, climatically, and in disturbance history from the
Wisconsin jack pine barrens studied by Radel off et al.
(1999) and the mixed northern hardwood—boreal zone
studied by Jackson et al. (2000) in southeastern On-
tario. Our research also differs in being tree-based for
both the presettlement and the modern data, in quan-
tifying both abundance and basal area patterns, and in
analyzing nested spatial scales from 10-km cells to
physiographic provinces to the region.

Formal investigations of regional-scale vegetation
change are needed to improve our understanding of the
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development processes that gave rise to the existing
forest. This study addresses long-term forest change
comparing the presettlement (~1880s) and 1990sforest
conditions within a 3.2 X 108 hectare landscape in the
U.S. Forest Service Aspen-Birch Unit, a five-county
region in extreme northeastern Minnesota (Kingsley
1991; Fig. 1). Our overarching hypotheses guiding this
work were that: (1) elimination of coniferous canopy
seed trees by logging and the subsequent loss of the
advanced regeneration saplings following slash fires
promoted a shift in the regional composition patterns
in favor of shade-intolerant deciduous species; and (2)
given the profound differences between coniferous (fire
dependent) and deciduous (wind dispersed seed and
vegetative cloning) species regeneration strategies, and
regionally consistent disturbance shifts from crown fire
to logging, species composition would converge over
time across physiographic zones and soils.

To address such issues, we used General Land Office
(GLO; Almendinger 1997) and Forest Inventory and
Analysis (FIA) survey data to: (1) compare species
composition and basal area dominance patterns span-
ning a 100-120 year period between the presettlement
era and the 1990 FIA survey, and identify the kind of
change that has occurred; (2) evaluate whether these
changes were parallel or convergent in different soil
types and physiographic zones, and (3) characterize
spatial patterns of the forest in both time periods, and
the ways these changed over time.

Location of study area and physiographic zones in northeastern Minnesota, USA.

METHODS

The long-term forest change analysis was conducted
by comparing GLO records of an arbitrarily defined
region in northeastern Minnesota with a subset of the
1990 Eastwide Forest Inventory and Analysis survey
database developed and maintained by the U.S. Forest
Service (Fig. 1). The region includes several physio-
graphic zones that differ in geological substrate, soils,
and hydrology. GLO land survey records were made
available from the Minnesota Department of Natural
Resources and were developed previously to describe
compositional and landscape-scale spatial character-
isticsfor thisregion (Friedman et al. 2001). Comparing
these databases presents numerous challenges. In the
following sections, we describe differences between
the GLO and FIA surveys and how we reconciled those
differences to the extent possible (see Friedman et al.
2001 for more detail). The two surveys characterized
the same region, but the selection process differed, as
did procedures followed in the collection of the data.
Below we introduce each of the surveys, discuss sur-
vey-specific biases, and address problems associated
with standardizing these differences. Species abun-
dance (defined using proportions of all trees by pop-
ulation count) and relative dominance (defined by pro-
portional basal area) patterns are then developed for
the entire region, and by stratifying within physio-
graphic zones, soil texture classes, and 10 X 10 km
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cells. Finaly, an approach to quantifying the land-
scape-scale forest community transition is devel oped.

Although the GLO and FIA methodologies differed
in ways that are not completely reconcilable, we argue
that it is valuable to assess vegetation change using
these two data sets once certain standardization pro-
tocols have been put in place, and these data likely
provide our best opportunity to make a quantitative
assessment of century-scale change. We have however,
limited our analysis to comparisons of species com-
position and proportional basal area, associations with
physiographic zones, soil texture classes, and charac-
teristics of the spatial distribution patterns of species
composition and proportional basal area distribution
patterns throughout northeastern Minnesota.

GLO and FIA records were imported to ARC/INFO
(a geographic information system), to facilitate data
processing, including the association with environ-
mental data represented in digital maps. Plot locations
recorded in Universal Transverse Mercator Zone 15
NADBS83 coordinates, were associated with biophysical
information for trees associated with each plot. GLO
land survey data were derived from 28 779 systemat-
ically located sites referencing 74 792 nonsystemati-
caly selected bearing and witness tree records. The
FIA tree data were derived from 3971 systematically
sampled plots producing 113487 systematically se-
lected trees.

GLO land survey description

Although the GLO land survey was not designed as
avegetation survey, these data are among the best rec-
ords of the presettlement forests in North America, and
have been used in numerous investigations to charac-
terize forest composition, species associationswith site
characteristics, disturbance, and long-term vegetation
change (Almendinger 1985, Iverson and Risser 1987,
Delcourt and Delcourt 1996). The GLO land survey
was made in this region in the late 1800s as part of the
development of the township-range grid used to sys-
tematically map land throughout the United States. In
Minnesota, as elsewhere, this systematic grid was es-
tablished to survey land for the public land survey;
however trees were used as monuments marking the
intersection of grid points and along lines between the
intersecting points. In a highly systematic fashion a
specific number of bearing and witness trees (from 1
to 4) were surveyed at section (~10 km) and quarter-
quarter section (~0.6 km) intersection locations on this
grid, in effect producing a systematic survey of the
forest vegetation.

Sampling bias and errors in the GLO records are
always a concern and thus there is always uncertainty
in these data. However, the regional species pool is
small and all species are easily identified. Almendinger
(1997) addressed a number of limitations and potential
problems with the use of the Minnesota GLO data in
ecological analyses. He evaluated potential sources of
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error due to bias in bearing tree selection, and relevant
to the scope and contrasts of our study, he concluded
that **species bias is not a serious concern over large
areas and comparisons of relative tree abundances are
useful.”” He found no evidence of potential biasin an
analysis of differences among species in distance from
survey corners; we independently reached a similar
conclusion for the datain this study and found no other
indicators of potential bias (see Friedman 2001, Fried-
man et al. 2001). Moreover, Almendinger (1997) used
GLO data from the Chippewa National Forest region
(~150 km west of our study region) as a test case for
an alternative assessment of potential bias. He com-
pared the relative frequency of tree types as bearing
trees vs. their relative frequency as mentioned in line
notes in the GLO survey data, reasoning that the line
notes are free from bias associated with the task of
blazing and scribing bearing trees. From this assess-
ment, Almendinger (1997) concluded that there was
not a strong case for species bias, but suggested that
the relative frequency of aspen, birch, and spruce pos-
sibly may have been underestimated by as much as 1-
3% in the GLO data due to potential species bias. The
large differences in our paper for GLO survey vs. FIA
survey for aspen (11% changing to 30%, see Results)
is much larger than any potential bias could explain,
and the directional change over time for aspen (aspen
was much more common in 1990) and birch (less com-
mon in 1990 than in the GL O era) were opposite despite
their being similarly potentially ‘‘avoided” as bearing
trees. Therefore, despite the uncertainty that can not
be removed, the GLO data seem to provide reasonable
estimates of relative tree abundances.

In this study we treat GLO land survey locations as
surrogates of forest inventory plots that include species
identification and tree diameter at breast height, and do
not differentiate between bearing and witness tree des-
ignations. To reconcile taxonomic ambiguities, we
standardized the GL O records following Almendinger
(1997, see Friedman et al. 2001) and identified 11 taxa
(spruce, combining black and white spruce), paper
birch, larch (Larix laricina), aspen, northern white ce-
dar, jack pine, red pine (Pinus resinosa), white pine
(Pinus strobus), balsam fir, ash (primarily Fraxinus
pennsylvanica), and maple (primarily Acer rubrum but
also A. saccharum) that each contributed at least 1%
and collectively made up 98% of the total tree pool.

