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Abstract: Many ecosystems have been altered since European colonization, resulting in
the loss of historical ecosystems along with information about historical ecosystems. Tree
density estimation from historical land surveys with alignment to expert classifications
of historical vegetation strengthen reconstructions of vegetation history through research
triangulation. For the midwestern United States, we extended historical tree density
estimates (≥12.7 cm in diameter) to contextualize expert classifications of vegetation types
in Illinois and Minnesota, part of the historical Great Plains grasslands with very frequent
fire exposure, and Indiana and southern Michigan, which were more protected from fire.
We also identified a tree density threshold between grasslands and savannas and contrasted
density estimates with two alternate density estimates. After refining expert-classified
vegetation types, out of 14 major historical ecosystems in this region, 11 were grasslands,
savannas, or woodlands. The three additional ecosystems were American beech (Fagus
grandifolia) closed woodlands and forests in Indiana and American beech-oak (Quercus)
closed woodlands and forests and tamarack (Larix laricina) and ash (Fraxinus) swamp forests
in southern Michigan. Because tree densities in the grasslands of Illinois and Minnesota
did not exceed 4 trees/ha and tree densities in the savannas of Indiana, Michigan, and
Minnesota ranged from 23 trees/ha to 78 trees/ha, around 15 trees/ha may be a reasonable
threshold between grasslands and savannas. Density estimates generally matched with
two other sources of density estimates, despite using different approaches, supporting
the reliability of density estimation. Anchoring density estimates from land surveys to
other sources of historical vegetation establishes the validity of density estimation, while
supplementing expert-classified ecosystems.

Keywords: Illinois; Indiana; land use; Michigan; Minnesota; reconstruction; vegetation
history

1. Introduction
After land use and disturbance changes resulting from European colonization, histori-

cal ecosystems remain poorly described, requiring reconstructions from proxy data sources.
Land surveys conducted predominantly during the 1800s in the United States permit an
understanding of the range of historical ecosystems and inferences about their disturbances.
Historically, fire was the disturbance that influenced many ecosystems, creating ecosystems
with shared characteristics in response to disturbance frequency and severity, including

Forests 2025, 16, 748 https://doi.org/10.3390/f16050748

https://doi.org/10.3390/f16050748
https://doi.org/10.3390/f16050748
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0001-8657-9540
https://doi.org/10.3390/f16050748
https://www.mdpi.com/article/10.3390/f16050748?type=check_update&version=2


Forests 2025, 16, 748 2 of 19

fire-tolerant species and reduced tree densities [1,2]. As opposed to dense forests, open
ecosystems of grasslands, savannas, open woodlands, and closed woodlands typically
dominated by fire-tolerant oak or pine tree species were abundant throughout the U.S. [1].
Following fire exclusion and other land uses, the range of ecosystems has been lost to
agricultural conversion and tree densification to closed forests [1]. Contemporaneous
writers recorded rapid encroachment by trees following Euro-American settlement [3–6].

The historical ecological context of Illinois, Indiana, southern Michigan, and west-
ern Minnesota in the midwestern U.S. is generally well defined for interpretation, sup-
ported by various historical accounts, despite conversion to agriculture during the 1800s
(Figure 1; [7–13]). The region encompasses part of the eastern Great Plains grasslands of
central North America and the transition to the Prairie Peninsula extension into the forests
of the eastern U.S., albeit most of the grasslands in these states either were converted to
croplands or transitioned to forests during the second half of the 1800s [13]. Strong westerly
winds combined with flat topography and plentiful herbaceous vegetation of tallgrass
prairie in the productive eastern Great Plains were the ingredients for frequent surface
fires, which traveled eastward until meeting conditions that decreased fire spread in the
eastern U.S. [8,14]. Topographic and permanent water barriers broke up fire spread except
for a funnel projecting through Illinois, after which additional large and small firebreak
barriers of rough topography and water limited fire spread. Topographic roughness (‘the
Driftless Area’), the Wisconsin River, and various lakes contained most fire spread to
southern Wisconsin, whereas the Wabash River and topographic barriers directed fire to
the northern third of Indiana [14]. Fewer fires entered southern Michigan, and the Great
Black Swamp blocked most of northern Ohio, resulting in the development of greater tree
densities, although open ecosystems occurred in southern Michigan and northern Ohio [11].
Furthermore, wind speeds diminished in the Prairie Peninsula, consequently spreading
less fire relative to wind speed in the Great Plains region [14].

Indigenous peoples set fires annually, particularly during the fall, in the Prairie Penin-
sula or in the projection of grasslands from the Great Plains into the eastern U.S. [6,11,15].
Skilled practitioners could manage ecosystems with fire under less than ideal conditions.
That is, frequent surface fires still can occur in rougher, wetter, and colder conditions with
less wind, given ignition assistance during seasonally appropriate time intervals when
vegetation is dry. Muir ([16], p. 53) wrote about oak openings of Wisconsin that were:
‘swept by running fires almost every autumn after the grass became dry. If from any cause,
such as early snowstorms or late rains, they happened to escape the autumn fire besom,
they were likely to be burned in the spring after the snow melted’. Moreover, large native
herbivores, including white-tailed deer (Odocoileus virginianus) and American bison (Bison
bison), stabilized open conditions, with interactions among fire, fire management by native
humans, and native large herbivores [17].

