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* Based on the U.S. General Land Office survey, the historical (1878—1915) Black Hills land-
scape in southwestern South Dakota, USA, was relatively open.

» Historical survey points with trees had lesser tree densities than current forest plots.

*  Ponderosa pine has become less dominant as fire-sensitive species have increased.

»  This study provides another line of evidence of a changed forest structure.

Forests in the western United States generally have increased in tree density since Euro-American
settlement, particularly through increases in fire-sensitive species, such as spruces, firs, and juni-
pers. Like most areas, the Black Hills region in western South Dakota and eastern Wyoming was
logged for forest products and underwent agricultural conversion before historical forests were
documented. To supplement historical reconstructions and accounts, we compared tree composi-
tion and densities (diameters >12.7 cm at 1.37 m above ground height) from historical General
Land Office (GLO) records (years 1878 to 1915) and current Forest Inventory and Analysis (FIA)
tree surveys (years 2011 to 2016) in the Black Hills Highlands of South Dakota. For composition,
ponderosa pine (Pinus ponderosa P. Lawson & C. Lawson) decreased from 95% to 86% of all
trees, with a consequent increase specifically of white spruce (Picea glauca (Moench) Voss) from
1.5% to 6.7% of all trees. Ponderosa pine currently is smaller in mean diameter by 7.4 cm, while
white spruce is larger in mean diameter by 2.4 cm than historically. When the 35% of historical
survey points without recorded trees were excluded, historical tree densities indicated an overall
forested structure of savannas and open woodlands with tree densities ranging from 66 trees ha™!
to 162 trees ha!. However, historical forests of the Black Hills incorporated dense stands. Tree
densities have increased two- to more than four-fold, to 311 trees ha! currently. These comparisons
provide another source of information, paralleling changes documented in surface fire-dependent
pine and oak forests throughout the United States, of transitions in forest composition and structure
since Euro-American settlement.
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1 Introduction

In the western United States, forest changes during the past century generally include greater tree
densities, lesser tree diameters, and increased abundance and range of fire-sensitive tree species,
with consequent fuel accumulation, critically of surface and ladder tree fuels (Keane et al. 2002;
Reynolds et al. 2013; Addington et al. 2018). Most studies of historical ponderosa pine forests
reveal widely spaced, large diameter, old trees lacking subcanopy and understory tree components
due to periodic low severity surface fires (Cooper 1960; Covington and Moore 1994a, 1994b; Fulé
et al. 1997; Sloan 1998; Moore et al. 2004; Naficy et al. 2010; Hagmann et al. 2013; Battaglia et
al. 2018; Stephens et al. 2019). Although extrapolation from other historical ponderosa pine forests
is possible, composition and structure of some forested regions before Euro-American settlement,
which we define as pre-1874 for this study, have not been quantified, including the Black Hills
region in South Dakota and Wyoming (Fig. 1). The Black Hills is surrounded by the Great Plains
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Fig. 1. The Black Hills in South Dakota and Wyoming, USA, is an area of mountainous
topography (terrain roughness displays elevation steepness) embedded within the Great
Plains grasslands of the central United States. The Black Hills is comprised of the Black
Hills Foothills and Highlands ecological subsections. The study extent is the area with
available records of tree surveys in South Dakota (purple).
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grasslands of central North America, and grasslands are interspersed with forests. The predominant
tree species is ponderosa pine, with white spruce, quaking aspen (Populus tremuloides Michx.), and
bur oak (Quercus macrocarpa Michx.) as occasional dominants, particularly along fire-protected
drainages and higher, colder elevations (Shepperd and Battaglia 2002).

