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Abstract
..

•

The interaction between physical environment and land ownership in creating spatial heterogeneity was studied

• in largely forestedlandscapes of northern Wisconsin, USA. A stratified random approach was used in which
2500-ha plots representing two ownerships (National Forest and private non-industrial) were located within two
regional ecosystems (extremely well-drained outwash sands and moderately well-drained moraines). Sixteen plots
were established, four within each combination of ownership and ecosystem, and the land cover on the plots was
classified from aerial photographs using a modified form of the Anderson (U.S. Geological Survey) landuse and
land cover classification system.
' Upland deciduous forests dominated by northern hardwoods were common on the moraines for both owner-

ships. On the outwash, the National Forest was dominated by pine plantations, upland deciduous forests, and
upland regenerating forests (as defined by <50% canopy coverage). In contrast, a more even distribution among
the classes of upland forest existed on private land/outwash. A strong interaction between ecosystem and ownership
Was evident for most comparisons of landscape structure. On the moraine, the National Forest ownership had a finer

grain Pattern with more complex patch shapes compared to private land. On the outwash, in contrast, the National
Forest had a coarser grain pattern with less complex patch shapes compared to private land. When patch size and
shape were compared between ecosystems within an ownership, statistically significant differences in landscape
structure existed on public land but not on private land. On public land, different management practices on the
moraine and outwash, primarily related to timber harvesting and road building, created very different landscape
patterns. Landscape structure on different ecosystems on private land tended to be similar because ownership was
fragmented in both ecosystems and because ownership boundaries often corresponded to patch boundaries on

" pri,vate land. A complex relationship exits between ownership, and related differences in land use, and the physical
• " environment that ultimately constrains land use. Studies that do not consider these interactions may misinterpret

• the importance of either variable in explaining variation in landscape patterns.

i

Introduction scape patterns are affected by physical conditions such
. as climate, soil productivity, and physiography. The

Many factors account for changes in land use and the interplay between social and economic driving factors, •
resulting patterns on the landscape. Obviously, factors along with the abiotic and biotic environments, gen-
such as human demographics, income, technology, erates spatial patterns at a multitude of spatial scales

political and economic institutions, and cultural con- (Kotliar and Wiens 1990; Milne 1991; de Roos and
ventions strongly influence how land is used (Meyer Sabelis 1995). Moreover, there is a strong histori-
and Turner 1994; Naveh 1995; Nassauer 1995, 1997). cal element to current landscape patterns. Past land
In addition to these social and economic factors, land- uses are reflected in the current composition and struc-
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ture of a landscape (Mladenoff et al. 1993; Andersen ownership of forest land in the Lake States, including
. et al. 1996;Russell 1997). These complex interactions the Chequamegon National Forest. In general, how- _ .........._'

make it challenging t0 elucidate the causes of spatial ever, the most prevalent process in the study area was
heterogeneity, reforestation.

Our study is directed at understanding the under- Among the various ownerships (National Forest,
lying factors affecting the structure of landscapes in National Park, state, county, native American, forest
a-largely forested region of the Lake States. The ba- industry, private non-industrial) present in the study I
sic unit of study is a patch that typically represents a area, the Chequamegon National Forest and private
discrete and internally homogeneous entity at a given non-industrial lands were selected for the study be-

spatial scale (Kotliar and Wiens 1990). In landscapes, cause they represent the largest holdings and they were
spatial heterogeneity can be characterized as" (1) num- assumed to be divergent in terms of land management /
ber of patch types, (2) proportion of each cover type, practices and land use patterns.
(3) spatial arrangement of patches, (4) patch shape, Sampling for the study was conducted within the '0

and (5) contrast between neighboring patches (Li and framework of an ecosystem classification. Ecosystems
Reynolds 1994). Heterogeneity, as characterized by are a volumetric segment of the Earth that are de- -

these parameters, is a reflection of the physical en- fined by their atmosphere, landforms, soils, and biota. •
vironment; the imprint of past land use, as well as Ecosystems exist at a variety of scales, large and small,
the effects of present land cover; and the interaction nested within one another in a hierarchy of spatial
among these-variables, sizes (Barnes et al. 1998). Regional ecosystems were

Our objective Was to partition the sources of varia- identified by using a geographic information system
tion ir_the composition and structure of a landscape as (GIS) and multivariate statistical analyses to integrate
related to the physical environment and land use as af- climatic, physiographic, and edaphic information into
fected by ownership, and to explore the nature of their a classification (Host et al. 1996). Climatic regions
interaction on explaining landscape heterogeneity. We were identified from a high-resolution climatic data-
tested the hypotheses that both physical environment base consisting of 30-yr mean monthly temperature
and ownership account for significant portions of the and precipitation values interpolated over a 1-km2 grid
spatial variation, but that a strong interaction can con- across the study area. Principal component analysis

found the interpretation of their individual contribu- (PCA), coupled with an isodata clustering algorithm,
tion. In this study, scaleis held constant to simplify our was used to identify regions of similar seasonal cli-

investigation of spatial heterogeneity in a landscape, matic trends. Maps of Pleistocene geology and major
soil morphosequences were then used to identify the
major physiographic and soil regions within the land-