Plotless density estimators enable tree density estimations from historical land surveys
conducted during the 1800s, which consisted of survey points for two to four trees every
0.8 km. The General Land Office, which originated during the year 1812, coordinated
land surveys in the systematic Public Land Survey System of townships and ranges,
comprising 1.6 km square sections, throughout most states [18]. Surveyors recorded the
species, diameter, distance, and bearing of two to four trees in quadrants at the corners and
middle of each section line. The Morisita estimator has been demonstrated to be robust in
multiple different simulated approaches, with the greatest stability in estimating densities
from points with two trees, but its stipulations include the requirement of large sample
sizes (i.e., landscapes estimates not local estimates) and overestimation depending on the
tree configuration of tree number and clustered spatial patterns [19–25]. Overestimated
densities can be reduced by adjustment factors calculated from simulations, and potential
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clustered tree patterns can be accounted for with an adjustment factor included in a range
of estimates. By contrast, surveyor bias may produce greater uncertainty because decision
making is difficult to simulate. Surveyors did not always select the nearest trees due to
survey instructions or personal preferences [21,22,25]. Recording trees that are more distant
than the nearest trees will result in underestimated tree densities. Adjustment factors can
address deviations from randomness but, to date, each potential bias is partitioned as a
separate surveyor choice. However, selected trees likely contain overlapping biases instead
of subdivided biases. As more corrections are applied, the probability of overcorrecting
increases, because surveyor bias corrections are not likely to be independent. Two sets
of similar density estimates, based on different approaches, have been produced for this
region [24,25].
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Figure 1. Ecological context for the study region of the midwestern United States at the transition of
the Great Plains to the forests of eastern North America (Minnesota, Illinois, Indiana, and Michigan
outlined). Fire spread by high wind speeds with flat topography resulted in reduced tree densities,
and fire spread broken by rougher topographies and aquatic ecosystems, with diminished wind
speeds, protected tree establishment.
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Uncertainty can be reduced by aligning density estimates with other sources of infor-
mation, namely vegetation reconstructions by experts, historical accounts, and ecological
context. Experts have reconstructed vegetation classes based on historical land surveys
in this region [26–29], although the vegetation classes have yet to be quantified using
historical land surveys. For example, Hanberry et al. [30] quantified density and percent
stocking (i.e., growing space occupied based on density, diameter, and species) in historical
land surveys by ecosystem classes (e.g., savannas up to 100 trees/ha, open woodlands
of 100 trees/ha to 175 trees/ha, and closed woodlands to 250 trees/ha, with forests at
>250 trees/ha) assigned by an expert for historical ecosystems in the Ozark Mountains
ecosystem of Missouri. The density estimates and ecosystem classes matched stocking
levels based on an oak stocking guide [31]. Although different tree species vary in filling
the growing space, with greater crown spread in broadleaf species than needled species,
the same quantified classes generally can be applied to density estimates from historical
land surveys throughout the U.S., including a range of ecosystems in the primarily forested
midwestern U.S. [32]. Conceptually, ecosystem classes will fall within a continuous range of
metrics, such as tree density or percent stocking, which also connects the classes described
by wildlife management with quantities of forest management [31]. That is, restoration
targets of ecosystems for wildlife can be quantified silviculturally.

Due to the abundance of data sources, the midwestern U.S. region is amenable to an in-
tegrated assessment encompassing the validity of tree density estimates from historical land
surveys, the reliability of tree density estimates from historical land surveys, and enhanced
contextualization of vegetation reconstructions by experts. While definitions vary, validity
is defined here as the extent to which strictly quantitative measurements (i.e., historical
tree density estimates) correspond with a meaningful and useful real ecosystem context
(i.e., vegetation types assigned through reconstructions by expert opinion; [33–35]). Simi-
larly, reliability is defined here as the consistency of measurements [35], despite different
approaches for estimating historical tree density estimates with surveyor bias [20,21,24,25].
The intent of error estimation is to quantify the difference between estimated values and ac-
tual values to inform about the accuracy of the estimation [33]. By comparing historical tree
density estimates, both to expert-defined vegetation classes and to historical tree density
estimates by other approaches, validity and reliability can be established. Equally in return,
historical tree density estimates, with associated tree species composition, can enrich and re-
fine expert-designated vegetation types. While two sets of published historical tree density
estimates are available for the region [25,36], tree density estimates can be integrated into
expert vegetation types to supply a sub-regional ecological context, which is particularly
useful for restoration and management of a gradient of ecosystem density classes. Inte-
grating quantitative data-driven approaches with expert classification methods is known
as research triangulation, or mixed methods research, to achieve validity, credibility, com-
plexity, and synergy [34,37,38]. Because objective reality is realized through approximate
representations, research findings are corroborated through convergence of a variety of
quantitative and qualitative methods, with different strengths and weaknesses [37,39].

Overall, for the midwestern United States, with historical exposure to frequent fires,
our objective was to augment expert-designated vegetation types with historical tree den-
sity estimates and tree species composition, including refinement based on grouping and
splitting of vegetation types based on similar or dissimilar densities or composition, to
deliver greater contextualization of historical ecosystems. Additionally, we compared
historical tree density estimates to the real context of ecosystems to inform accuracy [33].
Components of the overall objectives were to (1) extend the ecological validity of tree
density estimates (≥12.7 cm diameter) to the relatively open ecosystems of Illinois, Indiana,
southern Michigan, and western Minnesota of the midwestern U.S. by estimating density
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in expert-defined vegetation classes and matching densities and classes (savannas up to
100 trees/ha, open woodlands of 100 trees/ha to 175 trees/ha, and closed woodlands
to 250 trees/ha, with forests at >250 trees/ha [30]); (2) modify vegetation classes as in-
dicated by historical tree density estimates and tree species composition; (3) define tree
densities for grasslands relative to savannas; and (4) compare the reliability of our tree
density estimates to other tree density estimates based on the Morisita plotless density
estimator with differing adjustments (but which have not been aligned with ecological
classes; [24,25,36]). According to the body of evidence, we expected that the historical study
extent was composed of grasslands, savannas, open woodlands, and closed woodlands
with low tree densities (<250 trees/ha), numerous openings within treed landscapes, and
dominance by fire-tolerant oak species (>30% of all trees). Currently, this region is 60%
cultivated crops, 7% pastures, and 11% developed into residential infrastructure, with
only 0.8% of the extent classified as herbaceous vegetation [40]. Tree densification overall
occurred in this region during the second half of the 1800s in the decades following agricul-
tural conversion that excluded fire [13], but some locations may have densified during the
survey interval, ranging from 1799 to 1907, typically matching with westward expansion of
Euro-American settlement.

