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Abstract

:

Since Euro-American settlement and associated fire exclusion, grasslands and open forests have converted to forests throughout the United States. Contributing to the weight of evidence, we determined if forestation also occurred in forests and grasslands of Colorado. Our study extent encompassed landscapes of the 0.5 million ha Arapaho and Roosevelt National Forests in the northern Front Range (eastern side) of the southern Rocky Mountains and the 1 million ha Weld County, which contains Pawnee National Grassland, in the Great Plains grasslands. We quantified tree composition, cover, and densities from historical (years 1863 to 1886) tree surveys, current surveys (2002 to 2011), and land cover (2016) to identify departures. In the Arapaho and Roosevelt, historical lack of tree presence and overall low tree densities suggested an open landscape, due to about 70% of 7134 survey points without two trees within 60 m. The treed landscape, which was not continuously forested, had density estimates of about 153 trees/ha. In contrast, the current landscape was 68% forested with high tree densities; fire-dependent pines decreased relative to subalpine fir (Abies lasiocarpa) increases. In Weld County, seven trees were surveyed historically, whereas currently, woody cover totaled 2555 ha. Uniquely applying historical surveys at landscape scales, we documented an open landscape in the northern Front Range, unlike previous research, and rare tree presence in the relatively understudied grasslands of Colorado. Forestation corresponded with changes in U.S. grasslands and forests following Euro-American settlement and associated fire exclusion.
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1. Introduction


Globally, following European colonization and attendant land uses changes including fire exclusion, trees have increased in density within forests and expanded into grasslands and savannas, particularly through increases and expansion of fire-sensitive tree species [1,2,3,4,5]. Composition and structure of ecosystems throughout many regions of the United States historically were determined by fire history, likely stabilized by native large herbivores [5,6,7,8]. In the eastern U.S., historical accounts noted rapid tree growth as early as the year 1635 after European colonization [9]. According to historical accounts, trees began to expand into the Great Plains grasslands of central North America starting about 1860, trailing Euro-American settlement [10]. In the western U.S., numerous studies have established increased tree densities in historically open forests of ponderosa pine (Pinus ponderosa; [5,11,12]). Trees have continued to increase in density and diversity in wildlands since the 1800s.



In contrast to research that typically features montane and subalpine forests in the southern Rocky Mountains of north-central Colorado, presenting an overall forested landscape [13,14,15], historical assessments communicated an open landscape. The regional landscape was highly variable, yet generally featured timberless mountain grasslands with limited areas of dense tree growth, based on early assessments [16,17,18]. On the eastern side of the southern Rocky Mountains, known as the Front Range, lower elevation south-facing slopes were almost bare of tree cover, aside from scattered ponderosa pine, while the opposite northern slopes contained Douglas-fir (Pseudotsuga menziesii) and ponderosa pine [17]. At higher elevations (>3000 m), forest growth was most dense, but whereas the northern slopes were covered predominantly with Engelmann spruce (Picea engelmannii), the southern slopes contained low tree densities of spruce or high-elevation pine species, of which lodgepole pine was most abundant; subalpine fir (Abies lasiocarpa) was rare [17]. Quaking aspen (Populus tremuloides) occurred throughout most elevations, with no particular dominance, often in a suppressed shrub form [17,18]. At lower elevations, shrublands or brushlands occurred in the foothills and then in the Great Plains grasslands, cottonwood trees (Populus deltoides) bordered streams [13,17,19].



In the mountains of the western U.S., fire regimes varied along environmental gradients, with fire frequency decreasing in protected high-elevation locations, which influenced patterns of tree species and densities [12,15]. Historically, on the eastern side of the southern Rocky Mountains, Jack [17] stated that signs of fire were evident over about 75% of a 425,000 ha assessed extent, excepting some small areas at higher elevations where spruce occurred. Although rough topography reduces the size of fire compartments, fires spread 32 km in length with a width of 10 km in the mountains [17]. Fire frequency likely increased with human activities during the initial phase of Euro-American settlement, which was a common pattern [17,20]. Fire exclusion ensued after disruption of fuels and fire compartments due to land use changes associated with Euro-American settlement, along with active fire suppression [5,10,11].