Methods scape. Climatic and physiographic coverages were
then integrated to identify regional landscape ecosys-

Study site description tems. Host et al. (1996) provide a detailed description
of this approach for developing regional ecosystem

The study area was a 29,340-km 2 forest-dominated classifications.

landscape as: defined by the boundaries of the Two regional ecosystems representing different
1:250,000 U.S. Geological Survey (USGS) Ashland soil and physiographic conditions within a strongly
Quadrangle in northwestern Wisconsin, USA (Fig- continental climate were selected for our study. The :

• ' urel). The entire study area shares a common land-use first, the Copper Falls outwash, is an interlobate
history. In the late 1800s and early 1900s, intensive area that was formed from both collapsed and un-
logging occurred throughout northwestern Wisconsin. collapsed proglacial stream deposits. This regional '
Logging in combination with subsequent fire created a ecosystem represents one of the most conspicuous
landscape dominated by young forests of aspen (Pop- Pleistocene landforms in Wisconsin, the spillway of
ulus tremuloides), paper birch (Betula papyrifera), Glacial Lake Superior, and it is now the drainage
and map! e'(Acer spp.) in the uplands. Following log- for the St. Croix and Brule Rivers (Albert 1995).

ging in the Great Lakes region, many attempts to Before European settlement, these landforms were
farm marginal lands failed, resulting in tax forfei- barrens of jack pine (Pinus banksiana) and northern
tures in the 1920s and 1930s (Flader 1983). These pin oak (Quercus ellipsoidalis) along with scattered
forfeitures constitute the source of extensive public red pine (Pinus resinosa). Current vegetation has been

°
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Figure 1..Map of study area in northwestern Wisconsin showing location of study plots within the outwash and moraine ecosystems. The
boundary of the Chequamegon National Forest is also shown. Plots located outside this boundary are on private non-industrial land.
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greatly modified by fire suppression and the con- cell. The same operation was also applied to generate
version of pine barrens to plantations. The second output grids for the regional ecosystems (outwash and
regional ecosystem, the Copper Falls moraine, devel- moraine) and one output grid of upland forest within
oped from mass-movement tills that were deposited a radius of 2800 m. Using these five grid coverages

to various depths following glacial retreat and then in combination, we determined the areas of National

Covered by windblown loess (Clayton 1984). The veg- Forest, private non-industrial land, outwash, moraine, m[ /etation is largely mesic northern hardwood forests and upland forest for the entire study area.

dominated by sugar maple (Acer saccharum), eastern Four final grids were generated by selecting those
hemlock (Tsuga canadensis), yellow birch (Betula al- cells that were: (1) entirely within the outwash ecosys-
leghaniensis), with white pine (Pinus strobus) and red tem, but at least 90% National Forest land and at least
pine. Forested wetlands occupied by northern white- 75% upland forest; (2) entirely within the outwash
cedar (Thuja occidentalis), black ash (Fraxinus nigra), ecosystem, but at least 90% private non-industrial

balsam fir (Abies balsamea), and tamarack (Larix lar- ownership and at least 75% upland forest; (3) entirely '
icina) are also common. For ease of reference, the two within the moraine ecosystem, but at least 90% Na-
regional ecosystems subsequently will be referred to tional Forest land and at least 75% upland forest; and -
as outwash and moraine in this paper. The outwash (4) entirely within the moraine ecosystem, but at least '
regional ecosyst.em corresponds to Albert's (1995) 90% private non-industrial ownership and at least 75%
Bayfield Barrens (Subsection X.1) classification unit; upland forest. The number of cells in each grid that

• the moraine regional ecosystem is within the Upper satisfied the criteria ranged between 1256 and 3763,

Wisconsin/Mictiigan Moraines (Subsection IX.3). and these cells generally formed from one to seven ,
clusters in each grid. Random numbers were listed for

Plot establishment each grid-cell, and the list was sorted in ascending or-
der. Eighty circles with a radius of 2800 m each were

The first step in establishing sample plots was to generated using the coordinates for the first 20 ran-
produce three ARC/INFO (Environmental Systems domly selected cells listed for each grid. From those,

. Research Institute, Redlands, CA) coverages for the the first four non-overlapping circles in each grid were
northwestern portion of Wisconsin: one of land own- selected as sample plots to be used for the study (Fig-
ership, a second of regional ecosystem boundaries, ure 1). The result is a stratified random design with a

•and a third of land cover obtained from USGS LUDA two x two matrix for ownership and ecosystem and
digital data. Each was rasterized to a grid-cell size of four replications for each combination.
!00× 100 m (1 ha)to produce grids containing 1400 We used a previous study of landscape pattern
rows and 1700columns. in northern Wisconsin to help establish plot size.