2. Materials and Methods
We determined tree composition and tree densities (for both ≥ 12.7 cm and ≥20.3 cm,

at 1.37 m height above ground level) from survey points in historical General Land Office
land surveys for Illinois, Indiana, southern Michigan, and western Minnesota in the mid-
western U.S., which transitions from part of the Great Plains of North America to the Prairie
Peninsula (Figure 1) and by vegetation classes reconstructed by experts from historical
land surveys. The land surveys followed the Public Land Survey System of townships and
ranges to divide public land for sale. The surveys completely covered these four states,
regardless of tree presence. Land surveys occurred in Illinois during years 1804–1843 [26],
Indiana during 1799–1834 [27], Michigan during 1816–1856 [28], and Minnesota during
1847–1907 [29] digitized from Marschner [41]. For the vegetation reconstructions, experts
used the entirety of the surveys, including surveyor notes about vegetation (Figure 2), and
ancillary data such as soil, landform, and geology to classify vegetation types but without
calculating tree densities [42,43]. The PalEON network has made historical land surveys
available for about 50% of Illinois, 70% of Indiana, and all of southern Michigan, while
also standardizing historical land surveys for Minnesota [44–48]. Data processing was
performed in SAS (version 9.4, SAS, Cary, NC, USA) and ArcGIS Pro (version 3.3.4, ESRI,
Redlands, CA, USA).

Error estimation quantifies the difference between estimated values and actual values
to inform about accuracy [33]. Density estimates with the Morisita plotless estimator are
probable to be accurate, given a large sample size (i.e., ideally at least 2000 survey points
for points with two trees), but require simple correction factors for overestimation of points
with two trees and a potential clustered spatial pattern (Figure 3; [20]). Conversely, density
is underestimated when recorded trees are more distant than the nearest trees due to
surveyor bias in tree selection [21]. Therefore, potential densities range from a low value
to account for clustering to a maximum value to account for surveyor bias. Although
confidence intervals can be derived for plotless tree density estimates [49], the magnitude
of error of the density estimation calculation is minor compared to the sources of error from
non-random sampling (i.e., selection of trees due to surveyor bias) and spatial patterns in
tree distributions (i.e., clustering). Therefore, we calculated a range of estimates to account
for uncertainty in estimation due to the major sources of error based on adjustment values
from simulations and actual surveyor bias in the surveys [20,21]. We provided a spatial
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low value (i.e., clustered) with surveyor bias adjustment, moderately low value of the
mean of spatial low and high values with surveyor bias adjustment, moderate value of the
mean of moderately low values and moderately high values, and moderately high value of
the mean of spatial low and high values with rank-based adjustment (Figure 3). Across a
landscape, a full range of densities will likely occur.
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We estimated density for two trees per survey point, because these estimates are the
most robust, for tree diameter thresholds of 12.7 cm and 20.3 cm [20,23,25]. We excluded
trees with recorded distances > 60 m to provide consistency with surveyor instructions.
Additionally, trees that were 60 m in distance from points were equivalent to about 1 tree/ha,
or grasslands (see landscape adjustment below). We kept the first two trees at survey points
with three or four trees. We decreased density estimates for points with two trees, following
adjustment (i.e., division by 1.22 or multiplication by 0.82; [20]). We next produced low
and high density values based on adjustment values for potential clustered (i.e., division
by 1.21) and regular (division by 0.97) spatial patterning (i.e., random patterning does not
require correction; adjustment values in [20]).

Similarly, due to surveyors not selecting the nearest trees, adjustments help to reveal
the potential magnitude of bias. We increased the low and high density values to account
for surveyor bias in selecting trees that were not nearest to the survey points [21]. For bias
adjustment, we determined the frequencies for quadrant location, quadrant configuration,
and azimuth, and we corrected for non-random frequencies by finding the adjustment
quotient from regression equations [21]. The moderately low density value was a simple
mean of the adjusted low and high densities, and we kept the adjusted low density estimate
as the final low density value. For a moderately high adjustment, we applied a correction
from a rank-based method for a mean tree rank of 1.8 (i.e., if surveyors most often selected
the second nearest tree; [21]). With this moderately high value from a rank-based adjust-
ment and the moderate low density value from surveyor bias in the data, we calculated
a moderate density value as a simple mean of the moderately low and moderately high
density estimates.