Land use changed in the Front Range region about 1860, following rapid Euro-American settlement due to discovery of gold [13,20]. Subsequently, the combination of wagon roads, portable steam sawmills, railroads, and markets of local populations were in place for localized and selective harvesting [13,16,17,20]. Jack [17] estimated that by 1899, the most accessible, lower elevation sites within a day’s journey to local markets or railroad stations had been visited two or even three times to harvest large diameter (greater than 30 cm) ponderosa pine, Douglas-fir, and Engelmann spruce trees, albeit Engelmann spruce was located at less accessible, higher elevations.



In addition to changed disturbance through tree harvest and fire exclusion, overstocking by livestock and the extirpation of native large herbivores also occurred in the southern Rocky Mountains [13,17,20]. Jack [17] reported that pasturage had degraded due to supporting a greater number of cattle than warranted by the open forest conditions, which furnished herbaceous vegetation almost everywhere. The replacement of native herbivores by livestock, with overgrazing of herbaceous vegetation necessary for frequent surface fires, is a common component to changes associated with Euro-American settlement [11,12]. While less investigated than fire exclusion, native herbivory likely supported prevailing conditions [8].



To supplement the context from descriptive historical accounts of vegetation during Euro-American settlement, historical land surveys can provide quantitative data about tree composition and densities at landscape scales, while also systematically measuring the absence of trees at survey points. The General Land Office (GLO), created during 1812, developed and directed surveys that recorded tree species, diameter, distance, and bearing of two to four trees every 0.8 km [21]. If trees were not present within 60 m, surveyors typically set a stone, mound, or post to record the location. In the Front Range, surveys occurred during the years 1860 to 1883, during the forefront of Euro-American settlement. Using historical surveys, Williams and Baker [22] examined a 65,525 ha extent of the Front Range, isolating areas with ponderosa pine. They calculated mean densities of 217 trees/ha, with median values of 162 trees/ha. These tree densities generally represent open to closed woodlands [23]. Williams and Baker [24] documented that only 0.4% of surveyed lines encountered disturbances of logging, cultivated fields, homes, and mining, and concluded surveys represented the pre-Euro-American era with some overlap into Euro-American settlement in the Front Range.



Tree densities have increased throughout the United States, resulting in the loss of grasslands and open forests comprised of fire-adapted species. Fire exclusion, native herbivore extirpation, and overstory harvest were among the land use and disturbance changes in Colorado, and other regions, following Euro-American settlement. To quantify changes in tree density, presence, and composition for 1.5 million ha of Colorado following land use and disturbance changes associated with Euro-American settlement, we compared historical General Land Office surveys (years 1863 to 1886) to modern tree surveys of the USDA Forest Service Forest Inventory and Analysis (years 2002 to 2011; [25,26]) and the National Land Cover Database (year 2016; [27]). Our questions were the following: how have tree composition, density, and cover changed in the Arapaho and Roosevelt National Forests of the northern Front Range, and has tree presence increased in the grasslands of Weld County, where Pawnee National Grassland is located (Figure 1)? Applying a method that can discern tree presence throughout landscapes, this study quantifies historical ecosystems under fire conditions at landscape scales, unique research for this region, helping to establish baseline information for the research and management of Front Range ecosystems, specifically in response to wildfires, damaging insect outbreaks, and climate change, and for biodiversity support of open ecosystems [12,14,15,28]. Additionally, measured departures in tree densities and forestation in historical ecosystems will permit determination of correspondence, and the magnitude of correspondence, with forestation trends in other regions of the U.S. and globally, following European colonization.




2. Materials and Methods


2.1. Setting


The Arapaho and Roosevelt National Forests cover 525,000 ha on the eastern side of the southern Rocky Mountains of north-central Colorado (Figure 1), where the Great Plains grasslands at 1550 m in elevation meet the Rocky Mountains, rising over 4300 m in elevation. As elevation increases, ecosystems transition from grasslands associated with the Great Plains to montane and subalpine forests, with alpine tundra occupying areas above tree line. The Arapaho and Roosevelt National Forests border the heavily populated Front Range urban corridor, which is interspersed with agricultural lands.