Two new grid coverages were then extracted from Mean patch size in classified aerial photography from
the original ownership coverage. In the first, all cells Mladenoff et al. (1993) stabilized at about 10 km 2. An
that corresponded to National Forest land were as- even larger plot size (25 km 2) was selected to reduce

signed a value of one and all other cells were assigned the likelihood that measures of patchiness would be
a value of zero. In the second, all cells that corre- significantly biased from the truncation of polygons

isponded to non-industrial private land were given a by plot boundaries.
• •- value of one and all other cells were set to zero. A sim-

ilar approach was used to extract new grid coverages Photo interpretation
• ' from the original coverage of regional ecosystems and

from the land cover (LUDA). The composition and structure of the landscape were
Using ARC/INFO's raster processing module documented from aerial photography flown during '

GRID, we generated new grids on the two ownership the summer and fall of 1993. The photographs were
coverages where the value in each cell was the sum 1"15840 black and white infrared or 1"12000 nat-
of the values for all the grid-cells within a 29 cell ural color. The land cover was interpreted and de-
(2800 m)radius. Each grid-cell was 1 ha in area, so lineated onto estar-base film and the class bound-
the valueassigned each cell in the output grid was the aries were transferred and rectified to 1:24000 scale
area of land (National Forest in the first output grid, USGS topographic maps using a zoom transfer scope.

•private non-industrial land in the second output grid) We then manually digitized these boundaries into PC
Within a 2500-ha circular plot centered on that grid-

°
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Table 1. The hierarchical classification used to characterize land

cover in _e study area. Also included are the number of poly- mum polygon size recognized in the classification of
" gons checked in the field and the percent of polygons with the aerial photography was 1.0 ha for upland patches

the correct classificationin_thephoto interpretation. Class 3.0 and 0.5 ha for wetland patches. The difference in
(water) includes lakes, streams. Class 5.0 (non-agriculture) rep- minimum size allowed more of the small wetlands em-

resents open lands other than agriculturalareas (i.e., housing, bedded in the upland matrix to be included in the landroad and utility right-of-ways, gravel pits and other disturbed

areas,barrens), cover classification. _1 /A total of 10% of the classified polygons from
Level De.scription Correct Sample each plot were field checked. Polygons were selected

classification numberof for field checks in proportion to the frequency of
(%) polygons their classification. Accuracy of the classification ex-

1.0 Agriculture . 92 13 ceeded 90% in four of the five level I classes and
1.1 Cropland 100 10 for many level II classes (Table 1). Among the ex-
1.2 Pasture 67 3 ceptions at level II were Upland Coniferous (2.2) and
2.0 Forest 98 225 Plantations (2.5). Because mature plantations that had
2.1 Upland deciduous 93 42 been thinned several times were difficult to distinguish "
2.2 Upland coniferous 57 23 on the aerial photographs from natural stands of up-
2.3 Upland mixed 80 87 land conifers, these two cover classes were sometimes .

2,4 . Regenerating forest 91 46 improperly classified.
2.5 Plantations 67 27

3.0 Water 100 7 Analysis ,
4.0 - Wetlands 94 127

4.1 Wetlanddeciduous 71 21 Comparisons of landscape composition and structure
4.2 Wetland coniferous 93 45 derived from the classification of the 1993 aerial pho-
4.3 Wetland mixed. 80 5 tographs were made among plot sets, each replicated
4.4 Nonforested 82 38 four times:

" 4.5 Regenerating forest 78 18 - Plot set I- National Forest, outwash;

5.0 Non-agriculture 80 10 - Plot set II - private non-industrial, outwash;
- Plot set III- National Forest, moraine;

- Plot set IV - private non-industrial, moraine.
We applied the vector version of the software pro-

ARC/INFO software and attached labels representing gram FRAGSTATS (McGarigal and Marks 1995) to
a.cover Class to the polygons, quantify landscape structure for the level II classifi-

We used a modified Anderson et al. (1976) level I cation. When plot size is held constant, as in our
and Ii classification for land cover. Level I classes study, the number of patches conveys the same in-
included agriculture, forest, water, wetlands, and formation as unit area measurements such as patch
n0n-agricultural open lands (Table 1). density; therefore, we report only number of patches

At level II, agricultural lands consisted of crop- by plot. An area metric, the largest patch index which
land and pasture (Table 1). Old fields with trees were quantifies the percentage of each plot comprised by

• still considered pasture !f canopy coverage was <50%. the largest patch, was included because large patches
Fallow land once used for agriculture but remaining in represent an important structural element in the land-

' grass cover was considered agricultural land and was scape (Mladenoff et al. 1993). The largest patch was
classified as pasture. As established by Anderson's defined entirely within the boundaries of the 2500-ha
classification,• both upland and lowland mixed forests sample plot. Three additional metrics used to charac- .
were compgsed of >33% but <67% (canopy cover- terize landscape structure are landscape shape index,
•age) mixtures of coniferous and deciduous species. At Shannon's diversity index, and an interspersion and
higher or lower mixtures, stands were classified as juxtaposition index (IJI). The shape index is a measure
conifer or fiardwood forests. Classification of regen- of the perimeter-to-area ratio. A more complex shape
erating forests was based on <50% canopy coverage, will have a higher ratio than a less complex shape.
Non-agriculture open lands included housing, road Shannon's diversity index increases as the number of
and utility fights-of-ways, disturbed areas such as patch types increases or the proportional distribution
gravel pits, and brushy and barren areas. The mini- of area among patch types becomes more equitable, or