FIA survey description

The FIA survey is designed for long-term repeated
measurements of the productive timberland in the Unit-
ed States. Permanent field plots representing approxi-
mately one acre (0.4 ha) were established using statis-
tical double sampling techniques to achieve a stratified
sample of forest types. Numerous land use conditions
eliminated a fraction of the potential plots, such as
those including forest reserves (land withdrawn from
commercial timberland use), unproductive timber-
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lands, marshes, and alternate land use activities em-
phasizing uses other than timber production. For those
plots where data (species abundance, growth, mortal-
ity) were to be collected, a hierarchical plot design was
used. Environmental data were collected at the plot
level, while specific information for inventoried trees
was compiled at a series of 10 nested subplots using a
variable radius plot design (Birdsey and Schreuder
1992).

Trees <12.5 cm in diameter at breast height (dbh)
were inventoried in 2.03 m radius plots at each of the
10 subplots, and hence were sampled with equal prob-
ability regardless of their size (Birdsey and Schreuder
1992). Trees =12.5 cm in dbh were sampled at each
cluster point with a 37.5-BAF prism, which effectively
resulted in a spatially more intensive inventory of the
largest size class trees. Basal area expansion factors
(BAF) were then used to adjust basal area estimates of
al trees according to the field estimated size class.
Species composition was calculated as relative fre-
quency and basal area estimates 3 BA = pi X (dbh/
2)? were derived from the tree tally list.

Influence of tree size class distributions

To address the concern that the GL O datawere biased
against either small or larger sized diameter trees,
which would potentially lead to errorsin a direct com-
parison with the FIA data, we examined tree size dis-
tribution differences, on a species basis, among the two
data sets. These did not differ markedly (data not
shown). Nonetheless, we next assessed whether such
variation could impact proportional abundance and
dominance using the FIA data as a test. First, we ex-
amined how expanding the FIA database influenced the
relative rankings of the species. Since the unexpanded
FIA data are biased toward larger size individuals,
comparison of the unexpanded and the expanded ver-
sions provides an arbitrary view of the influence this
can have on the proportional dominance of species.
These two FIA data sets (adjusted and unadjusted for
sampling bias) only differed minimally in terms of the
species proportional abundances and contributions to
total basal area (datanot shown). Second, we cal culated
species proportional basal area within soil texture clas-
ses, and within physiographic zones, contrasting dis-
tributions of all trees (adjusted to eliminate sample
bias) regardless of diameter vs. only trees at least 12.5
cm in dbh (thereby testing for the influence of a severe
bias in favor of large rather than small trees). All of
these permutations of the FIA data set found that in-
tentional size-related sampling bias had modest impact
on the relativized (proportional) metrics used in this
study, and hence suggest that potential but unknown
size related bias in the GLO data set would also likely
have had minimal impacts on these same metrics.

Standardizing differences in numbers
and locations of surveyed trees

Mismatches between both the numbers and locations
of surveyed sites and trees of the GLO and FIA surveys
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make it difficult to compare individual GLO and FIA
survey sites. There were roughly an order of magnitude
more GLO sites than FIA plots, but each of the latter
had 10 times as many trees. Thus individual FIA plots
are associated with very few nearby, but not spatially
overlapping GLO sites (each with only four or fewer
trees). Thus species abundance patterns at specific FIA
plots are not representative of nearby GLO sites and
neither individual FIA (1 per ~800 ha) nor GLO sites
(1 per ~110 ha) are representative of local (100-1000
of ha) landscape patterns, due to a high degree of fine-
scale environmental heterogeneity. To compensate for
the sampling design differences we examined various
vector-based sampling grid sizes (5 X 5 km, 10 X 10
km, and 20 X 20 km), evaluating each on the basis of
the total number of FIA plots represented in each grid-
ded zone, ultimately selecting the 10 X 10 km grid.

Initially, this 10 X 10 km vector map included 382
unique cells. However for certain cells, either GLO or
FIA plots were scarce. To compensate for the differ-
ences between the GLO and FIA survey plot distri-
bution patterns, a minimum of six FIA plots and 30
GL O sites per zone was defined as a cutoff, eliminating
approximately one-third of the cells. In this process we
eliminated GLO sites located on forest reserve areas
(Appendix A), such as the Boundary Waters Canoe
Area Wilderness, as these were excluded by the FIA
survey. Eliminated cells were largely located along the
North Shore Highland, (i.e., Lake Superior shoreline)
or along the U.S. and Canadian border (Fig. 1). These
cells were generally odd shaped and substantially
smaller than 100 km? in area. After eliminating these,
253 cells with amean of 15 FIA plots (and mean total
of 429 trees) and 98 GL O sites (and mean total of 255
trees) per zoneremained. Both GLO and FIA plotswere
generally widely dispersed within individual cells oc-
curring on awide variety of ecological sites typical of
the cell, thus providing arelatively representative sam-
pling of each 10 X 10 km cell in both surveys.

Species distribution patterns in the presettlement pe-
riod were found in part to be related to physiographic
zones and to coarse-scal e soil texture classes (Friedman
et al. 2001). In this study, we treat physiographic zones
and soil texture classes as coarse level stratifying sam-
pling schemes.

Reconciling landscape types

In contrast to the GLO land survey, the FIA plot
survey was not designed to survey the entire landscape.
Accordingly, to address concern about this potential
bias, we considered the various landscape components
included or excluded from thissurvey. Land use classes
associated with the potential FIA survey plots were
reclassified, collapsing 24 terrestrial land use catego-
ries and two aquatic categoriesinto four terrestrial cat-
egories: productive timberland, miscellaneous uplands,
reserved forestland, and unproductive forestland (and
water, hereafter ignored) to assess plot sampling inten-
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Species abundance, expressed as a percentage, of all species contributing at |east

1% to the General Land Office Survey recorded in the late 1880s.

Composition Basal area
(% of all trees) (% of total)
Species GLO FIA GLO FIA
Conifers
White pine 6.2 1.1 20.4 5.2
Spruce 21.0 16.2 135 9.1
Larch 15.4 2.9 11.6 1.5
Red pine 2.8 1.9 7.1 43
Northern white cedar 6.5 6.3 6.2 10.9
Balsam fir 9.5 15.7 53 7.6
Jack pine 6.5 2.4 4.9 3.0
Pinus spp. (undifferentiated to species) 15 3.8
Broad-leaved deciduous
Paper birch 14.9 11.3 15.9 12.8
Aspen 10.7 29.9 7.6 34.8
Maple 1.4 6.3 1.2 5.7
Ash 1.4 5.0 0.7 3.6
Miscellaneous species 2.2 0.9 1.8 14

Notes: Composition is defined as percentage of all trees; basal area as percentage of total
basal area. Forest Inventory and Analysis (FIA) species composition patterns are from the 1990
survey. Species abundance is reported as a single species when the General Land Office Survey
(GLO) records identified trees to the species level; otherwise, combined totals for congeneric
species are reported. Differences in sampling methodologies in the two surveys account for
the differences in basal area estimates for miscellaneous species. Species are listed here and
in all subsequent tables by group (conifers and broad-leaved deciduous); within groups they
are ranked from high to low by basal area during the presettlement period.

sity across each of the physiographic zones (Appendix
A). Plots associated with productive timberlands were
the largest percentage (75.3%) of the potential terres-
trial FIA survey plots and in keeping with the FIA
mission were, in fact, the only plotsinventoried. Small-
er percentages of the plots, where trees were not in-
ventoried, were associated with reserves (11.1%), mis-
cellaneous uplands (9.5%), and unproductive forest-
land (4.0%). Miscellaneous uplands represent land use
practices that include a variety of farm uses, including
shelterbelts, idle farms without trees, Christmas tree
farms, pasture and rangeland with and without trees,
and several other land uses. These sites generally occur
on relatively productive upland soils, and they most
likely supported forest cover at the time of the preset-
tlement public land survey. Unproductive forestland
(Appendix A) includes some upland settings, such as
rocky outcrops, but more frequently, low-lying land
with high water tables. These forested wetlands often
support expansive stands of larch and spruce, at den-
sities too low to be considered productive forest.