Pawnee National Grassland is administered together with the Arapaho and Roosevelt National Forests. However, Pawnee National Grassland is in the Great Plains, on the eastern side of the Front Range urban corridor. Pawnee National Grassland is approximately 80,000 ha and located in the South Platte River watershed and Weld County, which is 1,040,400 ha.




2.2. Trees Surveys and Composition for the Arapaho and Roosevelt National Forests


We transcribed 7134 survey points from 2890 sections of 111 townships that intersected with the Arapaho and Roosevelt National Forests (Figure 2) from scanned General Land Office notes [29]. The points, surveyed between 1867 to 1883, represented 4931 trees with diameter ≥ 12.7 cm at 1.37 m height. However, only 27% of survey points had two trees recorded within 60 m, which enables the potential to be in forested conditions but may represent survey points located outside of forests. Conversely, 4506 points (63%) had no trees recorded, due to distances to nearest trees exceeding 60 m, or tree densities consistent with grasslands. An additional 578 points (8%) had only one tree recorded, also indicating grasslands; some of these points specifically had notes that no other trees were near the point. The remainder of survey points (2%) were irregular, for example, with small tree diameters < 12.7 cm, which is inconsistent with surveyor instructions to select trees of moderate size, or survey points located at rocky outcrops or water bodies.



The USDA Forest Service Forest Inventory and Analysis has long-term forest plots situated about every 2500 ha across the country [25]. Each plot contains four 7.31 m radius subplots, arranged as a central subplot surrounded by three outer subplots. Plots typically are visited every five to ten years. We selected a complete cycle of surveys from the years 2002 to 2011, representing 8463 trees with diameter ≥12.7 cm at 1.37 m height. We located plots with coordinates within the extent of the available sections with GLO surveys. However, true plot coordinates are not available because of a privacy provision in the Food Security Act of 1985 [30]. Plot coordinates are within 1.6 km of true coordinates, with most plots within 0.8 km, and plot coordinates on private lands also are exchanged for up to 20% of plots.



We quantified composition, or percentage of all trees for each species or genera, and for points or plots below 2800 m and at 2800 m and above in elevation, an approximate threshold between montane forests that contain ponderosa pine and subalpine forests [28]. Surveyors overall did not differentiate species, but surveyors were likely to be able to differentiate among genera, given that few genera occur in this region and each has basic characteristics. We determined that spruces included Douglas-fir because Douglas spruce was in common use during this time interval [17].



We provided mean and maximum diameters for each species. The General Land Office records were not a complete census or a random sample; rather, surveyors selected trees of medium diameter that were sound, with few trees below diameter ≥12.7 cm at 1.37 m height [21]. Historical distribution of trees may have contained a greater percentage of larger trees, due to infrequent overstory disturbance relative to tree harvest following Euro-American settlement. Regarding smaller trees in modern surveys, trees <12.7 cm are also sampled differently, in microplots, for the FIA surveys [25], and we compared the truncated (≥12.7 cm) samples.




2.3. Historical Density and Cover for the Arapaho and Roosevelt National Forests


Surveyors did not always select the nearest tree, due to survey instructions and personal decisions [21,31,32]. When recorded trees were more distant than the nearest trees, density is underestimated [31,32]. Adjustments suggest the magnitude of bias, with the range of potential densities from unadjusted for surveyor bias to maximum adjustment. Likely across a landscape, and particularly in this region of scattered historical tree locations, more than the full range of densities occurred. This study extent contained 63% of survey points with no trees, where the surveyor set a stone as marker, and another 8% of survey points with only one tree recorded. We calculated an overall landscape density estimate based on survey points with no trees that had extremely low densities, at 1 tree/ha (i.e., the estimated density for distances of 60 m is about 1 tree/ha), which we averaged with the mean tree density of points with at least two trees, weighted by number of points.