As opposed to tree density estimates, we applied a landscape adjustment to account
for the area of open ecosystems, as specified by the lack of recorded trees at survey points.
Surveyors did not record trees at all survey points for a variety of reasons, but one reason
is that trees were not available to record or exceeded a distance of 60 m, as in grasslands.
In uniformly forested landscapes, almost all survey points will have recorded trees, aside
for obstacles such as water bodies or rock outcroppings, but survey points with trees will
decrease as open ecosystems intermix with forests. Grasslands may have high tree densities
where trees occur, typically as clustered groves in protected locations, but few survey
points will have recorded trees. Therefore, high tree densities are not representative of
grassland landscapes. Likewise, forests may have incomplete tree coverage near survey
points due to openings from gap dynamics along with intermixed grasslands and savannas
in this region. Distances to trees also will be extended by intermixed open ecosystems.
But adjustment for these openings will not represent forests. We applied the landscape
adjustment to vegetation classes that had ≤65% of survey points with recorded trees,
or >35% of survey points without recorded trees, which were grassland and savanna
ecosystem classes. The landscape adjustment was a weighted average of the number of
survey points with estimated tree densities and the number of points without recorded
trees, for which we assigned a density estimate of 1 tree/ha (distance of 60 m).

For vegetation classes assigned by expert reconstructions, we made some refinements
based on applying density estimates to split or group classes. We grouped vegetation classes
that had similar densities and tree composition. Conversely, to differentiate vegetation
classes in the northern third of Indiana extending into southern Michigan, which was
a favorable pathway for fire, we separated the oak-hickory (Carya) class in this location
from the oak-hickory class in southern Indiana. For southern Michigan forests, we applied
a simple wetland assignment to survey points that were within wetlands that extended
across this area [50]. For Illinois forests, we were not able to create any density separation
in the forest class based on topographic roughness or location (i.e., southern and western
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Illinois along the major riverways of the Mississippi or Ohio), perhaps in part due to some
limitations from surveys of only about half the area in Illinois. We retained only vegetation
classes that had ≥600 survey points with trees, regardless of the number of survey points
without trees, and we excluded a variety of minor wetland classes.

Lastly, we compared the overlap in our range of density estimates to published [25]
or modeled [36] density estimates for similar extents of southern Michigan, Illinois, and
Indiana. Density estimates were modeled by aggregating points to 8 km grid cells and
smoothed using a generalized additive model [36]. For the available models of density
estimates [36], we determined mean values of the modeled density estimates for the
administrative areas and the areas of ecosystem classes for southern Michigan, western
Minnesota, Illinois, and Indiana. These researchers used a minimum diameter threshold
of ≥20.3 cm diameter, which is why we also generated densities with a 20.3 cm diameter
threshold. However, a minimum of 12.7 cm diameter forms the basis to (1) differentiate
general definitions of savannas, open woodlands, closed woodlands, and closed forests [30];
(2) denote that trees are no longer saplings; and (3) fully sample trees in modern tree surveys,
which typically do not contain many trees of large diameters and which are truncated at
12.7 cm diameter.

3. Results
3.1. Density Estimates and Ecosystem Classes by Vegetation Classes

For Illinois, we maintained the extents of the two expert-designated vegetation classes
of prairie and forest, although the application of density estimates allowed reclassification
of the forest class to open woodlands (Table 1; Figure 4). These two vegetation classes
contained about 34,000 survey points each, out of 71,000 survey points, or 95% of all survey
points. However, 80% of the survey points in the forest class, as defined by experts, had
recorded trees (≥12.7 cm in diameter and <60 m in distance), whereas only 2% of prairie
class survey points had recorded trees. Tree density estimates in the prairie class ranged
from a low value of 43 trees/ha to a high value of 75 trees/ha. After landscape adjustment
to represent trees present at 2% of survey points, landscape tree densities ranged from 2 to
3 trees/ha in the prairie class. The forest class had low, moderately low, moderate, and
moderately high density estimates of 106, 119, 137, and 154 trees/ha, respectively. These
densities all represented open woodlands. Both vegetation classes were dominated by oak,
consisting of 83% oaks in the grassland ecosystem class and 69% oaks in the open woodland
ecosystem class. For both classes, hickories (9% and 13% of all trees in grasslands and open
woodlands, respectively) and elms (Ulmus; 4% and 5% of all trees in grasslands and open
woodlands, respectively) were the second and third most abundant genera, respectively.

Table 1. For Illinois (IL), western Minnesota (MN), southern Michigan (MI), and Indiana (IN),
expert designation of vegetation class and ecosystem class based on quantified tree densities (low,
moderately low, moderate, and moderately high in trees/ha) for trees ≥ 12.7 cm diameter and trees
≥ 20.3 cm diameter, compared to modeled density estimates ([36]; trees ≥ 20.3 cm diameter), and oak
percentage. Oaks were the dominant species unless otherwise specified. Landscape adjustments (land
adj) account for survey points without trees. Low = spatial low value with surveyor bias adjustment;
Moderately low value = mean of spatial low and high values with surveyor bias adjustment; Moderate
value = mean of moderately low value and moderately high value; Moderately high value = mean of
spatial low and high values with rank-based adjustment.

State/Diam Expert Designation Ecosystem Class Low Mod Low Mod Mod High Model % Oak

IL Prairie Grassland (land adj) 2 2 2 3 83
≥20.3 2 2 2 2 18

Forest Open woodland 106 119 137 154 69
≥20.3 92 103 118 132 97
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Table 1. Cont.