" _¢ "i '. , o 1
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both (McGarigai and Marks 1995). The interspersion Additional information about the composition of
and juxtaposition index quantifies landscape configu- the landscape can be gained from the level II clas- [ _ ......... _-'
ration. Each patch is evaluated for adjacency with all sification (Table 2). The National Forest plots on
other patch types. This index measures the extent to outwash (Plot Set I) were dominated by plantations,
which patch types are interspersed, with the highest- upland deciduous forest, and upland regenerating for-

value (IJI = 100) occurring when the corresponding est. Combined, these three cover classes accounted Ipatch type is equally adjacent to all other patch types for 54% of the patches and 85% of the total area.
(McGarigal and Marks 1995). We tested for statistical Plantations alone accounted for 41% of the total area.
differences among the metrics using analysis of vari- Many small patches of upland mixed (coniferous and
ance in the GLM Procedure from SAS (SAS Institute deciduous species) existed on the outwash ecosystem
Inc. 1988). on National Forest ownership. The average patch size

Distributions of patch size-classes were also used for upland mixed forest was 4.5 ha, compared to 23.0,

as a measure of landscape structure. ,Areas for all 14.5 and 30.6 ha for upland deciduous, upland regen- "
patches for a size class were summed where the classes erating forest, and plantations, respectively. A more
represented a geometric series of patch sizes (class l - even distribution among the classes of upland forest "
0.1-2,.0 ha, class2 --- 2..1-4.0 ha, class3 - 4.1- is evident for private land on outwash (Plot Set II), -
8.0 ha...). To test the hypothesis that two or more where much less of the total area was in regenerating
groups of observations have identical distributions, forest and plantation compared to public land (Ta-

• we used the Kolmogorov-Smimov statistic to perform ble 2). Upland deciduous forests dominated by sugar

analysis of variance on ranks using several statis- maple were common tothe moraine ecosystem for
tics based on a empirical distribution function (SAS both ownerships. Among the four plot sets, private
Institute Inc. 1988). land on outwash had the highest representation of non-

agriculture open lands comprised of housing, road and
' utility-fights-of-ways, disturbed areas suchas gravel

Results pits, brushy and barren areas.
' For National Forest (Plot Set III) and private land
Landscape composition (Plot Set IV) on moraines, upland deciduous forest ac-

By design, upland forest dominated all four plot sets counted for 31 and 43% of the total area, respectively

(Figure 2). The percentage of upland forest ranged (Table 2). Regardless of ecosystem, plantations rep-
from an average of 95% of the total area for National resented a much larger share of the landscape matrix
Forest on outwash to a minimum of 64% for National on public land compared to private land. As previ-

Forest on moraine. The two private/ecosystem plot ously noted, most wetlands were small inclusions in
sets each averaged 65% of their total area in upland the upland matrix as suggested by the higher values
forest. The percentage of upland forest fell below the for percent patches than for percent area (Table 2). The
threshold of 75% coverage required for plot establish- prevalence of upland forest throughout our study area
ment because the resolution used for classifying the established a common matrix for comparing landscape
aerial.photographs was higher than the resolution of structure.

" .the LUDA data used for establishing plot locations.
" There were differences among plot sets for the Landscape structure

. other level I cover classes (Figure 2). A higher pro-
portion of private land on outwash was in water (8%) Significant differences (P<0.01, Kolmogorov-Smirnov
compared to the other plot sets (areas surrounding test) in landscape structure existed by ownership and

ecosystem. On outwash, private land consistently hadlarge, lakes on .the outwash stayed in private own-
ership), but water accounted for a small proportion a higher representation of smaller patches than did
of thetotal area. As expected, private land had public lands for the combination of all cover classes
greater amounts of agricultural land (4 and 7%) than (Figure 3a). If patch-size distributions are accepted

as a measure of fragmentation, then private land wasdid public land (< 1%). Also, wetlands occupied a
larger percentage of the landscape on moraine (25 more fragmented than public land on outwash. The op-
and 32%) compared to outwash (< 1 and 8%), and posite was true for the moraine ecosystem (Figure 3b).

In this case, public land had a greater representationnon-agricultural open lands were more common on
outwash than on moraine (Figure 2).

4
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in smaller patch size-classes, creating a finer grain to cially on the outwash ecosystems, tended to be larger
landscapes ori public than private land. than those on public land (Table 3). These differences

When ownership was held constant and ecosys- were statistically significant (MS- 11.004, F= 6.02,
tem varied, a different pattem was observed. Although P = 0.016), but differences in mean patch size for wa-
significant differences (P<0.01) in size-class distil- ter were not different by ecosystem (P = 0.912), nor
butions between ecosystems were present on public was the interaction term in the linear model significant
land (Figure 4a); there were no significant differ- (P-0.167). Only 0.2% of the area on NationalForest
ences (P>0.05) in landscape patch-size distributions on outwash was classified as lakes, streams, and reser-
between ecosystems on private land (Figure 4b). Also, voirs, compared to 8.2% for private land on outwash
note the lack of representation in the largest patch (Table 2). Not only were there smaller patches of water
size-class on private land (Figures 3a, 3b, 4b). This on average on public land compared to private land,
important structural element of a landscape is missing but there were also fewer patches.
on private land in our study plots. Wetland, including both forested and nonforested