We estimated tree density with the Morisita plotless estimator for two trees per point, applying an approach that has been validated by external data to match ecosystem classes and stocking charts, recognizing that a range of uncertainty is attached [23,33]. Due to few points with three or four trees, we removed the third and fourth trees to combine with points with two trees. We adjusted (decreased) the density for points with two trees [31]. We next produced low and high values based on corrections for potential clustered (‘groupy-clumpy’) and regular spatial patterning. We then adjusted (increased) the low and high values to account for surveyor bias. For bias adjustment, we determined the frequencies for quadrant location, quadrant configuration, and azimuth and corrected for non-random frequencies by finding the adjustment quotient from regression equations [32]. The moderate value was a simple mean of the clustered pattern low value and regular pattern high value, with adjustment for surveyor bias, but spatial patterning was expected to be clustered based on historical accounts. We calculated tree densities for all survey points and survey points with trees below 2800 m and at 2800 m and above in elevation; this elevation is an approximate threshold between montane forests that contain ponderosa pine and subalpine forests that burned rarely (200-year intervals) but severely [28].



Although historical survey points located every 0.8 km do not translate into continuous land cover, we attempted to indicate the location of historical forests. Surveys occurred along section lines, not within sections. We selected sections that had all survey points with ≥two trees, along the western and northern section lines. This may provide an indication of where trees were concentrated.




2.4. Current Density and Land Cover for the Arapaho and Roosevelt National Forests


We selected accessible plots with at least two trees and 100% forestland, which FIA defines as land with at least 10 percentage cover by live trees of any size, “including land that formerly had such tree cover and that will continue to have forest use”. We calculated the density for each plot by summing the tree expansion factor of 6.02, based on one tree representing the inverse of the plot area. Lastly, we determined the density mean for all plots, and for plots below 2800 m and at 2800 m and above in elevations.



The 7134 historical survey points convey that about 70% of survey points were not in forests and the 27% of survey points with ≥two trees were not necessarily in continuous forests but interrupted by non-forest land cover. The 304 FIA plots are classified as forest, whereas the survey points occur systematically regardless of land cover. Therefore, as an additional comparison, we also calculated current forested cover from the 2016 National Land Cover Database, excluding permanent water and developed lands [27].




2.5. Historical Tree Presence and Current Forested Cover for Weld County


To assess Pawnee National Grassland and surroundings, we transcribed 9047 survey points from 3627 sections of 106 townships within Weld County from the GLO surveys (Figure 3). To compare historical tree presence to current land cover, we used the 2016 National Land Cover Database [27]. We determined the area of current forests and woody wetlands.





3. Results


3.1. Arapaho and Roosevelt National Forests


For composition, pines as a genera decreased over time from 72% to 58% of all trees, with concomitant increases in most non-pine species (Table 1). Subalpine fir specifically increased from 0.5% to 14% of all trees. Regarding diameters, pines and spruces were the only historical genera with relatively good sample sizes, and representative species in the genera were larger in diameter historically than currently.



The percentage of survey points without two trees within 60 m suggested the historical landscape was very open, as only 27% of 7134 survey points had two trees recorded within 60 m, permitting the potential to be in forested conditions. The overall landscape density for all survey points was 46 trees/ha, for the clustered tree pattern, ranging up to 57 trees/ha, expressing the larger extent of grasslands and mountain meadows compared to treed areas. The treed landscape density for the 27% of survey points that contained ≥ 2 trees revealed an open structure of woodlands (generally, open woodland densities ranging from 100 to 175 trees/ha with closed woodlands ranging from 175 trees/ha to 250 trees/ha; [23]). The mean density was 153 trees/ha for a clustered pattern, ranging up to 191 trees/ha for a regular pattern (Table 2).



Not all points with trees were likely to be in primarily forests, given the open landscape. Surveys occurred along section lines, which means that assignment to a specific section is not possible. Nevertheless, sections (to the east and south of section lines) that had all survey points with ≥two trees were distributed throughout the landscape, albeit in clusters (Figure 4).