Historical information is available for various parts of the Black Hills before and during
Euro-American settlement, with accompanying logging and farming land uses that changed forests.
Federal government expeditions, e.g., the Warren Expedition of 1857 (Warren 1875), the Raynolds
Expedition of 1859—1860 (McLaird and Turchen 1973), the Custer Expedition of 1874 (McLaird
and Turchen 1974b), and the Dodge Expedition of 1875 (Newton and Jenny 1880; Kime 1996)
report general conditions, encompassing areas burned by fire, blown down timber, dense stands of
larger (20 to 30 cm) diameter pine trees, and scattered pine groves (Newton and Jenny 1880; Kime
1996). The first comprehensive assessment of the forests of the Black Hills occurred 25 years after
Euro-American settlement. Graves (1899) recorded tree counts by size class for 0.2 and 0.4 ha plots,
resulting in a density estimate of 135 trees ha™! (see details below). Graves (1899) also described
a large amount of open land covered by grass, mountain prairies, and parks, and a variety of tree
densities, diameters, and ages, but incorporating stands that contained a high density of seedlings
and saplings; he attributed the open landscape to fire. Moreover, the Black Hills were less covered
by trees during 1874 than today based on photographic comparisons to the 1874 Custer Expedition
(William H. Illingworth photos available from the South Dakota State Historical Society, Pierre,
SD; Progulske and Sowell 1974; Horsted 2006).

Modern reconstructions and dendrochronological studies have examined forests of the Black
Hills. Based on different accounts (i.e., historical records, photographs, and dendrochronological
studies), Shinneman and Baker (1997) concluded that large stand-replacing disturbances such
as fire, tornados, and insect infestations produced patches of dense, even aged trees with closed
canopies and that these were more common in the northern and central Black Hills. In the south-
ern Black Hills and on south-facing slopes, trees were more widely spaced, probably the result of
low-severity, surface fires, which eliminated downed fuel and understory vegetation. The tallest,
oldest stands were restricted to canyon bottoms and other protected areas. Brown and Cook (2006)
reconstructed historical forests using trees aged pre-1900 to determine that the Black Hills con-
sisted of a landscape mosaic that ranged from non-forested patches and open stands of large trees
to dense stands with many similar-sized and -aged trees. Stumps dated to 1900 were significantly
larger in diameter than live trees of similar mean ages that were measured in 1999 (Brown and
Cook 2006). Correlation between climate data and fire scars showed that dense, even-aged stands
resulted from large areas of fires that were prevalent during prolonged periods of drought followed
by long wet periods with copious recruitment of individuals (Brown 2006).

To provide another line of evidence approximating historical forests, we used GLO surveys
of tree species, diameter, and distance recorded in a point-centered quarter method that were con-
ducted during years 1878 to 1915 (Fig. 2) in the Black Hills Highlands of South Dakota (Fig. 1;
Cleland et al. 2007). Our data are samples drawn from the entire area instead of selected stands and
thus represent the landscape. While the GLO surveys were not completed before Euro-American
settlement, the derived quantitative and qualitative documentation supply an ecological reference
for the historical composition and structure of ponderosa pine forests in the Black Hills and the
western United States in general. Our formal questions were: What was the historical tree compo-
sition and associated diameter size compared to current composition and diameters in the Black
Hills, and what was the historical tree density of the Black Hills and how does that compare to
current tree density?
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Fig. 2. Number of General Land Office surveys by year in the Black Hills, South Dakota, USA.

2 Methods
2.1 Study area

Crossing the South Dakota-Wyoming border, the Black Hills form an oval dome, extending about
200 km in a north-south direction and about 75 km in an east-west direction (Froiland 1978)
above the surrounding grasslands (Fig. 1). The mountains were created by several uplifts during
the Laramide orogeny, resulting in several, distinct geomorphic features (Feldman and Heimlich
1980). Our study area of the Black Hills Highlands includes the following geomorphic features:
the Limestone Plateau and Minnelusa Foothills, comprised of limestones, sandstones, and shales,
and the Central Crystalline Core, a rugged, rocky area made up of metamorphic and igneous rocks
(Froiland 1978). The Black Hills Highlands have a mean elevation of 1630 m, ranging from 1030 m
to 2190 m. The grasslands at the base of the Black Hills have a mean elevation of 1050 m, ranging
from 640 m to 1515 m.

2.2 Tree surveys and composition

The General Land Office originated during the year 1812 to direct surveys of the Public Land
Survey System (founded in the year 1785) of townships and ranges, based on 1 mile (0.8 km)
square sections. Surveyors recorded species, diameter, distance, and bearing of two to four trees
in a point-centered quarter method every 0.8 km at the corners and middle of each section line
(White 1983). We recorded 6580 survey points in the South Dakota Black Hills Highlands (Fig. 1)
from scanned field notes (South Dakota State Historical Society 2021). The points, surveyed from
1878 to 1915, contained 10 776 trees with diameters >12.7 cm at 1.37 m height above ground level
after excluding 475 smaller trees. About 35% of survey points did not have trees recorded due to
distances to nearest trees exceeding 60 meters.