Further insights about landscape structure can be wetlands, tended to be more frequent and larger on
obtained by considering mean patch size among the the moraine ecosystem than on the outwash (Tables 2

plot sets and by level I land cover classes (Table 3). and 3). Not surprisingly, the physical environment or
• For upland forest, the most prevalent cover class, the ecosystem accounted for the largest share of the vari-

• • trends for mean patch size among the plot sets parallel ability (MS = 27.390, F -- 30.95, P < 0.001). The

the distributions of patch size in Figures 3 and 4. The interaction term was also significant (MS = 10.570, F• ,

largest.mean patch size is found on National Forest = 9.88, P -- 0.002), but differences by ownership were
land on outwash, while the smallest mean patch size not (P- 0.331).

is found on National Forest land on moraine (Table 3). Unlike wetlands that are products of the geo-
The differetices in mean patch size for upland forest morphological features of the landscape, the non-
Were not significantly different by ownership (MS = agriculture cover class is a result of anthropogenic
3.276, F = 2.59, P = 0.108) or ecosystem (MS - activities. The variety of land uses included in this
3.835, F = '3.03, P -- 0.082), but the interaction be- cover class produced much larger average patch size
tween ownership and ecosystem was highly significant on private land than on public land (Table 3). Neither
(MS = 27.811, F 21.97, P < 0.001). differences by ecosystem nor the interaction between

Somewhat different patterns emerged for other ecosystem and ownership was statistically significant
cox/er classes. Patches of water on private land, espe- (P>0.05). The representation of agricultural lands on

°



Table 2. Summary of landscape metrics for the Level II land classification. Each value is based on four sample plots.
..

Class Number Percent Mean patch Area Percent Number Percent Mean patch Area Percent [ '_" .............. _i

Patches patches size (ha) (ha) area Patches patches size (ha) (ha) area

Plot Set I - National 'Forest; outwash Plot Set II - Private; outwash

Cropland 40 3.8 9.2 369.1 3.71 n
Pasture 9 0.9 6.3 6.5 0.57 m

Upland.deciduous 101 14.4 23.0 2321.6 23.34 110 10.5 16.3 1790.3 18.00

Upland coniferous 37 5.3 3.9 143.4 1.44 105 10.0 6.2 650.2 6.54

Upland mixed 183 26.1 4.5 831.9 8.36 233 22.3 8.2 1907.2 19.17

Regenerating forest 144 20.6 14.5 2093.2 21.04 115 11.0 7.1 819.8 8.24

Plantations 132 18.9 30.6 4033.8 40.55 90 8.6 14.2 1274.3 12.81

Lakes, streams, reservoirs 8 1.1 2.0 15.9 0.16 50 4.8 16.3 816.4 8.21

Wetland deciduous 21 2.0 8.0 168.1 1.69
o

Wetland coniferous 4 0.6 1.3 5.1 0.05 40 3.8 2.3 92.3 0.93 .

Wetland mixed 34 3.3 1.9 65.5 0.66

Nonforested 15 2.1 0.8 11.7 0.12 137 13.1 3.5 474.9 4.77

Regenerating forest 9 0.9 1.0 9.3 0.09

Non-agriculture open land 76 10.9 6.5 492.3 4.95 53 5.1 27.4 1454.5 14.62

Total 700 14.2 9948.2 1046 9.5 9948.2

Plot Set'III- National Forest; moraine Plot Set IV- Private; moraine

Cropland 78 6.9 6.6 517.8 5721

Pasture 1 0.1 1.6 1.6 0.02 34 3.0 5.2 177.0 1.78

' Upland deciduous 153 11.0 20.1 3076.5 30.93 127 11.3 34.1 4327.3 43.50

Upland coniferous 116 8.4 4.9 570.9 5.74 40 3.6 4.4 174.4 1.75

Upland mixed 252 18.1 5.6 1406.4 14.14 194 17.2 7.3 1412.1 14.19

Regenerating forest " 94 6.8 4.1 388.2 3.90 91 8.1 5.1 465.3 4.68

Plantations 93 6.7 10.5 973.9 9.79 21 1.9 5.3 111.1 1.12

Lakes, streams, reservoirs 41 3.0 6.1 251.8 2.53 28 2.5 7.0 194.7 1.96

Wetland deciduous 49 3.5 2.5 121.4 1.22 51 4.5 5.6 283.9 2.85

Wetland coniferous 239 17.2 5.8 1388.5 13.96 129 11.5 5.8 742.4 7.46

Wetland mixed 109 7.8 3.4 375.0 3.77 124 11.0 3.9 483.8 4.86

Nonforested 212 15.3 6.1 1289.5 12.96 188 16.7 5.0 930.5 9.35

Regenerating forest 16 1.2 2.0 31.5 0.32 12 1.1 2.7 32.3 0.32

. Non-agriculture open land 14 1.0 5.2 73.0 0.73 8 0.7 12.0 95.8 0.96

" Total 1389 7.2 9948.2 1125 8.8 9948.2 ,

• ,

J

public ownership was insufficient to justify compar- cover class throughout the study area, did not dif-
isons. ' fer significantly either by ownership (P - 0.171) or