The non-inventoried FIA plots all represent land
types that were likely included in the systematic GLO
land survey (i.e., today’s miscellaneous uplands, re-
served forestland, or unproductive forestlands). Of the
un-surveyed FIA plots 16% were in the unproductive
class (which we assume are largely lowlands). This
rough proportionality of lowland to upland is similar
to the overall percentage of plots (10—18%) classified
as lowland (percentage of sites with organic soils or
with low permeability soils) in the GLO land survey

(Friedman et al. 2001) suggesting that the non-inven-
toried FIA plotslikely omitted aroughly representative
fraction of different land types. Additionally, contrasts
of FIA and GLO data are not noticeably different for
physiographic zones with high or low numbers of non-
sampled FIA plots, which should be more likely to
occur if omission of plots created severe bias in the
FIA survey.

Assessing spatial and temporal differences
in physiographic zones

Nonmetric multidimensional scaling (PC-ORD Ver-
sion 4.0 MjM Software McCune and Mefford 1999)
was used to assess the species compositional and pro-
portional basal area patterns and changes between the
GLO and FIA survey periods. We used the autopilot
(slow and thorough) mode to develop the best solution
initializing the runs with 40 iterations with real data
and 50 runs with randomized data.

Transition matrix and maps of species
basal area change

Species proportional basal area within each of the
253 cells was calculated for the GLO and FIA survey
periods. We developed a proportional basal area clas-
sification with five classes (Class 1 = 0-2.0%, Class
2 = 2.1-5.0%, Class 3 = 5.1-15.0%, Class 4 = 15.1—
25.0%, and Class 5 = >25%) and made maps illus-
trating distribution patterns of species proportional bas-
al areain each of the 253 cells. Difference maps were
calculated by first subtracting the FIA survey species
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TaBLE 2. Percentages of species composition (percentage of all trees, first row) and basal area (BA; percentage of basal
area, second row) for the General Land Office survey (late 1800s) and the Forest Inventory and Analysis Survey (1990)
data sets for eight physiographic provinces in northeastern Minnesota, USA (see map in Fig. 1).

Border Lakes North Shore Toimi Drumlin Aurora Alborn
Data area Highland area Clay-Till area
Species type GLO FIA GLO FIA GLO FIA GLO FIA
Conifers
White pine trees 5.8 3.0 10.7 0.7 7.3 0.9 4.2 0.8
BA 18.7 15.0 23.8 2.6 225 4.0 14.7 5.3
Spruce trees 19.2 17.5 17.8 7.1 29.3 26.6 23.0 19.0
BA 14.7 111 13.8 7.2 18.2 14.0 12.4 8.5
Larch trees 8.4 1.0 9.1 0.4 16.2 3.1 24.1 5.1
BA 6.8 0.5 7.4 0.3 14.6 2.0 16.9 2.3
Red pine trees 3.9 2.4 0.4 0.7 1.0 2.7 3.4 1.2
BA 6.9 5.1 0.6 1.3 35 4.5 7.5 2.7
Northern white cedar trees 4.0 4.4 10.1 8.9 4.4 6.8 3.9 2.5
BA 4.2 7.6 8.9 16.6 3.4 115 3.6 3.9
Balsam fir trees 9.3 19.6 17.6 15.9 7.6 16.0 4.1 12.3
BA 4.7 7.7 10.0 7.0 3.8 7.5 3.6 8.2
Jack pine trees 16.4 5.0 0.1 0.2 9.3 3.9 3.3 1.7
BA 12.3 5.4 0.1 0.3 6.9 4.4 6.5 3.7
Pinus spp. (undifferentiated) trees 2.5 0.6 1.4 1.4
BA 6.3 1.3 3.8 5.0
Broad-leaved deciduous
Paper birch trees 17.0 14.7 22.4 18.2 16.7 12.7 16.6 9.1
BA 15.1 10.0 23.8 21.8 16.8 18.3 16.0 9.0
Aspen trees 11.9 25.7 5.3 26.2 5.2 20.8 13.2 36.7
BA 8.7 34.2 6.6 23.2 4.9 28.9 11.6 46.6
Maple trees 0.4 5.0 3.4 14.4 0.5 3.2 1.0 6.4
BA 0.2 2.2 2.6 14.3 0.4 2.2 0.3 3.6
Ash trees 0.5 1.6 1.5 6.2 0.5 2.9 0.7 4.4
BA 0.4 1.1 0.8 4.1 0.4 2.0 0.4 3.6
Miscellaneous trees 0.5 0.2 0.9 1.0 0.3 0.3 1.1 0.9
BA 0.3 0.0 0.8 1.2 0.4 0.5 1.0 2.6

basal area percentage from the GLO basal area per-
centage, then assigning the difference to a class range.

Each cell was assigned to a community type by rank-
ing species proportional basal area, selecting the first
and second highest ranking species. The GLO and FIA
survey periods were compared by tallying the propor-
tion of cells where each species was ranked first, and
either first or second. We pooled all cells dominated
by acommon speciesin the GLO period, and cal cul ated
transition probabilities between the GLO and the FIA
survey periods with the formula: Py, = ny/Zn;; where
Py, is the probability of a community typei in the GLO
time period becoming type j in the FIA time period, n;
is the frequency of types initially as type i that have
become type j, and the summation isfromj = 1 ton
(Pastor and Johnston 1992, White and Mladenoff
1994).

REsuLTS

Evidence developed in this analysis indicates that
the forest has undergone substantial compositional and
spatial change. Data are shown for both abundance
(percentage of all trees) and proportional basal area
(labeled as dominance), since differences among spe-
cies in average tree size are reflected by different spe-
cies rankings in the two metrics. Transition properties
describing the reallocation of proportional basal area

contributions of individual species within 100-km?
cells indicate that many species (e.g., white pine and
larch) have experienced a region-wide, but patchy, re-
duction in importance while others have increased
(e.g., aspen and maple). Moreover, community level
change analyses indicate that the communities present
in the presettlement forest are generally no longer pres-
ent.