State/Diam Expert Designation Ecosystem Class Low Mod Low Mod Mod High Model % Oak

MN Prairie Grassland (land adj) 3 3 4 4 67
≥20.3 2 2 2 3 7

Oak openings and barrens Savanna (land adj) 23 26 33 39 89
≥20.3 14 16 20 24 33

Aspen-oak land, brush and
wet prairie

Aspen-oak brushland
savanna (land adj)

33 37 46 55 36

≥20.3 17 19 23 28 44
Oak-maple-basswood-
hickory forest (Big Woods)

Open and closed
woodland

136 153 183 214 36
≥20.3 116 130 157 183 94
MI Barrens and savanna Savanna 47 53 65 78 91
≥20.3 46 52 64 76 110

Forest (in wetlands) Open and
closed woodland

148 166 197 227 43
≥20.3 129 145 171 198 185

Forest Beech-oak closed
woodland/forest

207 233 271 310 21
≥20.3 187 211 244 278 256

Swamp Tamarack-ash
swamp forest

240 269 322 374 10
≥20.3 207 232 279 325 275
IN Prairie, wetland Savanna (land adj) 27 30 37 44 74
≥20.3 22 24 29 34 51

Oak-hickory (north) Open woodland 101 113 134 155 64
≥20.3 88 98 116 134 115

Oak-hickory (south) Closed woodland 183 205 241 277 36
≥20.3 159 178 210 241 207

Beech-maple,
Beech-oak-maple-hickory

Beech closed
woodland/forest

215 242 289 335 14
≥20.3 193 216 257 297 263

For western Minnesota, we retained the extents of the prairie class (about 75,000 survey
points), oak openings and barrens class (16,400 points), and oak-maple-basswood-hickory
forest (‘Big Woods’) class (15,000 points) of the expert-designated vegetation classes, but
collapsed aspen (Populus)-oak land, brush prairie, and wet prairie (30,400 points) into
one ‘aspen-oak brush prairie’ or savanna class. These four classes comprised 96% of the
142,300 survey points. Only 3% of the prairie class had survey points with trees (≥12.7 cm
in diameter and <60 m in distance), 28% of brush prairie or savanna class had survey
points with trees, and 55% of the oak openings and barrens class had survey points with
trees, whereas 80% of the forest class had survey points with trees. After adjustment,
landscape tree density estimates for the prairie class ranged from 3 to 4 trees/ha. The low,
moderately low, moderate, and moderately high tree density estimates were 33, 37, 46, and
55 trees/ha for the brush prairie or savanna class and 23, 26, 33, and 39 trees/ha for the oak
openings and barrens class, respectively. Based on this difference from the grassland class,
we determined about 15 trees/ha, from potential thresholds of 5 trees/ha to 25 trees/ha, as
a reasonable threshold between grasslands and savannas. The density estimates for the
forest class were 136, 153, 183, and 214 trees/ha for low, moderately low, moderate, and
moderately high density estimates, respectively. These estimates represented open and
closed woodlands, rather than closed forest.

Concerning tree composition, the grassland and oak openings and barrens ecosystem
classes were dominated by oaks (67% and 89% oak, respectively), with aspens as the
second most common genus. The aspen-oak brushland savanna (i.e., aspen-oak land, brush
prairie, and wet prairie vegetation class) was co-dominated by aspens (40% of all trees)
and oaks (36% of all trees). Oaks were the predominant species, at 36% of all trees, in
the open and closed woodland ecosystem class (i.e., oak-maple-basswood-hickory forest),
with moderate abundance of elms (17% of all trees), maples (Acer; 11% of all trees), and
American basswood (Tilia americana; 10% of all trees), whereas hickories comprised 2% of
all trees.
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As for Michigan, we retained the original swamp vegetation class (4300 survey
points) and combined the original savanna and barrens vegetation classes (5900 survey
points). We subdivided the forest vegetation class based on the location of wetlands [49],
which extended from the wet prairies of northern Indiana, resulting in a forest class
(11,600 survey points) and forest in wetlands class (7900 survey points). These four
vegetation classes constituted 94% of the survey points (grasslands were present but
excluded due to small sample size). All of the vegetation classes had trees recorded in
≥88% of the survey points. Density estimates for the savanna and barrens class were
47, 53, 65, and 78 trees/ha for low, moderately low, moderate, and moderately high
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density estimates, respectively. The low, moderately low, moderate, and moderately
high density estimates for the forest vegetation class within wetlands were 148, 166,
197, and 227 trees/ha, respectively, representing open and closed woodlands. The
low, moderately low, moderate, and moderately high density estimates for the forest
vegetation class outside of the wetlands were 207, 233, 271, and 310 trees/ha, respectively,
or closed woodlands and forests. The swamp vegetation class had density estimates of
240, 269, 322, and 374 trees/ha for low, moderately low, moderate, and moderately high
density estimates, respectively, indicating closed forests overall.

Regarding composition, oaks comprised 91% of all trees in the savanna ecosystem
class, with hickories as the next most abundant genus at 4% of all trees. Oaks comprised
43% of all trees in the open and closed woodland ecosystem class, with American beech
common at 23% of all trees. Beech and oaks were co-dominant, at 25% and 21% of all trees,
respectively, in the beech and oak closed woodland and forest ecosystem class. Swamp
forests were primarily tamarack (17% of all trees) and ashes (21% of all trees).

Similarly for Indiana, we combined the original prairie and wetland vegetation
classes (10,500 survey points) and combined the original beech-maple and beech-oak-
maple-hickory forests (37,188 survey points). We divided the oak-hickory vegetation
class according to location into 10,000 survey points in northern Indiana and 11,200 sur-
vey points in southern Indiana. These four vegetation classes constituted 99% of the
survey points. The prairie and wetland vegetation class only had 34% survey points with
trees, but the other three vegetation classes had trees recorded in ≥75% of the survey
points. The landscape density estimates for the prairie and wetland class were 27, 30,
37, and 44 trees/ha for low, moderately low, moderate, and moderately high estimates,
respectively, consistent with the provisional definition of savannas. Density estimates for
the oak-hickory vegetation class in northern Indiana were 101, 113, 134, and 155 trees/ha
for low, moderately low, moderate, and moderately high estimates, respectively, which
were density estimates for open woodlands. Density estimates for the oak-hickory vege-
tation class in southern Indiana were 183, 205, 241, and 277 trees/ha for low, moderately
low, moderate, and moderately high estimates, respectively, or closed woodlands and
forests. Likewise, the beech-maple and beech-oak-maple-hickory vegetation classes had
density estimates of 215, 242, 289, and 335 trees/ha for low, moderately low, moderate,
and moderately high estimates, respectively, spanning closed woodlands and forests.