We also compared mean patch size between own- ecosystem (P = 0.111). These comparisons, however,
ershi p and ecosystem for the level II cover classes, were confounded by a strong interaction between own-
Those for the most common classes- upland decid- ership and ecosystem (P<0.001) and a large mean

uous forest, upland mixed forest, upland regenerating value for a single plot. Mean patch size for upland
forest, and plantation- are reported in Table 4. Mean deciduous forests averaged 99.3 ha for one plot in
patch size for upland deciduous forests, a common the public/moraine set, compared to a range of 6.6

0
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Table.3. Mean patch size for level I land cover classes by plot set and ANOVA results for P<0.05 using logarithmic
transformation of patch size. "___" '-,

Classification Mean patch size (ha) ANOVA

NF- Private- NF- Private- Source of Variation P value F

outwash outwash moraine moraine

Agriculture - 8.69 1.57 6.20 /

Forest 15.79 9.87 9.06 13.72 Ownership x ecosystem P<0.001 F = 21.97
-.

Water 1.98 16.33 6.14 6.95 Ownership P = 0.016 F -- 6.02

Wetland 0.88 3.36 5.13 4.91 Ecosystem P<0.001 F = 30.95

Ownership x ecosystem P = 0.002 F = 9.88

Non-ag open 6.48 27.44 5.21 12.01 Ownership P<0.001 F = 39.56

Combined 14.21 9.51 7.16 8.84

• Total sample size 700 1046 . 1389 1125

i

Table 4. ANOVA results for the dependent variable of mean patch smaller mean patch size was consistent with thesize and selected level II land cover classes.
• broader trend of a finer grain structure for upland

Source .. DF Mean Square F Value P>F forests on National Forest compared to private land.
Regenerating forest's were those young stands with '

Upland deciduous forest <50% canopy coverage. In the uplands, mean patch
Ownership . 1 3.20 1.88 0.171 size for regenerating forests varied strongly by ecosys-
Ecosystem 1 4.34 2.54 0.111

• tem (P<0.001), but not by ownership (P - 0.155).
Ownership x ecosystem 1 30.74 18.02 <0.001

Patches of regenerating forest tended to be larger on

Uplandmixedforest outwash than on moraine (Table 2). Again, there was
a significant interaction between the main variables in

Ownership 1 18.46 21.54 <0.001 the ANOVA (P<0.001).
Ecosystem 1 3.57 4.16 0.042

Plantations were more frequent and larger on the
Ownership x ecosystem 1 1.39 1.62 0.204

outwash than on the moraine ecosystem (Table 4).

Upland regenerating forest This trend was especially obvious on public owner-
ship, where pine plantations averaged 47.4, 57.7, 13.8,

Ownership 1 2.08 2.03 0.155 and 18.1 ha for sample plots on outwash compared
Ecosystem 1 21.17 20.68 <0.001 to 15.3, 8.4, 11.1 and 9.1 ha in size for plots on the
Ownership x ecosystem 1 15.66 15.29 <0.001

moraine ecosystem.

Plantation Other structural parameters varied greatly between
ecosystems in public ownership. Among the four plot

, Ownershi p _ 1 3.62 2.18 0.141 sets, the high and low mean values for patch number,
.. Ec.6system 1 16.60 9.97 0.002 landscape shape indices, and Shannon's diversity in-

, Ownershipxecosystem 1 - 0.01 0.00 0.977 dex were on the National Forest (Table 5). That is,
• ' National Forest land had either higher or lower patch

density, complexity of patch shape, and patch diversity
- compared to private land, depending on the ecosystem.

to 53.8 ha for the Other 15 plots. When the outlier is The largest patch index and the interspersion and jux-
ignore& meaia patch size for upland deciduous forests taposition index paralleled this trend. In spite of plot 9
on the moraine was substantially smaller on pubic land where the largest patch represented 32.9% of the total
compared to private land. plot area, the National Forest on outwash (plots 1-4)

Mean patch size for upland mixed forest was averaged 16.4% for the largest patch index compared
significantly smaller on public tlaan on private land to 10.1 to 13.0% for the other plot sets. Given this

(P<0.001), while differences between ecosystems trend, it is not surprising that landscapes on National
were only marginally significant (Table 4). The Forest/outwash had the lowest interspersion and jux-
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•Figure3. Comparisonof patchsize-classesbetweenpublicandprivatelandson the (a) outwashand (b) moraineecosystems.Eachclass
representsa summationof areafor allpatchesin eachsizeclass.