The United States Department of Agriculture Forest Service Forest Inventory and Analysis
(FIA; Bechtold and Patterson 2005; Forest Inventory and Analysis 2021) has long-term forest plots
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located about every 2400 ha across the country. Each plot contains four 7.31-m radius subplots
configured as a central subplot surrounded by three outer subplots. Plots typically are visited every
five to ten years. We used a complete cycle of surveys from years 2011 to 2016 in the South Dakota
Black Hills Highlands, representing 3425 trees (diameters >12.7 cm at 1.37 m height).

For both datasets, we determined composition, or percent of all trees, and mean and maximum
diameter for each species. Although pine species were not differentiated, aside from ponderosa pine,
only localized, small stands of lodgepole pine (Pinus contorta Douglas ex Louden) and limber pine
(P. flexilis E. James) are present (Rogers 1969). The GLO records were not a complete census or
a random sample; rather, surveyors selected trees of medium diameter that were sound (White no
date; Grimm 1984; Powell 2008). This is helpful for characterizing midstory and overstory trees
(diameters >12.7 cm), but we recognize that the historical distribution of trees may have contained
a greater percentage of larger trees due to more limited sources of overstory disturbance before the
advent of steam-powered sawmills. Regarding smaller diameter trees, we compared only truncated
(>12.7 cm) samples.

2.3 Historical density

Uncertainty occurs in density estimates from GLO surveys despite systematic, comprehensive
surveys, and we therefore rely on historical accounts to support results. Surveys follow the point-
centered quarter method, where each survey point was delineated into four equal quarters by car-
dinal directions, but density estimates from this method are not as accurate as from plot surveys
(Hanberry et al. 2011). Density estimates from the Morisita plotless estimator (Morisita 1957) are
probable to be within £10% of the true density but require simple correction factors for overesti-
mation based on the number of trees per survey points and the potential spatial pattern (Hanberry
et al. 2011; Hanberry et al. 2020). Accuracy within +10% of the true density also depends on if
sample sizes are at least 2000 survey points for two trees and 1000 points for three trees (after
removal of the most distant tree) and if selected trees are the nearest trees (Hanberry et al. 2011;
Hanberry et al. 2012). Trees were not randomly sampled because surveyors did not always select
the nearest tree due to survey instructions and personal decisions. When recorded trees are more
distant than the nearest trees, density is underestimated (Hanberry et al. 2012). Adjustments give
some indication of the magnitude of bias, with the range of potential densities from corrected
estimates for clustering, which results in reduced density estimates, and maximum adjustment
in estimates for surveyor bias, which increases density estimates. Likely on a landscape, the full
range of densities will occur.

We estimated density for the point-centered quarter surveys with the Morisita plotless
estimator (Morisita 1957) by the number of trees per point (i.e., angle order). For survey points
with four trees, we removed the most distant point because the wide-ranging density estimates
for a clustered spatial pattern mean estimates are not likely to fall within £10% of the true density
(Hanberry et al. 2011), resulting in points with three trees. We adjusted (decreased) the density
for points with two trees and points with three trees (Hanberry et al. 2011). We next produced low
and high density values based on corrections for potential clustered and regular spatial patterning
(i.e., random patterning does not require correction; Hanberry et al. 2011). Indeed, ponderosa pine
often regenerates densely in clusters. We then adjusted (increased) the low and high density values
to account for surveyor bias (Hanberry et al. 2012). For bias adjustment, we determined the fre-
quencies for quadrant location, quadrant configuration, and azimuth and corrected for non-random
frequencies by finding the adjustment quotient from regression equations (Hanberry et al. 2012).
The mean density value was a simple mean of the final low and high densities. We also calculated
tree basal area based on the quadratic mean diameter. To estimate landscape density, including the
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36% of points with no trees, we computed an average of the mean densities of points with two
trees, points with three trees, and points with no trees weighted by number of points.