Considering composition, oaks comprised 74% of all trees in the savanna ecosystem
class, with hickories as the next most abundant genera at 7% of all trees, respectively. Oaks
comprised 64% of all trees in the open woodland ecosystem class, with hickories and
American beech as the next most abundant genera at 8% and 7% of all trees, respectively. In
closed woodlands and forests of the oak-hickory vegetation class in southern Indiana, oaks
comprised 36% of all trees, followed by American beech at 19% of all trees and hickories at
10% of all trees. Beech was dominant, at 38% of all trees, in the beech closed woodland and
forest ecosystem class.

3.2. Overlap with Modeled Density Estimates by Vegetation Types

Out of the 14 ecosystem classes, the modeled density estimates [36] were mostly values
that overlapped either with the range of low to moderately high density estimates (50% of
values) or with the density range for the corresponding ecosystem classes of grasslands,
savannas, open woodlands, closed woodlands, and forests (29% of values; Table 1). Three
of the modeled density estimates may have departed slightly from the densities expected
for the ecosystem classes. The density estimate for Illinois grasslands may be high at
18 trees/ha, particularly for truncated tree diameters ≥ 20.3 cm. Similarly, the density
estimate for Michigan savannas may be high at 110 trees/ha, particularly for tree diameters
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≥ 20.3 cm. Conversely, the density estimate for Minnesota Big Woods may be low at
94 trees/ha, albeit for diameters ≥ 20.3 cm.

3.3. Overlap with Density Estimates for Illinois, Indiana, and Southern Michigan

For parts of three states, the modeled density estimates [36] were values that over-
lapped either with the range of low to high estimates for Indiana and southern Michigan
or with the range of density estimates expected for savannas or the grasslands and open
forests of Illinois (Table 2). The published density estimates [25] fell within the range of
low to high estimates for Indiana and slightly exceeded the high estimate for southern
Michigan. Departure occurred from the published density estimates for Illinois, in that the
density estimate of 117 trees/ha represented open woodlands, not accounting for almost
50% of survey points that were grasslands. However, the estimate of 117 trees/ha was the
same as our moderately high density estimate, before landscape adjustment to account
for grasslands.

Table 2. For Illinois (IL), southern Michigan (MI), and Indiana (IN), comparisons of density estimates
(trees/ha for trees ≥ 20.3 cm diameter) for low to moderately high estimates, modeled density
estimates ([36]; ≥20.3 cm diameter), published density estimates ([25]; ≥20.3 cm diameter), and oak
percentage. Landscape adjustments account for survey points without trees.

State Low Mod
Low Mod Mod High Model Published % Oak

IL landscape adjustment 32 36 41 46 58 68
IL no landscape adjustment 91 102 117 132 117 68
MI 141 158 188 219 207 225 40
IN 160 180 215 249 200 246 30

4. Discussion
4.1. Key Outcomes

Historical land surveys during the 1800s incorporated the first systematic, compre-
hensive tree surveys for the United States, supplying the best available information about
historical ecosystems and disturbance conditions. Expert-driven or data-driven analyses
are necessary to extract information contained in the survey data. However, tree density
estimates from historical land surveys require alignment with other data sources to es-
tablish validity. For this study, we contextualized historical tree density estimates and
expert designations of vegetation classes, which also matched the ecological context of
exposure to frequent fires from the eastern Great Plains grasslands and spatial transition
to more forested conditions. The greatest fire exposure occurred in Illinois and western
Minnesota, whereas Indiana and southern Michigan were more protected from fire. There-
fore, a combination of density estimates from historical land surveys with reconstructions
of historical vegetation supported that the major ecosystems were grasslands, savannas,
open woodlands, and closed woodlands, rather than closed forests, in Illinois and western
Minnesota, with fire-tolerant oaks representing > 50% of all trees. While Indiana and
southern Michigan contained savanna and open and closed woodland landscapes, Indiana
also contained American beech closed woodlands and forests, and southern Michigan
featured American beech-oak closed woodlands and forests and also tamarack and ash
swamp forests. Indiana and southern Michigan had oak percentages of 30% and 40%,
respectively, which still represented dominant tree percentages and denoted exposure to
frequent surface fires, favoring fire-tolerant oak species.

These results also suggested that 15 trees/ha may be an intermediate value between
grasslands and savannas. Tree densities in the grasslands of Illinois and Minnesota
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did not exceed 4 trees/ha, after accounting for the number of survey points without
trees. Tree densities in the savannas of Indiana, Michigan, and Minnesota ranged from
23 trees/ha to 78 trees/ha. This is a provisional finding that may change with application
to other ecosystems.

The approaches were either strictly data-driven, using only survey points from his-
torical land surveys, or followed an expert knowledge process to land cover classification,
using the entirety of the land surveys and supplementary data, with no calculation of
tree density estimates. Quantitative approaches applied independent methods to deal
with biases. Expert knowledge application is unique, depending on experts, based on an
independent system of expert knowledge combined with the selection of ancillary data,
such as soil, geology, and climate, although the first mapping classifications influenced
later efforts in some other states. Different modeling approaches and adjustments overall
generated similar values, supporting the reliability of density estimation from historical
tree surveys [25,36]. Caveats include that the historical land surveys for Illinois and In-
diana were not completely available, covering about 50% of Illinois and 70% of Indiana.
Although generally representative, the state-wide results of tree densities and oak composi-
tion are intermediate products (Table 2). For example, about 65% of Illinois was classified
as grasslands in the state-wide vegetation reconstruction by experts, yet only about 50% of
survey points were from the grassland vegetation class. Nonetheless, the rich sources of
information converged into a cohesive and nuanced reconstruction of historical vegetation,
establishing the validity and reliability of historical tree density estimation and expert
designations of vegetation classes from historical land surveys.