' tap0sition (Table 5). The relative differences in these Despite this trend of similar landscape structure
metrics for the National Forest plots on outwash and across different ecosystems on private land, analysis '

• ' the other plot sets are striking. Both the composition of variance for number of patches, landscape shape in-
of the landscape and its structure are greatly simplified dex, Shannon's index, and interspersion/juxtaposition
compared to the other combinations of ownership and suggest that ecosystem accounts for larger portions of -

ecosystem, variation in these indices than does ownership (Ta-
In contrast to the structural parameters for Na- ble 6). The H0 that no differences in number of

tional Forest land, those for private land did not vary patches, complexity of shape, or patch diversity exist
substanti/dly by ecosystem (Table 5). For example, was accepted for all cases except for patch diversity,
the mean number of patches per 2500-ha plot on which was rejected at a marginal level (P=0.04). The .e

private/outwash was 262 compared to 281 for pri- same H0, however, was rejected for ecosystem ex-
vate/moraine, and Shannon's diversity index ranged cept for the index of interspersion and juxtaposition
only from 1.71 to 2.10 on the private land (Table 5). (Table 6). The interpretation of these results is con-
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founded somewhat by the significant interaction terms noff et al. 1993; Nassauer 1995; Naveh 1995; Wear, . .

, for the number of patches and Shannon's Diversity In- et al. 1996). In our study, we attempted to minimize
, dex (P=0.039 and P=0.038, respectively). Clearly, the the influence of land cover in the experimental de-

physical environment is a strong source of variation sign by studying landscapes that were predominately
as measured by the structural indices, but it is also in forest cover. Further, we attempted to simplify
clear that these patterns are being greatly modified by the design by studying landscape pattern at the same
human land'-use, spatial scale (1:24,000) and by considering condi-

tions at a single period of time (1993). In contrast,
we attempted to maximize differences in the physical

Discussion environment by locating study sites on extremely well-
' drained outwash and moderately well-drained moraine '

Patterns of land use reflect a complex set of interac- within a similar climatic regime, and attempted to
tions among social and economic factors, land uses, maximize the differences in land use by comparing
and environmental conditions (Brouwer 1989; Mlade- public land (Chequamegon National Forest) to private

o
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Table "5. Summary of landscape metrics for plots and plot sets.
.

Number of Patch size Largest patch Landscape shape Shannon's Interspersion/

patches CV (%) index (%) Index diversity index juxtaposition i

National Forest--Outwash

Plot 1 164 370.1 26.8 10.44 1.27 63.7

2 121 206.6 10.6 10.17 1.08 41.0

3 227 248.8 8.0 12.39 1.49 65.3.
4 188 318.4 20.3 10.89 1.60 81.1

4- SE = 1754-22.2 286.04-36.3 16.4+4.3 10.974-0.50 1.364-0.12 62.84-16.5

Private-Outwash

Plot 5 204 241.8 12.9 11.87 1.75 67.3

6 248 • 286.3 10.7 11.09 1.83 76.8

7 253 191.8 6.2 13.33 1.71 60.4

8 341 251.1 10.4 15.20 2.10 75.8

4- SE = 2624-28.7 242.84-19.5 10.14-1.4 12.874-0.90 1.854-0.09 70.14-3.9

National Forest-Moraine

Plot 9 • 197 536.6 32.9 10.39 1.43. 71.2

10 399 189.1 4.3 16.50 2.08 82.0

11 374 173.4 5.9 17.12 2.06 76.0

12 419 172.9 3.7 17.62 2.04 77.6

4- SE = 3474-50.9 268.04-89.6 11.74-7.1 15.414-1.69 1.904-0.16 76.74-2.2

Private-Moraine

Plot 13 262 226.3 11.6 12.94 1.95 75.5

14 246 345.9 19.4 12.58 1.85 75.3

15 309 261.7 10.8 13.25 1.80 75.5

16 308 261.4 10.1 14.64 1.91 73.8

4- SE = 2814-16.1 273.84-25.4 13.04-2.2 13.354-0.45 1.884-0.03 75.04-0.4

(non-industrial) land. And we assumed that landscape variables in our model, environment and ownership,
patterns resulting from different ownerships and dif- were present in many of our analyses. It is impos-
ferent land management objectives would be reflected sible to make an unequivocal statement about public
as sources Of variation in our ANOVA. These sources or private landscapes having more or less structural

of variation could conceivably take several forms, complexity based on patch density, or any other mea- ,
Differences in landscape pattern might result from sure of pattern without first qualifying the statement
different sets of social and economic factors being by the type of ecosystem under consideration. Classi-
considered in decision making, or the same set of fac- fications of landscape ecosystems such as those devel-
tors could be considered but with different levels of oped by Albert et al (1986), Albert (1995), and Keys
import.ance being assigned to them. and Carpenter (1995) provide a useful framework for

Not surprisingly, the physical environment proved evaluating landscape patterns.
to be a strong source of spatial heterogeneity in our Although the physical environment provides the

compai'isons of landscape pattern between outwash ultimate constraint for land use, there is considerable
and moraine. Differences in landscape pattern could variation in landscape pattern within an ecosystem
also be attributed to ownership, but the effects of the caused by past and present human activities (Mlade-
tWOvariables in the ANOVA model were not indepen- noff et al. 1993; Andersen et al. 1996; Russell 1997).
dent. Significant interactions between the two main Wear and Flamm (1993), for example, found the like-

°
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Table6. Two-wayanalysisofvarianceoflandscapemetricsusinglog being harvested on the National Forest and the out-
transformationsof dependentvariablesandtypeII sumsof squares, wash ecosystem, with new plantations established, or

Source , DF Meansquare F Value P>F in some areas, fire has been reintroduced to restore
i._...._l• pine barrens (Parker 1997). In effect, utilizing large

Dependent variable:numberof patches harvest units and reintroducing fire on the outwash

Owner 1 0.0555 0.88 0.367(ns) ecosystem are retaining the coarse-grained pattern of "1Ecosystem 1 0.5691 8.99 0.011(,) l
Owner><ecosys 1 0.3413 5.39 0.039(,) spatial heterogeneity that existed on this landscape.