For another historical comparison of density, we calculated tree density (minimum aver-
age tree diameter 15.2 cm) from Graves’ (1899: 99—-156) plots. Although he did not specify the
criteria used to select plots, seventy '4-acre and 1-acre (0.2-ha and 0.4-ha) plots spanned eleven
watersheds in the South Dakota Black Hills and included only forested sites. At each plot, he paced
the boundary of the sampling area, counted trees, and estimated their diameters. From his data, we
included merchantable trees, other trees, and cut stumps.

2.4 Current density

From FIA surveys, we selected plots with at least two trees (i.e., trying to reduce the potential
influence of clearcutting) and 100% forestland, which is defined as “land that is at least 10 per-
cent stocked by forest trees of any size, or land formerly having such tree cover, and not currently
developed for a nonforest use” (Bechtold and Patterson 2005: 80). We calculated density for each
plot by summing the tree expansion factor of 6.018 based on one tree representing the inverse of
the plot area. After determining the mean density for all plots, we calculated the basal area from
the quadratic mean diameter.

3 Results

For composition, or percent of all trees (diameters >12.7 cm at 1.37 m height), ten species were
shared by the historical GLO and current FIA surveys (Table 1). Ponderosa pine was the dominant
species in both datasets but decreased over time from 95.4% to 86.2% of all trees, with a consequent
increase in most non-pine species. White spruce notably increased from 1.5% to 6.7% of all trees.
Of ponderosa pine, white spruce, quaking aspen, and bur oak, which were the only species that
were >1% of all trees, ponderosa pine and bur oak trees currently are smaller in mean diameter by
7.4 cm and 10.2 cm than historically, respectively, while white spruce and quaking aspen trees are
larger in mean diameter by 2.4 cm and 3.9 cm than historically. Mean ponderosa pine diameters
decreased from 30.6 cm to 24.7 cm over time, while maximum diameter reduced from 121.9 cm
to 71.6 cm over time.

Table 1. Composition and diameter of trees (diameters >12.7 cm at 1.37 m height) for historical (years 1878 to 1915)
and current (years 2011 to 2016) surveys in the South Dakota Black Hills, USA.

Historical Current
Composition Diameter (cm) Composition Diameter (cm)
Species Count Percent Mean Max Count Percent Mean Max

Pinus ponderosa P. Lawson & C. Lawson (ponderosa pine) 10284 954 31.3 121.9 2950 86.2 239 70.1

Picea glauca (Moench) Voss (white spruce) 157 1.5 21.8 762 228 6.7 241 54.6
Populus tremuloides Michx. (quaking aspen) 155 14 155 305 93 2.7 194 36.8
Quercus macrocarpa Michx. (bur oak) 142 13 265 914 71 21 162 29
Betula papyrifera Marshall (paper birch) 16 01 149 203 29 0.8 159 20.8
Juniperus scopulorum Sarg. (Rocky Mountain juniper) 8 0.1 225 305 22 0.6 19.6 343
Ulmus americana L. (American elm) 7 0.1 305 457 2 0.1 194 20.6
Celltis occidentalis L. (hackberry) 4 0 152 152 1 0 17 17
Acer negundo L. (box elder) 1 0 17.8 17.8 0 0 0 0
VP;%[(J)Zél)us deltoides W. Bartram ex Marshall (plains cotton- 1 0 279 279 0 0 0 0
Fraxinus pennsylvanica Marshall (green ash) 0 0 0 0 27 08 179 37.1
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Table 2. Density (trees ha™!; diameters >12.7 cm at 1.37 m height) and basal area (BA = basal area in m? ha™;
diameters >12.7 cm) from historical surveys, for survey points with two trees or survey points with three trees
(i.e., the fourth tree removed) and unadjusted and adjusted for surveyor bias and density from current surveys
in the South Dakota Black Hills, USA.