Regional patterns: species composition
and proportional basal area

The two surveys identified the same dominant 11
species. However significant changes occurred in spe-
cies composition and spatial distribution patterns with-
in and across physiographic zones. At theregional scale
species with increased proportional abundance levels
from the GLO to the FIA era include aspen (up from
10.7% to 29.9% of the trees), followed by balsam fir
(9.5% to 15.7%), maple (1.4% to 6.3%), and ash (1.4%
to 5.0%) (Table 1). Reduced proportional abundance
was noted for spruce (down from 21.0% to 16.2%),
larch (15.4% to 2.9%), paper birch (14.9% to 11.3%),
jack pine (6.5% to 2.4%), white pine (6.2% to 1.1%),
and red pine (2.8% to 1.9%) with little change in north-
ern white cedar (6.5% to 6.3%) (Table 1). The trees
identified as pine but not to species in the GLO land
survey exacerbate the differences, with the total for all
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Glacial Lakes Upham and

Beltrami Glacial Lake

Aitkin Chisholm-Embarrass area  Brainerd Automba Drumlins Agassiz
GLO FIA GLO FIA GLO FIA GLO FIA
2.6 0.2 5.7 0.6 9.2 0.9 35 0.9
13.5 14 16.9 2.9 29.7 4.2 14.7 4.1
22.3 23.6 18.8 15.1 10.7 6.8 221 16.4
13.8 8.8 10.3 8.1 5.2 3.4 16.1 8.4
42.8 16.8 14.6 25 23.2 4.9 14.3 2.3
30.4 8.4 11.7 1.8 12.5 3.4 11.9 13
1.2 0.2 5.8 3.1 1.0 2.5 4.1 1.8
4.1 1.2 15.2 8.8 3.9 7.2 11.2 5.0
8.3 31 6.0 4.1 6.8 34 7.6 8.2
9.9 4.8 4.7 5.6 5.2 35 8.5 12.9
4.4 12.7 8.5 14.6 4.2 10.3 9.6 15.9
1.8 11.6 3.7 8.2 2.2 6.6 57 7.5
0.2 0.4 9.8 4.5 0.8 0.4 5.1 1.7
0.2 1.6 9.5 7.6 0.8 0.3 4.7 19
0.6 2.2 0.9 14
3.6 6.2 21 3.3
9.0 35 16.6 10.1 17.3 9.2 9.1 7.1
13.6 6.8 14.0 9.7 20.1 11.9 7.1 5.7
5.2 29.7 8.2 35.1 12.6 32.6 19.8 35.3
6.1 42.1 5.4 38.9 9.9 324 14.4 454
0.7 2.3 1.7 55 4.6 11.4 0.3 35
0.7 3.2 1.2 3.3 4.5 10.2 0.2 24
0.8 6.1 1.0 3.9 1.6 14.4 1.4 6.1
0.8 6.6 0.7 3.3 1.3 11.6 11 3.9
1.9 15 1.1 0.7 7.1 33 1.7 0.8
1.7 35 0.5 1.8 2.6 5.4 1.2 14

pines changing from 17.0% in the GLO to 5.4% by
1990. Change was also noted in the proportional basal
area allocation among species. Of the species with in-
creased proportional basal area over time, aspen ranks
first, increasing from 7.6% to 34.8% (Table 1). No other
species increased its share of the proportional basal
area by more than ~5%. The largest reduction in rel-
ative basal areawas in white pine, which declined from
20.4% in the presettlement period to 5.2% in the FIA
survey, with all pines combined going from 36.2% to
12.5% (Table 1). Spruce and larch declined over time
in proportional basal areafrom 13.5% to 9.1% and from
11.6% to 1.5%, respectively.

Change within and among physiographic zones

Patterns of change over time were consistent across
all physiographic zones (Table 2). Species that in-
creased in one physiographic zone did so in all phys-
iographic zones, and species that declined did so uni-
versally. Aspen markedly increased to at least 21% of
composition and 23% of the basal area in every phys-
iographic zone (Table 2). These changes were so large
that by 1990 it was the dominant speciesin every phys-
iographic zone, even in those zones where it had been
relatively unimportant in the presettiement era (Fig. 1
and Table 2). Maple also increased markedly in abun-

dance and proportional basal areain all physiographic
zones, despite a 15-fold difference in abundance in the
GLO data among zones. Balsam fir had a marked in-
crease in proportional abundance in 8 of the 9 phys-
iographic zones, (Table 2), but balsam fir increased its
fraction of total basal area in only four of the nine
Zones.

White pine declined dramatically in abundance ev-
erywhere except the Border Lakes Region and by 1990
its abundance was <1% in every other zone (Table 2).
Historically (i.e., GLO era) duetoitslarge average size
(Friedman et al. 2001), white pine represented from
15-30% of the relative basal area in every zone, but
by 1990 it was <6% in all zones except the Border
Lakes Region (15%,; Table 2). Substantial decreasesin
larch relative abundance and proportional basal area
were observed in all physiographic zones. Jack pine
and paper birch generally declined in abundance in
most physiographic zones, whereas northern white ce-
dar was variable in how it changed across the region
(Table 2).

Soil associations

Species proportional abundance and proportional
basal area distribution patterns changed within each of
the five soil texture classes. Aspen proportional abun-
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TaBLE 3. Composition (percentage of all trees, first row) and proportional basal area (BA) (percentage of all basal area,

second row) distribution patterns among soil texture classes.

Soil texture class

Coarse-
Data Coarse medium Medium Medium-fine Organics
Species type GLO FIA GLO FIA GLO FIA GLO FIA GLO FIA
Conifers
White pine trees 6.8 33 6.3 3.59 9.1 1.2 43 19 2.7 15
BA 235 6.3 191 7.3 21.0 1.4 16,6 29 12.7 3.5
Spruce trees 204 15.8 18.8 154 215 119 20.9 125 28.0 16.7
BA 120 9.8 139 8.7 13.6 8.3 149 83 171 11.9
Larch trees 153 3.6 9.4 1.8 16.2 2.8 14.8 3.3 356 10.0
BA 11.3 15 7.7 0.7 13.5 1.3 125 14 24.9 5.8
Red pine trees 4.2 4.3 3.4 2.2 1.7 0.7 1.1 0.9 1.0 0.7
BA 11.7 10.2 82 37 378 16 36 27 3.6 17
Northern white cedar trees 50 39 6.5 4.4 6.5 4.6 9.2 4.96 5.2 4.9
BA 4.0 9.1 6.5 12.7 6.4 8.6 104 12.0 6.3 9.6
Balsam fir trees 8.3 16.6 119 153 7.2 16.4 10.1 15.2 3.9 14.5
BA 39 77 6.7 6.5 4.9 8.2 6.5 94 2.5 8.7
Jack pine trees 109 4.8 9.0 35 2.7 1.2 35 1.3 1.4 1.2
BA 7.9 6.8 6.3 2.9 3.17 1.3 2.4 0.7 1.4 1.4
Pinus spp. (undifferentiated) trees 14 15 1.1 2.0 1.0
BA 4.2 3.7 2.2 4.6 5.0
Broad-leaved deciduous
Paper birch trees 152 154 18.1 17.2 205 179 8.8 139 10.6 134
BA 13.0 12.7 17.0 135 21.2 17.8 9.6 6.8 14.5 10.4
Aspen trees 9.3 20.8 111 222 6.1 237 21.1 28.1 76 214
BA 59 297 8.1 337 6.7 34.9 15.7 45.0 9.06 35.1
Maple trees 1.1 5.9 1.5 8.8 2.2 9.7 0.6 4.7 1.1 7.1
BA 1.0 2.4 1.3 7.6 1.76 8.5 0.6 2.6 1.3 4.1
Ash trees 0.7 4.0 1.0 4.2 1.2 7.3 1.7 8.9 0.7 6.4
BA 05 28 0.7 21 0.79 538 1.2 57 0.7 4.9
Miscellaneous spp. trees 1.4 14 15 13 1.3 25 19 43 1.1 2.2
BA 09 09 06 05 0.9 2.3 1.4 25 0.8 2.9