Historical disturbance regimes differ on the out-Error 12 0.0633

Dependent variable: Shannon's diversity index wash and moraine ecosystems in our study area. On
Owner 1- 0.0976 5.29 0.040(,) moraines, windthrow is the most important natural
Ecosystem 1 0.1254 6.80 0.023(,) disturbance. Although large-scale catastrophic wind-
Owner ><ecosys 1 0.1001 5.43 0.038(,) throws (e.g., 1000s of ha) do occur, such disturbances
Error 12 . are infrequent over much of the northern hardwood re-
Dependent variable: landscape shape index gion of North America (Frelich and Graumlich 1994).
Owner , 1 0.0010 0.04 0.837(ns) Small windthrows that create a fine-grain pattern on ".

Ecosystem 1 0.1318 , 5.64 0.035(,) the landscape are far more frequent (Runkle 1982).
Owner x ecosys 1 0.0777 3.32 0.093(ns) On the outwash, in contrast, fire is the most important
Error . 12 disturbance factor (Heinselman 1973, Whitney 1986).

Dependent variable:, interspersion/juxtaposition Historically, fires occurred frequently, with some af-
Owner 1 " 0.013 0.52 0.483(ns) fecting large areas, and both large and small fires
Ecosyste m 1 0.091 3.69 0.079(ns) were important in maintaining the conifer-dominated
Owner x ecosys 1 0.024 0.98 0.341(ns) upland forests (Curtis 1959). Starting in the 1930's,
Error 12 fire suppression greatly reduced the effect of this

disturbance on landscape composition and structure.
Although fires are still frequent on xeric outwash

' ecosystems, they are effectively contained to small
tihoodof forest cover being altered was related to (1) areas. The lack of significant differences in many of
ownership, (2) environmental factors such as slope the structural parameters between the outwash and
and elevation, and (3) to geographic variables such as moraine on private lands suggests that the structure
distance to roads and distance to market centers. In of these landscapes has converged through time. If
comparative studies in the southern Appalachians and this homogenization of landscape structure is real, fire
Washington's Olympic Peninsula, Turner et al. (1996) suppression is one possible explanation for the trend.
did not find major differences in landscape patterns It is possible that selection bias accounted for some
between private and public lands under commercial differences in our results. Although farming was never
forestmanagement, but there were differences in land- a common land use in the study area, ownership could
scape composition and structure between public and be determined to some degree by the ecological ca-
noncommercial private lands. In both regions, private pability of the land within the moraine and outwash
lan,ds had less forest cover and greater numbers of ecosystems. For example, the most marginal lands
small forest patches compared to public lands, could be in public ownership because they failed to
, Significant historic events occurring in our study support farming. There is some evidence to support

area that can be related to differences in landscape this argument. Wetland coniferous and nonforested
.structure between ownerships include the conversion wetlands were slightly more common on public than
of large areas of tax delinquent land from private to private land on the moraine (Table 2). Another obvious
public ownership in the 1920s and 1930s in the Lake selection factor is related to the retention in private
States; theconversion of substantial areas of pine bar- ownership of land near large lakes on the outwash
rens, cutover and burned lands to pine plantations on ecosystem.

public lands, especia!ly on the outwash ecosystem as An important structural element of the landscape-
part of the social programs (e.g., Civilian Conserva- large natural-vegetation patches- is missing from pri-
tion Cows) during the 1930s; and the synchronous vate land and to some extent from public land. Large
maturation of these plantations during the 1990s. As patches serve important ecological roles and provide
a result; large blocks of mature plantation are now many benefits in a landscape (Mladenoff et al. 1993;



462

Forman 1995a). Large patches provide structural con- landscape, the physical environment, and the cultural
nectivity within the landscape, and when large patches and social forces that have shaped landscapes in the
occur in a landscape, both interior habitat and patch past and will shape them in the future.

interspersion (connectivity) are maximized. Due to the Characterizing the relation between structure and
structural and functional importance of large patches, function has been a central theme in many ecological
Forman (1995b) recommended an aggregation-with- studies (e.g., Watt 1947). The importance of struc-
outliers strategy for landscape design in which large ture, or how components are distributed in time and

patches Of land use are supplemented with small space, in affecting ecological processes is widely ac-
patches and corridors of different land use to ensure knowledged, as is the fact that ecological processes, in
the retention of large patches in human-dominated turn, can create structure or pattern. Recognizing the
landscapes. Retention of large patches should be a nexus between pattern and process, along with con-
primary goal in land management on public lands, sidering the importance of scale when defining and

While characterizing environmental heterogeneity quantifying heterogeneity, are necessary prerequisites "
remains an important goal for many ecological studies for understanding the mechanisms that create pattern.
(e.g., Krummel et al. 1987; Kotliar and Wiens 1990;

o
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