In contrast, the current landscape was 68% forested, or 70% including woody wetlands (Figure 4). Current tree density was 522 trees/ha, about a tripling of density. These densities represented closed forests, which are comprised of high tree densities throughout the vertical profile.



Densities decreased spatially with elevation in both historical and current surveys. Below 2800 m, historical densities were 120 trees/ha, for a clustered pattern, where pine percentage was about 80% of all trees in these open woodlands, compared to current densities that were 429 trees/ha. At elevations ≥ 2800 m, historical densities were 187 trees/ha, for a clustered pattern, where pine percentage was 66% of all trees, and current densities were 602 trees/ha.




3.2. Weld County


Historically, two locations had a total of seven cottonwood trees, representing 0.05% of survey points with trees, along the South Platte River and tributaries (Figure 5). The rest of the survey points were marked with stones. Currently, Weld County had 2555 ha of tree and shrub coverage, of which most (2220 ha) was classified as woody wetlands and about 330 ha was classed as forest. About 235 ha was deciduous forest (i.e., cottonwood) and 100 ha was mixed and evergreen forest (e.g., Juniperus, Pinus).





4. Discussion


4.1. Key Findings


A sequence of land use changes has proceeded since Euro-American settlement, resulting in increased trees in grasslands and forests throughout the United States [5,7,10,12]. The historical (years 1867 to 1883) surveys for the Arapaho and Roosevelt National Forests, in the northern Front Range of the southern Rocky Mountains, indicated a very open landscape comprised of pines and “spruces” (i.e., Engelmann spruce and Douglas-fir) as the most abundant tree species. Historical assessments [16,17] corroborated the dominance of open ecosystems, in contrast to overall representation of the Front Range as forests by research [14,15]. We documented ecologically significant tree density increases, from woodlands to closed forests, and conversion from an open landscape to a forested landscape in the Arapaho and Roosevelt National Forests. Moreover, we detected the same progression to the east in the Great Plains grasslands. In Weld County, the site of Pawnee National Grassland, rare cottonwood presence became nearly continuous cover of diverse shrub and tree species along the South Platte River channel, albeit some shrub cover may have been present historically. Even though historical accounts and land surveys offer only a snapshot of a few decades for each region, results matched widely reported increases in tree densities, particularly of surface fire-sensitive tree species, throughout forests and afforestation of historical grasslands [1,2,3,4,5,7,10,11,12]. Compared to dense forests, open ecosystems generally contain a greater diversity of herbaceous species; support large herbivores, pollinators, and pollinator services; use less water; and have reduced risks of severe fires, damaging insect outbreaks, windfall, and die-offs due to drought, particularly exacerbated by climate change [7,12,14,15,28,34].



Although forestation following European settlement and land use change encompassing loss of understory disturbance is not unique to this landscape, the magnitude of departure is novel for a landscape generally considered forested. Research about historical structure and fire regimes in the Front Range typically frames the context within ponderosa pine and Douglas-fir montane forests or spruce–fir subalpine forests, partly due to methods that require sampling relict trees [12,35,36,37]. We uniquely applied historical surveys, collected during Euro-American settlement, which allowed determination of whether trees were present systematically at landscape scales. Historical survey points occurred regardless of landcover at the points. Even though 70% of 7134 survey point samples in open ecosystems may not translate to 70% continuous cover by open ecosystems, the surveys provided the distinctive perspective that the landscape had a preponderance of open locations relative to locations with trees, similar to historical assessments that characterized open landscapes in the southern Rocky Mountains. Frequent surface fires and native herbivory are two understory disturbances that uniquely can remove small diameter trees and maintain open conditions.