Note: All trees =1.0 inch (~2.5 cm) in dbh are included.

dance and proportional basal area increased, such that
it ranked first (FIA data) by far in both of these mea-
sures on all soil texture classes (Table 3), including the
coarsest texture and organic classes where it was of
modest importance in the presettlement era. White
pine, larch, and spruce, which collectively made up
33.2-46.8% of the basal area on the coarse, coarse-
medium, and medium texture classes in the presettle-
ment period declined and made up from 11.0-17.6%
of the basal area in the modern era on each of those
soil classes (Table 3). Red pine and jack pine had great-
er basal area proportion on coarse texture soils than on
medium-fine textured soils in both time periods and
maintained a stable proportion of basal area over time
only on the coarsest textured soil classes (Table 3).

Community composition responses among
physiographic zones

Community composition generally changed in par-
allel among physiographic zones. This analysis, based
upon NM DS ordination, compares species proportional
abundance and basal area patterns among physiograph-
ic zones for the two periods (Fig. 2). The dominant
patterns indicate that each of the physiographic zones
has moved from positions on the right side of the abun-
dance ordination to positions further to the left and

higher on Axis 2 (Fig. 2A) or to positions in the lower
left when considering proportional basal area (Fig. 2B).
Large initial differences existed among physiographic
zones and roughly parallel changes occurred in all
zones, such that each is quite different than in the
1880s. The hypothesized convergence across physio-
graphic zones was not supported however.
Examination of the species correlations (data not
shown) with each NMDS Axis clarifies the nature of
the observed change. Aspen, ash, and maple each have
negative Pearson R values on Axis 1 of the ordination
of species proportional abundance patterns (Fig. 2A)
whereas larch, birch, and white pine were positively
associated with this Axis. Larch and spruce had neg-
ative Pearson R values on Axis 2 while balsam fir, ash,
and maple had large positive Pearson R. Correlations
with NMDS proportional basal area ordination axestell
asimilar story. Species with positive correlations with
Axis 1 include white pine and larch while species with
negative correlations include aspen, maple, and others
(Fig. 2B). Species positively correlated with Axis 2
include white pine and paper birch, while aspen isvery
strongly negatively correlated with this Axis. Thus,
change during the 20th century was generally associ-
ated with co-occurring increases in aspen, maple, ash,
and fir, and decreases in larch, spruce, pine, and birch.
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Fic. 2. Nonmetric multidimensional scaling ordination of
(A) species proportional composition and (B) species pro-
portional basal area within physiographic zones during the
presettlement and modern era. The ends of each line represent
the ordination points for each zone during the GLO and the
FIA eras. Symbols represent physiographic zones: NSH,
North Shore Highland; BLA, Border Lakes Area; BAD, Brai-
nerd Automba Drumlins; CEA, Chisholm-Embarrass area;
GLU, Glacial Lakes Upham and Aitkin; AAC, AuroraAlborn
Clay Till; TDA, Toimi Drumlin area; BGL, Beltrami Arm
Lake Agassiz. “‘FIA” indicates Forest Inventory and Analysis
Data; ““GLO’ indicates General Land Office Survey Data.

Transitions: landscape-scale spatial patterns

Mapped data from the 10-km grids illustrate spatial
distribution patterns at the landscape scale (Figs. 3-5).
Each set of maps depicts the proportional basal area
within each 100-km? cell. All of the species exhibit
heterogeneous spatial distribution (Figs. 3-5) and state
transition tables (Table 4, Appendix B) demonstrate
marked changes in basal area class membership in the
majority of 100-km? zones.

Ascending species.—The enormous and ubiquitous
20th century increase in aspen is evident in the regional
map (Fig. 3) and the transition matrix (Appendix B,
panel A). In the presettlement period, aspen dominated
few cells and these were located in the northwestern
part of the region (Fig. 3). In comparison, in 1990 the
number of cellswhere aspen accounted for at |east 25%
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of the proportional basal area greatly increased and
these were found in all physiographic regions (Fig. 3).
The change map shows that aspen has increased by
>20% in ~40% of the cells (Fig. 3).

Northern white cedar and balsam fir both increased
modestly region-wide in proportional basal area in a
patchy pattern (Fig. 3). Maple was not an important
species in the presettlement period but by 1990 had
become a co-dominant in the Lake Superior uplands
(see Fig. 1) and to a lesser extent in the northwestern
portion of the study area (Fig. 3). Ash was also un-
important in the GLO era, and increased in importance
in many cells throughout much of the region (data not
shown).

Declining species.—Paper birch was most abundant
within 50 km of the shore of Lake Superior in both the
GLO and FIA eras (Fig. 4). Birch’s modest overall net
decline in proportional dominance (from 16% to 13%
for the region) gives an illusion of stability; however,
many individual 100-km? cells within 50 km of Lake
Superior increased or decreased substantially in birch
dominance (Fig. 4, Appendix B). This indicates the
dynamic nature of forest change at intermediate grain
(100 km?) landscape scales (and would likely be even
greater at finer scales than measured here) even for a
species that retains similar overall dominance at the
coarser grain (32000 km?) regional scale.

Red pine and jack pine had similar and marked het-
erogeneity in spatial patterns of basal area dominance,
being concentrated in the north central and northwest
portions of the region presettlement and in 1990, but
sharply declining in dominance over time (Fig. 4).
Spruce also had marked heterogeneity in spatial dis-
tribution that remained stable from the late 19th to the
late 20th century, being most abundant in the central
and far northwest parts of the region (Fig. 5), and the
species remains important, despite declining overall.
Larch was the most abundant in the western portion of
the study area in the GLO era and retained that spatial
pattern while declining markedly by 1990 (Fig. 5). The
widespread nature of white pine dominance in the pre-
settlement period is evident in the GLO era map (Fig.
5). Cells with highest proportional basal area (=25%)
were primarily concentrated in the southern portions
of the region, but cells with high proportional basal
area (>15%) were located throughout the region. The
FIA-era map and the transition matrix (Appendix B)
show that there was a profound and across-the-board
decline in white pine.