Survey Density Density Density low  Density high BA
(unadjusted)

Historical, points with two trees 84 74 66 82 6.9

Historical, points with three trees 137 154 146 162 13.5

Current 311 277 345 154

The tree density estimate from points with two trees was about 74 trees ha™! and from
points with three trees was about 154 trees ha! (Table 2). The 135 trees ha™! calculated from
Graves’ (1899) data falls between our two density estimates calculated from GLO data, albeit
the tree diameter threshold was smaller for the GLO records (diameters >12.7 cm) than Graves’
plots (diameters >15.2 cm). Densities between the survey points with two trees and the points
with three trees diverged due to different number of points, which means a greater or lesser cov-
erage and accuracy, different locations, clumping effects, and influence of lack of trees. Although
about 35% of survey points did not have recorded trees, those survey points with recorded trees
were not necessarily forested; that is, the survey points may be in grasslands near trees. Indeed,
densities indicated the open structure of savannas and woodlands, with densities ranging from
66 trees ha™! for survey points with two trees and a clustered pattern, to 162 trees ha™! for survey
points with three trees and a regular pattern. These estimates are for points that cover the land-
scape to have enough samples for an accurate estimate, rather than reflecting any intentional
environmental gradient.

The entire landscape mean density was 62 trees ha™!, taking into account grassland points
with no trees (i.e., 35% of historical survey points did not record any trees), savanna points with
two trees (savanna densities ranging from 50 to 100 trees ha™!, as defined in Hanberry et al.
2014a), and open woodland points with three trees (open woodland densities ranging from 100
to 175 trees ha™!). In addition to tree data, GLO surveyors also included brief narratives about
the vegetation, or fields, houses, and cut stumps. At various points these notes described changes
in the vegetation encountered, including: dense timber, heavy timber, medium timber, scattering
timber, scattering stunted pine, no timber, second growth, and timber burnt and fallen. Thus, their
notes depict a variety of structure.

In contrast, current mean tree density was 311 trees ha™!, which represents a doubling to
quadrupling of density over time. These greater densities generally represent closed forests, which
are comprised of high tree densities throughout the vertical profile, particularly with dense under-
story and midstory tree layers that are not controlled by fire and ultimately result in dense trees in
the overstory. Because tree densities were greater, without a great offset by historical diameters
compared to current diameters, mean basal area also was greater in current forests (15.4 m? ha!)
than historical forests (6.9-13.5 m?ha!).
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4 Discussion
4.1 Natural range of variation

Tree densities, particularly of surface fire-sensitive tree species, have increased throughout U.S.
forests following the front of Euro-American settlement (Keane et al. 2002; Reynolds et al.
2013; Addington et al. 2018). In the Black Hills of South Dakota, tree density has increased
two- to more than four-fold between historical (years 1878 to 1915) and current (years 2011
to 2016) tree surveys. Historical estimates for the Black Hills from the GLO surveys aver-
aged 74 trees ha! (savannas) to 154 trees ha™! (open woodlands), with variation around each
estimate for survey points with trees (diameters >12.7 cm). Graves’ (1899) forested plots with
densities of 135 trees ha™! (diameters >15.2 c¢m) helped support GLO density estimates, while
photographic sequences recorded lesser tree densities in the past than today (Progulske and
Sowell 1974; Horsted 2006).

Surface fire-tolerant ponderosa pine historically was the dominant species, at 95% of all
trees, which meant that other tree species were uncommon. In combination with few native tree
species in a grassland matrix, only a small increase in non-pine composition was likely to occur
with doubling to quadrupling of densities. Pines were most abundant and thus were likely first to
increase in density, followed by expansion and in-filling by less common tree species. Composi-
tion of pine decreased to 86% of all trees, with an accompanying increase specifically in white
spruce from 1.5% to 6.7% of all trees. Ponderosa pine is the commercial species in this region,
rather than spruce (Graham et al. 2021); that is, spruce increases are not due to spruce plantations.
Additionally, compositional differences are not due to different survey methods. While surveys that
employ different methods at slightly different locations and intervals will produce measurements
that are not identical, composition remains relatively similar for different survey types within
pre-Euro-American landscapes and within current landscapes (e.g., Hanberry et al. 2014b for
historical surveys; Hanberry et al. 2020 for current surveys). Analogous changes between histori-
cal and current composition and density were quantified for ponderosa pine forests in the central
Rocky Mountains of Colorado and Wyoming (Battaglia et al. 2018), the northern Rocky Mountains
(Naficy et al. 2010), central Idaho (Sloan 1998), Oregon (Hagmann et al. 2013; Hanberry et al.
2020), the southern Sierra Nevada Mountains (Stephens et al. 2019), and the Southwest (Cooper
1960; Fulé et al. 1997; Moore et al. 2004).