4.2. Considerations for Applying Density Estimates to Ecosystems

A range of density estimates accounts for the inherent uncertainty in density estimates.
The range of values provides margins of error around the Morisita density estimates because
adjustments for surveyor bias cannot encapsulate composite decisions. For the ecosystem
classes in this study, compared to the completely unadjusted Morisita density estimates,
the low values were about 0.87 of the Morisita density estimates, the moderately low values
were equivalent, the moderate values were greater by a factor of 1.15, and the moderately
high values were greater by a factor of 1.34, not weighted for the number of survey points
or area of vegetation classes. While it may seem desirable to use the surveyor bias detected
in the dataset to inform the adjustments, it is unlikely that each bias was compounded as a
separate bias to be applied. To date, adjustments partition each deviation from random as
independent, sequential biases. Although adjustments included the well-recognized biases
of quadrant (i.e., NE, SE, SW, and NW), quadrant configuration (adjacent and opposite),
and azimuth or newly developed options [25], approaches converged on similar estimates.
Biases appear to increase with tree density, as surveyors had a greater number of trees to
select within a short distance from the survey point relative to limited trees in grasslands.
Ultimately, in historical tree density estimation, it may be more transparent, accessible,
and standardized to simply report the Morisita density estimate for survey points with
two trees, unadjusted for number of trees, potential clustering, and surveyor bias, and
provide a stated range of low to high uncertainty values (e.g., 0.85 to 1.35 in this study).
For completely forested study extents, with numerous trees that reduce the potential for
clustering and increase the potential for surveyor bias, high values may be greater than
the unadjusted estimate by a factor of 1.5, with these high values more likely to represent
historical densities than lower values.

Accounting for clustered spatial patterns in historical tree arrangement means that the
importance of this adjustment probably will vary depending on tree species and density.
That is, tree clustering is more probable in ecological contexts such as this study extent,
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consisting of a range of intermixed vegetation classes and openings, with uneven fire
exposure and trees located in more protected areas. Trees often occurred in groves or
along riparian corridors within grasslands, rather than being uniformly distributed [11].
Additionally, tree species such as pine may regenerate naturally in dense clusters, making
some pine-dominated landscapes more probable to be clustered [51]. Therefore, low
estimates to account for clustering may be more representative of historical tree densities
in some regions, whereas random or regular patterning may have occurred in the densely
stocked circumboreal northern forests of Minnesota, Wisconsin, and Michigan.

Due to the ecological context, the vegetation classes had numerous survey points
without recorded trees, which required a landscape adjustment. The percentage of
survey points without recorded trees may be another good indicator that lesser density
estimates are a better match to the conditions. The landscape adjustment was a weighted
average of number of survey points with estimated tree densities and the number of
points without recorded trees, for which we assigned a density estimate of 1 tree/ha
(i.e., distance of 60 m). An overall forested landscape may have incomplete filling of
survey points with trees due to openings from gap dynamics along with intermixed
grasslands and savannas. Adjustment for these openings may not represent typical
tree densities of the forests, such as the beech closed woodlands and closed forests of
Michigan and Indiana. By contrast, about 2% to 3% of survey points had recorded
trees in the grasslands of Illinois and western Minnesota and high tree densities are
not representative of grassland landscapes. We applied the landscape adjustment to
vegetation classes that had ≤65% of survey points with recorded trees, which were
grassland and savanna classes, although this break point is provisional and perhaps
could develop into a more continuous or complete scale of adjustment.

Moreover, density estimates represent one dimension of vegetation classes, whereas
diameter is the other factor. Although historical forests typically contained large diameter
trees, extremely large trees as occurred in productive alluvial soils may mean that the tree
densities of closed woodlands occupied the growing space of forests. Similarly, circumbo-
real forests that experience large-scale overstory disturbance on 50 to 150 year cycles may
be understocked forests in terms of diameter relative to density, as smaller diameter trees
occupy less growing space, but would be considered closed forests due to dominance by
trees [32].

4.3. Contextualizing Density Estimates and Vegetation Classes

Uncertainty in density estimates can be reduced by anchoring to information from
vegetation reconstructions of historical land surveys or dendrochronologies, ecological
classification systems, historical accounts, and early forest assessments. Placing the range of
density estimates within the framework of density estimates for grasslands, savannas, open
woodlands, closed woodlands, and closed forests emphasizes the ecological importance of
density estimates. Grasslands, savannas, and woodlands typically experienced frequent
surface fires, which controlled trees in terms of overstory density and also structural
development of midstory layers, as well as tree composition. Dominant percentages (>30%
of all trees) of fire-tolerant oaks and some pine species indicate fire exposure.