Transitions: community type dynamics

Marked changes among community types are evident
when types are defined by the dominant or co-dominant
species (first or second highest proportion of basal area;
Table 5). In the GLO-era white pine was the dominant
species in 30% (co-dominant in 45%) of the 253 100-
km? cellsfollowed by paper birch (18%), spruce (13%),
larch (12%), red pine (8%), jack pine (8%), aspen (6%),
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Fic. 3. Spatial distribution patterns of aspen, northern white cedar, maple, and balsam fir, four species with increased
proportional basal area in northeastern Minnesota during the past century. Species proportional basal area (percentage of
total basal area) is shown for each of 253 100-km? zones, in both the presettlement (approximately 1880—1900) and modern
(1990) era, based on GLO and FIA databases (see Methods). Also shown isthe change over time, cal culated by first subtracting
the FIA survey species basal area percentage from the GLO basal area percentage, and then assigning the difference to a

class range.

cedar (4%), and balsam fir (2%). In 1990, these patterns
were distinctly different (Table 5). White pine has been
completely eliminated as a dominant or co-dominant
from any 100-km? zone in the forest. The second most
radical decline was seen in larch which decreased as
either a dominant or co-dominant from 30% to 3% of
al cells (Table 5). Thus, there has been a near virtual
disappearance of pine, larch, and several other stand
types, and a replacement by aspen, which increased
from 11% to 82% in terms of the percentage of cells
where it was either dominant or co-dominant.
Community types were further delineated by iden-
tifying the specific combination of the two species con-
tributing the first and second highest ranked propor-
tional basal area within each of the 253 cells. Using
this approach we identified 52 community types for the
GLO eraand 42 types in 1990 (Table 6). We identified
two primary forms of change: (1) less than half (22 of
52) of all community types were observed in any cell
in both survey periods, and the vast majority of these
became much rarer in the modern era, and (2) 20 new
community types, not present in the presettlement pe-

riod, wereidentified and dominant in the FIA era(Table
6).

Community types present in the GLO data but not
in 1990 accounted for 78% of the cells of the preset-
tlement forest (Table 6). White pine—paper birch (12%)
was the most abundant community type in this group,
with other important presettlement types including
white pine-red pine (6%), paper birch—spruce (6%),
paper birch-white pine (5%), and white pine-larch
(4%).

Community types unique to the 1990 forest survey,
plus one accounting for <1% of the GLO era cells,
account for ~67% of the forest composition. Aspen—
paper birch (17%) and aspen—balsam fir (16%) were
the most abundant among this suite of community
types. Only two other types, aspen—spruce (9%) and
aspen—maple (6%) contributed at least 5% to the 1990
forest composition. Although the identical mixture of
11 species still dominated this forest region in the FIA
as in the GLO era, the nature of the compositional
dominance had changed dramatically (Fig. 6).

Transitions over time among communities were sub-
stantial. Very few cells retained the same community
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Fic. 4. Spatia basal area distribution patterns of paper birch, red pine, and jack pine, species that have moderately
declined in northeastern Minnesota. For additional details, see Fig. 3 legend.

type dominance in the 1990 as in the GLO era. Cells
dominated by aspen presettlement (Fig. 6) were re-
tained with greater frequency (75%) than any other
community type, and in the other 25% aspen remained
co-dominant. Spruce communities remained spruce
dominated in 15% (and co-dominant in another 27%)
of the cells. Paper birch dominated cells remained birch
dominated in 4% and co-dominant in 39% of the cases
(Fig. 6). Paper birch communities, the second most
abundant in the GLO era, were converted to 15 different
FIA-era community types. No other community types
maintained their dominant position between time pe-
riods in even a single cell.

Cells dominated by white pine in the GLO era tran-
sitioned to 18 different FIA-era community types. As-
pen—paper birch (28%) and aspen—maple (12%) com-
munity types formed in 40% of the cells, and mixes of
aspen—other (primarily spruce, cedar, ash, or fir) dom-
inated an additional 46% of these cells (Appendix B).
By 1990, aspen was the dominant member in 64% of
the former birch-dominated cells. Cells formerly dom-
inated by spruce were dominated in 1990 by three other
community types (aspen—spruce [27%], aspen—balsam

fir [24%], and northern white cedar—aspen [12%)]).
Larch, red pine, and jack pine (Appendix B) dominated
communities largely changed into those dominated by
aspen, plus spruce, fir, and birch.

DiscussioN

The substitution of logging for fire as the dominant
disturbance regime in northeastern Minnesota led to
major alteration of composition and dominance in this
region, regardless of whether measured across phys-
iographic zones, associations with soils, by species, or
by community type. Attrition has been defined (Forman
1995) as the process by which landscape elements such
as patches and corridors disappear. In our study, attri-
tion of 100-km? community types was assessed as a
regional scale process. Community type conversions,
as we observed them, represent a replacement of the
presettlement forest matrix with a new and substan-
tially more homogeneous matrix (i.e., the dominance
of aspen is much greater than the dominance of any
species in the presettlement time).

Although the species pool remained essentially the
same, structural characteristics (relative abundance,
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Fic. 5. Spatial distribution patterns of white pine, spruce, and larch, species with very large reduced proportional basal
area in northeastern Minnesota. For additional details, see Fig. 3 legend.

TaBLE 4. Data are ratios of the frequency of 10 X 10 km zones by basal area class in the 1990 FIA survey to the GLO
land survey.

Basal area membership class

Class 1 Class 2 Class 3 Class 4 Class 5
Species (0—2%) (+2-5%) (+5-15%) (+15-25%) (+25%) X2 P

Conifers

White pine 5.87 1.30 0.38 0.02 60% 251.8 0

Spruce 235 1.54 0.94 0.47 0.82 61.3 0

Larch 10.84 1.64 0.38 0.04 0.16 213.8 0

Red pine 1.51 1.10 0.56 0.25 0.16 41.1 0

Northern white cedar 1.86 0.34 0.89 1.81 0.94 48.1 0

Balsam fir 0.08 0.14 1.65 10.5 2.0 187.2 0

Jack pine 1.25 0.80 0.81 0.57 0.14 16.4 0.003
Broad-leaved deciduous

Paper birch 1.00 1.11 1.09 1.05 0.53 6.19 0.18

Aspen 0.09 0.04 0.21 3.45 9.78 269.8 0

Maple 0.40 1.73 5.78 25t 6t 137.7 0

Ash 0.40 3.55 7 13t 5t 177.6 0
Other 0.24 3.45 12.11 8t of

Notes: The x? test statistics are based on the frequency values. Daggers (1) indicate that the actual number of zones in
that basal area class in the 1990 survey and that there were no zones in this basal area class at the time of the GLO land
survey. Double daggers (F) indicate that there were no zones in that basal area class in the 1990 FIA survey and the actual
number zones present at the time of the GLO land survey.
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TaBLE 5. Percentage occurrence of species as a singular dominant and as a co-dominant (one
of top two) species for both the GLO and FIA survey periods.

GLO (%) FIA (%)
Dominant + Dominant +
Species Dominant co-dominant Dominant co-dominant
Conifers
White pine 29.6 45.4 0 0
Spruce 13.0 33.9 9.88 20.18
Larch 11.5 30.1 1.58 2.77
Red pine 8.3 16.6 0.79 3.56
Northern white cedar 3.56 7.51 6.72 13.44
Balsam fir 1.9 4.35 4.74 25.34
Jack pine 7.91 13.0 0.79 3.95
Broad-leaved deciduous
Paper birch 17.8 38.0 7.91 28.81
Aspen 6.32 11.1 63.2 81.8
Maple 1.98 10.28
Ash 1.98 6.33
Miscellaneous 0.39 2.76

Note: Dominance status was determined by ranking percentage basal area contribution within
each of the 253 zones and identifying species that ranked first or second.

proportional basal area, and spatial distribution pat-
terns) of the modern forest were very different from
conditions in the presettlement era. The exceptionally
high rate of GLO-era community type transitions (at a
10-km spatial resolution) to aspen dominated or co-
dominated communities in 1990 is so complete that
close to two-thirds of community types present in the
forest today have almost no presettlement analogs.
Moreover, most of the original community types in-
cluding the seven most common (white pine-birch,
white pine-red pine, birch—spruce, birch—-white pine,
spruce-larch, birch-larch, and white pine-larch) are
not represented in the modern forest at the 100-km?
scale (Table 6).