A mosaic of densities occurs in ponderosa pine landscapes, including the open Black Hills
region that varied at fine scales from openings of grassland plants to dense stands of trees. Total
landscape density was 62 trees ha™!, after accounting for 35% of survey points with no recorded
trees. Some of the survey points with no trees may have been due to logging and clearing because
logging in some locations had left no timber of commercial value by the time the Black Hills
were surveyed, as described in the earliest (1878) GLO surveys (Book 299, South Dakota State
Historical Society 2021). In fact, cut stumps were used as bearing trees at approximately 1% of the
survey points. Nonetheless, historical accounts and surveyor notes described the range of struc-
ture from grasslands to closed, dense stands. Dodge wrote the following about the forests as they
appeared in 1875: “I estimate that there are in the two sections over four thousand square miles
[10360 sq. km] of country more or less covered with pine. Of this ... I estimate that four tenths
are entirely without timber. Another four tenths is composed of young forests... and one tenth is
good timber” (quote from Dodge 1876: 102 in Newton and Jenny 1880: 324). Further support for
this comes from Graves (1899) who described the forests of the Black Hills during 1897, about
23 years after Euro-American settlement: “The original forest, uninfluenced by fire or windfalls,
is found in but few places in the Black Hills. It is found chiefly along streams, in ravines and can-
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yons, at the heads of creeks and side draws, and on protected flats and lower slopes. The forest as
it appears today, irregular and broken, composed in many places of defective and scrubby trees,
does not represent what the yellow pine is capable of producing. There are trees of every age and
size, and there are large areas where there are no trees at all. For a pure forest the merchantable
timber is exceedingly small. The natural forest of yellow pine is dense and composed of trees of
about the same age. It often comes up in even age stands, and the irregular uneven-aged condition
as now found is entirely due to external influences” (Graves 1899: 73-74).

Larger tree diameters also occurred in historical forests according to the GLO surveys com-
pared to current forests. Although surveyors were instructed to record trees with moderate diameters
rather than larger trees that may be nearing the end of their life span, the reduced diameter is logical
given that increased removal of overstory trees for forest products or land uses has occurred since
Euro-American settlement (Freeman 2015). Dendrochronological studies corroborate the presence
of larger trees historically than current trees (Brown and Cook 2006). Historical accounts also
noted large trees. For example, the geologist F.V. Hayden, who visited the Black Hills on several
occasions between 1855 and 1866, estimated: “From one-third to one half of the Black Hills are
covered with an abundant growth of young, thrifty pine, many trees from three to four feet [0.9
to 1.2 m] in diameter, and from eighty to one hundred feet [24 to 30 m in height] without a limb”
(quote in McLaird and Turchen 1974a: 192). Newton and Jenny (1880) wrote: “On bottomlands
in the lower valley of French Creek specimens of this pine [ponderosa pine] were fully 100 feet
[30 m] in height, and would measure 35—40 inches [§9—102 cm] through at the ground. Trees of
these large dimensions are, however, rare in the Hills. Timber from 1224 inches [30-61 cm] in
diameter is common, while extensive tracts are covered by dense forest of small slender pines
from 50 to 60 feet [15 to 18 m] high, and rarely less than 8 [20 cm] or more than 12 inches [30 cm]
through at the ground.”

4.2 Historical fires

Open forests comprised of fire-tolerant species are maintained by the mechanism of frequent sur-
face fires. Ponderosa pine is tolerant of frequent surface fires and has traits for longevity, living
up to 600 years, rather than response traits to relatively frequent stand-replacing disturbance.
Fire-tolerant traits include 1) self-pruning of lower branches that raises the crown above low
severity flame lengths, 2) thick bark that protects the cambium from heat damage, and 3) long
needles that when accumulated on the forest floor promote fires (Keely 2012). Because of this
suite of traits, low severity fire does not damage large trees, but reduces recruitment of younger
trees (Battaglia et al. 2009). We were not able to describe small diameter trees, but the presence
of 35% of historical survey points without trees attests to the competitiveness of herbaceous
plants against understory trees, which are typically controlled by frequent surface fires and to
some extent by herbivores.