Fire exclusion, along with native herbivore extirpation, are mechanisms that allow for the survival of small diameter trees and eventual forestation, with densification within tree stands and afforestation of open ecosystems. Increased tree establishment generally initiated during 1860 to 1920, following Euro-American settlement and surface fire exclusion, after which continuous recruitment ensued [12]. Dominant, fire-dependent tree species increased first with eventual replacement by fire-sensitive tree species. While abundant lodgepole pine regeneration was reported as the first beneficiary of a switch from fire conditions to fire-free conditions, both Mason [38] and Bates [39] recognized that without continued fire, lodgepole pine would be replaced by Douglas-fir and Engelmann spruce. Relative replacement of ponderosa pine by Douglas-fir proceeded but planting of ponderosa pine occurred at low elevations in the foothills below montane forests [40]. Clearcuts favored aspen, allowing the release of suppressed aspen advance regeneration [40]. Currently, subalpine fir has increased relative to fire-dependent pine decreases.



While the historical proportion of severe fires in the southern Rocky Mountains is debated [41], the implication from this research is that frequent, low severity fire was the dominant fire regime based on the greater representation of open ecosystems than forests in the historical surveys and assessments. Severe fire behavior with long flame lengths in canopy trees requires abundant and continuous coarse tree fuels [42,43]. Otherwise, low severity fires that kill few or no canopy trees occur, with torching of individual or grouped trees [12,13,42]. The rarity of dense, continuous forests, depicted by Jack (1900) and the historical land surveys, indicated that continuous fuels from understory to canopy and canopy to canopy necessary to spread high severity fires would be limited to small extents, particularly high-elevation spruce stands on northern slopes [5,12]. Because fire is a contagious disturbance and adjacency was present between open conditions and isolated spruce stands, dense spruce stands were exposed to surface fires that swept up mountain slopes [19]. Indeed, Mason [38] described surface fires in relatively open lodgepole pine stands, which developed from limited regeneration. Open landscapes characterized by historical surveys and assessments particularly are not compatible with Sherrif et al. [37], who determined that the dominant historical fire regime of the northern Colorado Front Range was represented by forest stand structures affected by moderate-severity and high-severity fires. All approaches have error, but methods that require trees may not capture information representative of an overall landscape [13,44,45]. Reconstructed fire histories remain a contested topic [5,22,37,41].



We stress that this variably treed landscape was not comparable to a more continuously forested landscape, although estimated tree densities largely represented savannas after accounting for survey points without trees. Jack [17] documented extreme variability in historical tree densities and the consequent difficulty of measurement that would capture the landscape: “so that no section or even quarter section of living timber ground can be found giving a fairly uniform growth, it is impossible to give a close estimate of the amount of lumber remaining here without more time for examination and measurements than was available in the present exploration”. Brown et al. [11] found the same variable densities with clustered spatial patterns in reconstructed stand structure.




4.2. Open Landscapes to Forested Landscapes in the Arapaho and Roosevelt National Forests


The historical tree surveys in the Arapaho and Roosevelt National Forests aligned with historical assessments of open landscapes, as about 70% of the historical survey points were not within forests. According to historical accounts, the southern Rocky Mountains generally had limited forest coverage. For example, the landscape bordering the Arapaho and Roosevelt National Forests study extent to the south, on the eastern side of the southern Rocky Mountains, contained only a small area sufficiently covered with trees to be considered timberlands (i.e., in the precursor forest reserves for the Pike National Forest; [16,17]). Conversely, current landscapes were 68% forested, which may be the opposite of historical landscapes.



Similarly, Dickinson [36] estimated forest cover in the Front Range by reconstructing pre-Euro-American settlement forest cover from old trees, stumps and eroded coarse woody debris along transects. Tree cover increased from 57% historically to 83% over time, which was an increase of 25 percentage points. Dickinson [36] found loss of small (<50 m in length) rather than large openings. This contrasted with the land surveys and assessments that revealed a matrix of open ecosystems, but Dickinson [36] likely was reconstructing a more forested part of the Front Range, based on high current forested cover and historical tree remnants. Platt and Schoennagel [46] did not detect increased tree cover since 1938, which indicated that most forestation was completed within decades of Euro-American settlement.