Our results are consistent with the results reported
by several investigations of change in related forest
typesin eastern Ontario (Carleton and MacL ellan 1994,
Jackson et al. 2000) despite someimportant differences
in methodology. Substituting logging for fire as the
predominant form of disturbance in the southern boreal
forest will shift competitive advantage to broad-leaved,
shade-intolerant deciduous species from shade-tol erant
coniferous species (Radeloff et al. 1999). Across the
region, coniferous species composition has declined
and deciduous species, especially aspen, have in-
creased.

Resolution of species changes

By using the GLO and FIA records, we developed
accounts of individual speciescomposition and change.
Alternatively, ecologists often rely on satellite tech-
nology to provide regional synoptic models of forest
composition and use imagery from many dates to con-
duct change assessments. While the advantages of the
technology are undisputed, limitations remain, which
makes differentiating individual species difficult or
nearly impossible. For example, the spectral signatures

of aspen and paper birch are sufficiently similar that
these species are generally considered together rather
than independently. Because of this, estimates of aspen
and paper hirch, as a classified type, suggest that both
species have high regional abundancein this Minnesota
forest (Bauer et al. 1994, Wolter et al. 1995). Our data
though show that while aspen has increased dramati-
cally, paper birch has actually declined, especially in
abundance. Furthermore, our previous work in this re-
gion indicates that these species were negatively au-
tocorrelated indicating that these species were spatially
isolated (Friedman et al. 2001).

Uncertainties remain with respect to our estimates
of presettlement forest composition and its change. Al-
though bias in species selection in the GLO survey is
unlikely to alter the general conclusions made in this
study (see Methods), we must recognize that we can
never be certain asto the error in those estimates. More-
over, reconciling the kinds of vegetation and landscapes
sampled by the FIA survey with the systematic GLO
survey also can not be done with certainty. Although
as aresult one must be circumspect in interpreting the
changes in percentage values of abundance and basal
area for each species, these estimates seem both to be
reasonable and a significant advance, given the paucity
of such estimates in general.

Local environmental influences on transitions

Composition patterns defined both by proportional
abundance and basal area have shifted dramatically
over the roughly 100-year period of this study within
all physiographic zones. All of the physiographic zones
““shifted”” in the same direction, and generally with the
same relative magnitude. Why have these changes oc-
curred in such a parallel manner, rather than each of
the physiographic zones diverging in disparate direc-
tions and magnitude or converging as aspen dominance
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TaBLE 6. Percentage community type composition for the
GLO and FIA era survey periods.

Community type GLO (%) FIA (%)

Conifers
White pine 29.6 0
White pine—paper birch 11.46
White pine-red pine 6.32
White pine-black spruce 3.56
White pine-larch 4.35
White pine—other 3.95
Black spruce 13.0 9.9
Black spruce—aspen 4.74
Black spruce—paper birch 2.37
Black spruce-larch 4.74
Black spruce-white pine 2.76 5.16
Black spruce—other 1.58
Larch 11.43 1.58
Larch-black spruce 3.55
L arch—paper birch 3.55 1.57
L arch—other 4.33
Red pine 8.27 0.79
Red pine-white pine 3.16
Red pine—other 511 0.79
Northern white cedar 35 6.73
Northern white cedar—aspen 3.56
Northern white cedar—other 3.55 3.17
Balsam fir 2.64 4.74
Balsam fir—aspen 2.76
Balsam fir—black spruce—other 2.64 1.97
Jack pine 7.88 0.78
Jack pine-black spruce 2.76
Jack pine—other 5.12 0.78
Broad-leaved deciduous
Paper birch 17.0 7.88
Paper birch—aspen 3.55
Paper birch-black spruce 5.53
Paper birch—-white pine 4.74
Paper birch-larch 4.3 4.33
Paper birch—other 3.15
Aspen 6.3 63.29
Aspen—paper birch 17.0
Aspen-balsam fir 16.2
Aspen-black spruce 2.37 9.09
Aspen—maple i 5.53
Aspen-northern white cedar 4.7
Aspen—ash e 4.0
Aspen—other 3.94 6.76
Maple 1.9
Maple—other 1.97
Ash 1.97
Ash—other 1.97

Note: Community names were defined by the most domi-
nant species in the species pairing. Hence the aspen—paper
birch community type is considered to be different from a
paper birch—aspen community type.

grows large? Regionally, physiographic zones are char-
acterized by differences in climate, soil texture and
permeability conditions, and propensity for natural
fires. The presettlement species and community type
composition patterns within each physiographic zone
reflected species differences in adaptations to such con-
ditions. Nonethel ess, each physiographic zone contains
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a different mix of the same landscape elements and
supports the same general forest types. It should not
be surprising to see that the zones have shifted largely
in paralel, since each landscape element would tend
to shift similarly across all zones of our study region.
If aspen dominance were even larger (and other species
driven to negligible abundance), compositional con-
vergence across heterogeneous physiographic zones
might occur.

Stand to regional diversity

The response of understory species to the substitu-
tion of fire with logging was investigated in a com-
panion field based stand-scal e assessment in which we
controlled for stand age, origin, and replacement stand
types (Reich et al. 2001). We reported that for stands
currently of the same type, logging origin had no effect
or enriched stand-scale biodiversity compared to wild-
fire origin, perhaps because logging was a less severe
form of disturbance compared to fire. Moreover, initial
differencesin composition dueto firevs. logging origin
(Nguyen-Xuan et al. 2000) often become negligible
within 30 years of stand origin (Reich et al. 2001).
However, the present study and others in the larger
region (Whitney 1986, 1987, Carleton and MacL ellan
1994, Radeloff et al. 1999, Jackson et al. 2000) clearly
show major differencesin canopy tree composition fol-
lowing logging vs. fire. Hence, an important question,
with respect to the effects of replacing fire by logging,
is how to interpret data showing major changes in can-
opy type composition due to logging, along with min-
imal impacts on understory composition due to logging
for stands of comparable post-disturbance type.

Results of the stand-scale study (Reich et al. 2001)
suggest that understory composition and diversity are
largely a consequence of the dominant canopy species.
Thus canopy species appear to be quite sensitive di-
rectly to the mode of disturbance (Whitney 1987,
Carleton and MacLellan 1994, Radeloff et al. 1999,
Jackson et al. 2000; see Results), and the understory
and total plant community appear to be more sensitive
directly to the canopy dominant species than to the
mode of disturbance (Reich et al. 2001). Hence, given
that the transition to logging caused major changes in
overstory forest type in Minnesota (see Results), it like-
ly indirectly caused major changes in understory com-
position and diversity. Since the major change in forest
type was to aspen, atype with high biodiversity (Reich
et al. 2001), logging disturbance has perhaps enhanced
stand-scale diversity.