Frequent fires were observed by early Euro-American residents (Gartner and Thompson
1973), although high severity events were rare (Parrish et al. 1996). Historical accounts did report
extensive signs of fires, and dense stands may have torched, but high-severity fire cannot spread
extensively across open landscapes without trees to carry long flame lengths. Preceding disturbances
such as wind events that create windthrows and add to surface fuels may have increased fire sever-
ity. Dodge, who traversed the Black Hills in 1875, wrote: “In the foothills & low valleys there are
very fair pines, some two feet in diameter & probably twenty ft to the limbs. On the high hills it
is very small, & is besides wind-shaken. Fires have made huge rifts through it & we travelled for
about four miles through a mass of blown down trees from three in[ches] to a foot in diameter”
(quote in Kime 1996: 68). That a “cyclone” had toppled trees was reported by GLO surveyors in
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the same vicinity (T2S, R3E) in 1899 (Book 07, South Dakota State Historical Society 2021). Of
their 1875 survey of the Black Hills, the geologist H. Newton and the mining expert W.P. Jenny
(Newton and Jenny 1880: 322) wrote: “The Black Hills have been subjected in the past to exten-
sive forest fires, which have destroyed the timber over considerable areas. Around Custer Peak
and along the limestone divide, in the central portions of the Hills, on the headwaters of the Box
Elder and Rapid Creeks, scarcely a living tree is to be seen for miles. Some portions of the parks
and valleys, now destitute of trees, show by the presence of charred and decaying stumps, that
they were once covered by forests.”

The Black Hills region primarily had a frequent surface fire regime, which maintained
grasslands and open forests across the landscape. This conclusion is based on 1) survey points
with no trees, preponderance of fire-tolerant ponderosa pine, and low historical densities from
GLO surveys, 2) Euro-American settlement documentation, encompassing Graves (1899) and
GLO surveyor notes, and 3) fire reconstructions of surface fire frequencies every 10 to 35 years
(Fisher et al. 1987; Brown and Sieg 1996; Brown et al. 2000; Brown et al. 2008). Occasional, high
severity fires occurred in dense stands, as detailed in historical accounts and fire chronologies.
Wildlife species, such as black-backed woodpeckers [Picoides arcticus (Swainson, 1832)], which
depend on dense stands and fire-damaged trees (Rota et al. 2014) also are indicators that appro-
priate conditions occurred historically. However, the open ecosystems around embedded stands
provide a natural firebreak to severe fires. Grasslands do not contain canopies to allow spread of
fires with long flame lengths, whereas savannas and open woodlands have limited clustering of
trees, confining fire to torching of single or grouped trees.

4.3 Fire exclusion

Fire exclusion occurs through a combination of two primary factors. The first is land cover change
from herbaceous vegetation that supports frequent fires to various land uses such as roads, har-
vested fields, grazed fields and forests that do not readily carry fire due to limited fine fuels, and
also transition to dense, closed forests that do not have appropriate fuels or environmental condi-
tions to carry frequent surface fire. The second factor is a change from a culture that uses fire as a
management tool to one that views fire as a disturbance that should be suppressed. For example,
during the early 1900s, the U.S. Congress passed the Weeks Act, which directed federal foresters
to provide fire protection for forests (Pyne 1997).

The effectiveness of fire control is evidenced by increased mean fire interval in the Black
Hills since Euro-American settlement (Brown et al. 2000; Brown and Sieg 1996, 1999). As a con-
sequence, trees have become more dense without control of tree regeneration by frequent surface
fires, and fire-sensitive species have increased, particularly spruce (Table 1), which has dense limb
growth near the forest floor. Thus, fire suppression, in part, has contributed to high density stands
with surface to crown continuity of fuels, so that while the probability of high severity fires has
increased, the probability of frequent surface fires has decreased.

The convergence of fuel accumulation due to fire exclusion, harvesting of larger fire-resistant
tree species that results in decreased canopy base height and increased surface and ladder fuels by
releasing regeneration, and increased extreme fire weather days may result in high severity fires
more often and over larger areas especially in stands with high stocking rates, fuels, and surface
to crown fuel connectivity. Frequently harvested forests with a structure of many small diameter
trees, such as in the current structure of the Black Hills (Graham et al. 2021), have been documented
to burn more severely than forests with a structure that has a high canopy base height and limited
surface and ladder fuels (Zald and Dunn 2018; Jain et al. 2020). Moreover, as climate change
continues, extreme fire weather is predicted to increase (Barbero et al. 2015; Hanberry 2020).
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High severity fire will consume organic matter, killing the roots and their symbionts, negatively
impacting soil structure and function (Graham and Jain 2005). In contrast, frequent surface fires
may result in roots and symbionts at protected depths in forest soils where they remain unaffected
by fire (Graham and Jain 2005).