Illinois was primarily a grassland in the past, based on the historical tree density
estimates and reconstructed vegetation, and also historical accounts [3,7,11,15,52]. About
65% of Illinois was classified as grasslands by the reconstructed vegetation classes, with
density estimates of 2 to 3 trees/ha. For example, Beckwith ([7], p. 36), who was an
Illinois resident and historian of maps and other archives, wrote that Illinois was mostly
prairie excepting the ‘thin curtain of timber draping the water-courses.’ We were not
able to isolate forested landscapes (>250 trees/ha) or even closed woodland landscapes,
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as perhaps occurred in parts of Illinois, but the available historical land surveys remain
incomplete. Instead, the forested vegetation class represented open woodlands, with
oaks as 69% of all trees and tree densities ranging from 106 to 154 trees/ha, which has
support as the structure even in southern and western Illinois [4,53–55]. Modeled tree
density estimates (≥20.3 diameter; [36]) were comparable to our tree density estimates,
albeit the modeled estimates may be a little high for grasslands, whereas the other
published density estimates (≥20.3 diameter; [25]) for Illinois did not appear to account
for grasslands. However, the published density estimates were similar to our density
estimates without adjustment.

Western Minnesota typically is defined as part of the Great Plains grasslands, with
aspen and oak trees known as brushlands in suppressed shrub and sprout form due to
top-killing by fire, or herbivory (i.e., grubs or coppicing; [56,57]). The historical tree density
estimates for grasslands were 3 to 4 trees/ha. Oak savannas, with oaks as 89% of all
trees, had densities of 23 to 39 trees/ha, similar to aspen-oak brushland savanna that had
densities of 33 to 55 trees/ha, with aspens and oaks each comprising about 35% to 40% of
all trees. Because fire is a contagious disturbance that spreads, exposure to fire reduced
tree densities in the adjacent ‘Big Woods’ ecosystem, dominated by oaks at 36% of all
trees, resulting in tree densities (136 to 214 trees/ha) representative of open and closed
woodlands rather than closed forests. Modeled tree density estimates (≥20.3 diameter; [36])
were comparable to our density estimates, but the modeled estimates for the ‘Big Woods’
ecosystem may be a little low.

In southern Michigan, fire exposure from the Great Plains was limited, allowing for
tree development [12,58]. Although grasslands covered too small an area for accurate
density estimates, the savanna vegetation class had characteristic tree densities ranging
from 47 to 78 trees/ha, with oaks as 91% of all trees. We were able to find separation
between oak woodlands and beech-oak closed woodlands/forests by using a wetlands
designation for oak woodlands that extended from the savannas of northern Indiana. While
wetlands that are on the permanent aquatic end of the spectrum can act as a firebreak,
seasonally dry herbaceous wetlands are ideal for spreading fire due to productive growth
of herbaceous vegetation during the spring followed by curing during summer and fall [59].
Conversely, tamarack-ash swamps were at closed forest densities (>250 trees/ha). Oak
savannas (0.73 million ha) and woodlands (1.63 million ha) encompassed about 35% of
southern Michigan. Modeled tree density estimates (≥20.3 diameter; [36]) were similar to
our estimates, but the modeled estimates for savannas may be too high. For all of southern
Michigan, the other published density estimates (≥20.3 diameter; [25,36]) were comparable
to our findings.

Indiana vegetation classes were least defined, and we modified them the most,
based on quantified tree densities and composition, the strength of the data-driven
method. The grasslands and wetlands, including the historical Grand Kankakee Marsh
in the northeastern corner, were savannas overall, whereas the rest of the northern
third of the state was primarily open woodlands [7]. Tree composition was predomi-
nantly fire-tolerant oak, at 74% and 64% of all trees, respectively for savannas and open
woodlands. Most of the lower two-thirds of Indiana was covered by closed woodlands
or forests dominated by American beech, but the southern part of the state contained
oak-dominated closed woodlands. Owen ([60], p. 51) documented some of the historical
vegetation of this southern part: ‘It is stated by the oldest inhabitants, that when the
country was first settled, it was for the most part an open prairie district, on which was
a luxuriant growth of wild grass. . .which seemed to have taken possession of the soil
to the exclusion of the timber, which subsequently sprung up as the country became
settled, while, at the same time, the barren grass died out.’ Where fire-tolerant oaks
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were dominant (≥30% of all trees), woodlands (<250 trees/ha) were likely, and where
beech was dominant, closed forests (>250 trees/ha) were likely. However, due to (1) in-
termixing of oaks and beech, (2) 15% of survey points without recorded trees, and (3) the
abundance of bison, tree densities in beech forests probably spanned the borderlines of
closed woodlands and closed forests [61]. This openness and variety were borne out by
historical accounts [11,62,63]. For example, Owen ([63], p. 45) described oaks and beech
thinning into woods pasture. Other density estimates were similar for vegetation classes
and for all of the available surveys in Indiana.

5. Conclusions
Progress in density estimation from historical land surveys has emerged, and now

it is possible to validate density estimates through ecological alignment to meaningful
ecosystem classes. For the midwestern United States, which had exposure to frequent fires
historically, we calculated a range of mean tree densities to encapsulate the uncertainty for
vegetation classes reconstructed by experts in the midwestern U.S., enabling approximation
of the threshold between grasslands and savannas at around 15 trees/ha. Tree density
estimates generally corresponded with vegetation types classified by experts and were
consistent with historical accounts, the ecological context, and other tree density estimation
approaches. Most historical ecosystem classes were grasslands, savannas, open woodlands,
and closed woodlands dominated by oaks, which were favored by frequent fire exposure,
particularly on the western side of the study region in the Great Plains grasslands. Pro-
tected locations in the southern two-thirds of Indiana and southern Michigan developed
closed forests of American beech, although borderline closed forest density estimates and
intermixing with oak woodlands indicated some fire exposure. In conclusion, historical tree
density estimates generally aligned with ecosystem classes and provided another line of
evidence to inform the understanding of the range of historical ecosystems and inferences
about disturbances.
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