Regional scale diversity, however, declined after log-
ging was introduced in this region based on data for
regional diversity of 10 X 10 km-scale forest types
(Fig. 7). In the presettlement era 71% of the 10-km
cells were dominated in terms of basal area by one of
the four most dominant species (white pine, birch,
spruce, and larch), while in 1990 aspen alone domi-
nated 63% of all such cells. Consider moreover, as an
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FiG. 6. Spatial distribution of forest community types in the presettlement (approximately 1880—1900) and modern (1990)
era in northeastern Minnesota. Community types are defined by the species ranked first and second in proportional basal

area within each of the 253 100-km? cells.

example, the dominance (Table 6) of white pine and
aspen, respectively, in thetwo eras, and their respective
spatial patterns: white pine (Fig. 7) in the GLO eraand
aspen in the FIA era (Fig. 3). These two species rep-

70—

—@— FIA 1990
—-A - GLO

60 —
50—

40—

30—

Abundance (%)

20 —

10 —

Species rank

Fic. 7. Dominance—diversity curve (based on percentage
of the 100-km? zones dominated by each species in each era)
for the nine important species in northeastern Minnesota for-
ests in the presettlement era and 1990. Species are plotted in
decreasing order of dominance for each time period. Regional
diversity, measured by species dominance patternsin the 253
10-km cells, has declined between the presettlement era and
1990, as dominance patterns have shifted from a relatively
even distribution pattern to a substantially more homogeneous
landscape dominated by aspen.

resent the most successful speciesin the respectivetime
periods. Clearly the likelihood that a second, third, or
fourth species would dominate or co-dominate a neigh-
boring zone was greater in the presettlement era than
in 1990. Before settlement, fires burned the region re-
peatedly, but patchily (Heinselman 1973) in both space
and time, and thus enhanced the formation of the re-
gional mosaic (Frelich and Reich 1995). Stand replace-
ment initiated following logging reduces or perhaps
maintains lower regional diversity, by altering the het-
erogeneity of natural regeneration processes that en-
hanced diversity of the forest canopy.

Causes of stand conversion from the GLO
to the FIA era

Presettlement era fires in this region tended to be
large catastrophic stand replacing events (Heinselman
1973, 1996); however they likely did not consume all
mature seed producing individuals within the borders
of the fire (Carlson 2001). In the presettlement period,
those species with postfire adaptations such as seroti-
nous cones (e.g., jack pine) or good germination in
burned mineral seed beds (pines and birch) were often
the first to occupy burned areas when they were within
dispersal distances. Otherwise widely seed-dispersed
or sprouting deciduous trees were the first to become
established on burned areas, or they all co-occurred.
These werereplaced by later successional species (such
as spruce, fir, and cedar) as the canopy filled and light
levels in the understory were reduced (Grigal and
Ohmann 1975, Frelich and Reich 1995).

Early intensive harvesting of conifers throughout
northeastern Minnesota likely reduced the coverage of
the seed producing coniferous overstory, thereby sig-
nificantly restricting the broadscal e spatial potential for
regeneration. Intense slash fires also killed much ad-
vanced regeneration. The combined effect of the can-
opy removal, slash fires, and subsequent fire suppres-



742

sion substantially reduced the potential for pines to
retain or regain dominance. Shade-intolerant deciduous
species replace the conifers in logged southern boreal
systems because species regeneration characteristics
provide means for both vegetative and seed-based re-
generation (Carleton et al. 1996). In general mechanical
harvesting tends to improve sites for faster growing
wind dispersed seed species that also have the ability
to vegetatively regenerate. Once established, litter from
deciduous hardwood species can increase soil nutrient
supplies (Reich et al. 2001) and alter soil acidity (P
B. Reich, unpublished data) further enhancing a site
for subsequent deciduous species cohorts.

Declines in major species

Abundance and spatial distribution patterns of white
pine and larch are of particular importance. The decline
of white pine has been known for some time and the
reasons for it are reasonably well documented (Min-
nesota Department of Natural Resources 1996), but
quantification of the change, especially with a spatial
context, has been largely lacking. In this study we show
that white pine relative abundance sharply declined
from 6% and represented ~1% of the trees inventoried
in the 1990 FIA survey. A direct consequence of this
decline is the comprehensive loss of the white pine
dominated community type in this region. As the pri-
mary tree species sought during the logging erain the
region it was overharvested. White pine dominance has
been lost in thisregion and the species will likely never
regain its former role unless substantial efforts are un-
dertaken. Recent efforts associated with the White Pine
Restoration program initiated by the Minnesota De-
partment of Natural Resources and by the U.S. Forest
Service may represent the best chance for white pine
in the region (Minnesota Department of Natural Re-
sources 1996).

The demise seen in larch is a largely unrecognized
consequence of fire suppression, introduction of log-
ging, and other factors including insect stress. Larch
was the second most abundant presettlement eraspecies
but by 1990 itsrel ative abundance ranked seventh. Why
has larch declined so substantially? The explanation is
not as clear as for white pine. Larch is naturally decay
resistant and was used throughout northeastern Min-
nesota for mining timbers, railroads, barns, and pos-
sibly telegraph poles by the early loggers and settlers
in this region. However, speculation suggests that al-
though larch was also a highly sought timber species,
numerous, indirect pressures have also contributed to
its reduced abundance. The larch sawfly (Pristriphora
erichsonii Hgt) has been linked regionally to the dec-
imation of larch. Population eruptions were noted from
the 1920s onward, which may have resulted in the loss
of nearly 1 billion board feet of larch (Minnesota De-
partment of Natural Resources, unpublished report).
Lack of fire may have also contributed to the loss of
larch. Germination occurs on moss, moist mineral or
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organic soils, and seed mortality does result from in-
undation (Fowells 1965). Seed is also prone to fungal
attack and mortality due to damping-off. If fireis elim-
inated from larch dominated sites, thick litter layers of
herbaceous understory sedges may restrict regenera-
tion. Airflow over the seed would be restricted resulting
in high moisture condition favorable to molds and fun-
gus. Natural fires in these settings may have reduced
the thatch layers sufficiently possibly increasing the
potential for larch seed to successfully germinate.

Conclusions

This paper documents significant forest community
change within and across physiographic regions of the
Arrowhead region of Minnesota that is consistent with
reports from eastern Ontario (e.g., Carleton and
MacLellan 1994). That change occurred in northern
Minnesota is not surprising given differing species re-
sponses to fire and logging. Substituting logging for
fire as the predominant form of disturbance shifts com-
petitive advantage to broad-leaved, shade-intolerant
deciduous species. Characterizing the magnitude of
change and its spatial dimensions does provide a need-
ed perspective on the extent of the alteration of this
forest landscape. The mix of forest types remains the
same as in the presettlement era, such that at a stand
scale, every modern stand likely has a presettlement
analog. However, at the 100-km? scale, there has been
anearly complete replacement in 100 years of the orig-
inal regional forest communities with new community
types having no presettlement analog. Moreover, phys-
iographic zones (~2000—8000 km?) differed compo-
sitionally in the presettlement era and experienced par-
allel changes over time, such that each is different than
in the 1880s, but retains differences from other zones,
and hypothesized convergence across physiographic
zones was not supported. Forest ecologists, conser-
vation biologists, and policy makers, should be aware
of and concerned with the implications that these
changes represent.
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APPENDIX A

A table showing the General Land Office (GLO) sampling intensity across physiographic zones in the Arrowhead region
of Minnesota is available in ESA’s Electronic Data Archive: Ecological Archives A015-018-A1.

APPENDIX B

Transition matrices for species proportional basal area between the General Land Office (GLO) and Forest Inventory and
Analysis (FIA) surveys are available in ESA’s Electronic Data Archive: Ecological Archives A015-018-A2.