4.4 Other costs of current forest structure

Species are less tolerant of additional stresses when already under stress from one factor, such as
high-density stands. Because natural thinning of ponderosa pine proceeds slowly (Boldt and Van
Deusen 1974), stands with high density of seedlings will develop into stands with high-density of
saplings and poles. In high-density stands, trees may have slender stems, poorly developed root
systems, and asymmetrical crowns, resulting in greater susceptibility to snow bending and break-
age in saplings and pole-size trees and wind damage in pole- to small saw-size trees, relative to
lower density stands (Boldt and Van Deusen 1974).

Trees will be weakened by competition for resources, such as water. Indeed, greater tree
coverage typically results in greater stand water use and loss of more water through evapotranspira-
tion compared to stands with lesser tree coverage, consequently lowering the water table (Parrish
et al. 1996). Parrish et al. (1996) reported reductions in water yields and perennial streams in the
Black Hills due to increased tree densities, control of beavers (Castor canadensis Kuhl, 1820),
and increased water use for human activities. Evapotranspirational water losses increase with tem-
perature and are expected to increase with climate change. Drought weakens trees, particularly in
high-density stands (Bottero et al. 2017). Both temperature (+0.45 °C) and precipitation (+5.7 cm)
have increased in the Black Hills during the past 40 years (1981-2020) compared to 1895-1980
(PRISM Climate Group 2022), but extreme events, such as droughts, also have increased with
climate change (Hanberry 2020).

Low densities of overstory trees and basal areas are well-verified to reduce vulnerability to
insect outbreaks (Graham et al. 2019). Trees under stress will generate poor resin flow, making them
more prone to beetle infestation (Boldt and Van Deusen 1974). Recent outbreaks by mountain pine
beetles (Dendroctonus ponderosae Hopkins, 1902) and other insects that cause tree mortality may
be outside of historical bounds, in that historically insects occurred in low numbers, killing weak
trees with rare outbreaks (Romme et al. 2006). Warming additionally has allowed mountain pine
beetles to erupt at higher elevations and latitudes where winters historically were cold enough to
reduce over-wintering insect survival (Milton and Ferrenberg 2012). Consequently, insect outbreaks
may be due to a combination of climate change (i.e., drought-stressed trees, warm summers that
accelerate insect growth and development, and warm winters that allow insect larvae to survive)
and land use change that produces trees with reduced vigor in dense forests (Romme et al. 2006).
Thinning trees will promote growth and reduce mortality under beetle attacks, especially during
droughts (Tepley et al. 2020; Negron et al. 2016).

Management to reduce tree densities has been well-described (Shepperd and Battaglia 2002;
Fitzgerald 2005; Hunter et al. 2007; Thom 2010; Bragg et al. 2020). Objectives may encompass
restoration and maintenance of compositional, structural, and functional ecosystem elements,
ecological integrity, reduction of fire hazard, and reduction of risk for insect outbreaks. Additional
goals may include resistance and resilience to climate change, such as warming temperatures and
rapid development of drought (i.e., flash droughts due to unusually low precipitation combined
with unusually high temperatures, wind speeds, and solar radiation). Prescribed burning, thinning,
and masticating, either alone or in combination, are options after determining goals.
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5 Conclusions

Historical tree surveys during Euro-American settlement offer information about the natural range
of variations. Although the Black Hills landscape overall was savannas and woodlands, the spectrum
from grasslands to dense stands occurred historically. In historical forests, fire-tolerant ponderosa
pine was 95% of all trees. In the absence of surface fires which reduce small-diameter trees, tree
densities increased two- to four-fold, and fire-sensitive species, particularly white spruce, increased
relative to ponderosa pine. Benefits of reducing tree density and increasing tree diameters include
support of biodiversity and reduction of fire severity, insect outbreaks, and water demand.
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