Historically, the treed landscape, which was not continuously forested, had estimated densities of 153 trees/ha for survey points with trees (≥12.7 cm diameters) in clustered tree patterns that portrayed the landscape. These tree density values are less than the mean densities of 217 trees/ha, with median values of 162 trees/ha, for the Front Range calculated by Williams and Baker [22]. However, the northern extent of the Front Range, the location of the Arapaho and Roosevelt National Forests, was classified as a combination of non-forested and tree densities in the range of 20 to 89 trees/ha by Williams and Baker [22], which accords with the overall landscape density of 46 trees/ha, calculated as a weighted average of densities of points with and without trees. Battaglia et al. [12] used stand reconstructions (≥4 cm diameters for 170, 0.5-ha plots in montane ponderosa pine-dominated forests in Colorado and Wyoming) to calculate a mean density of 97 trees/ha in the lower montane zone and 163 trees/ha in the upper montane zone, which were divided at the 2300–2600 m threshold. These values generally concurred with our density estimates for clustered tree patterns of 120 trees/ha at elevations <2800 m, where montane forests of ponderosa pine (Pinus ponderosa) were dominant and pine percentage was about 80% of all trees in these open woodlands, and clustered tree patterns of 187 trees/ha at higher elevations, where spruce became more frequent relative to pine. Our results also agreed with Jack’s [17] assessment of the landscape immediately south of the Arapaho and Roosevelt National Forests: timberless landscapes containing predominantly open forests of ponderosa pine and Douglas-fir at lower elevations and lodgepole pine and Engelmann spruce at higher elevations, particularly dominant > 3000 m, with dense stands on protected northern slopes. Tree densities were kept lower in the past at all elevations, although particularly limited in open mountain valleys and foothill grasslands [17].



One potential inference based on 70% of historical survey points without two trees is that perhaps the forests already had been substantially clearcut and burned by severe fires before the survey interval of the years 1867 to 1883. However, pines and spruces (including Pseudotsuga menziesii), which were the only historical genera with relatively good sample sizes, had greater diameters historically than currently. Therefore, even if selective harvesting had occurred by the time of the land surveys, trees still were available to surveyors that were large relative to current trees. Where historical trees occurred, they were less felled by historical overstory disturbance than currently. Historically, high-grading, and not clear-cutting, occurred, because markets were very specific and it simply was not worth cutting, sawing, and hauling non-marketable trees a day or two, round-trip by horse and wagon, to the nearest shipping station or local market [17]. For example, sawmills only would accept large diameter logs, typically at least 30 cm, in part because the saw blades were thick and removed 25% of the timber [17]. Photographs illustrated that trees remained after cutting and fires as well [17], and Williams and Baker [24] documented that only 0.4% of surveyed lines had evidence of Euro-American disturbance.



Fire exclusion, perhaps combined with altered herbivory regimes, likely has allowed increased tree regeneration, resulting in denser forests and forestation of open ecosystems, particularly by fire-sensitive tree species. Pine percentage decreased, with the pines relying on fire disturbance to be competitive, whereas subalpine fir (Abies lasiocarpa) increased from minimal presence to 14% of all trees. Jack [17] noted that historically subalpine fir “nowhere occurs in sufficient numbers to be taken into commercial account.” Additionally, Battaglia et al. [12] determined greater tree increases in current forests at lower elevations than higher elevations, which our comparisons also indicated, although both low- and high-elevation forests have departed in structure despite less exposure to fire at higher elevations. These results may conflict with fire scar studies that show a lack of departure in fire histories for high-elevation forests in the Front Range [35,47].




4.3. Lack of Trees to Tree Cover along Riparian Channels in Weld County


Equally, in the Great Plains grasslands, to the east of the Front Range in Weld County, rare cottonwood presence became nearly continuous cover of diverse shrub and tree species over time. Historically, seven cottonwood (P. deltoides) trees were surveyed in two locations, resulting in a total of 0.05% of survey points with trees, whereas currently, tree and shrub cover was nearly continuous along the same riparian channel, totaling 2555 ha in the county. Most of the cover was woody wetlands, but 330 ha were classed as forest: 235 ha were deciduous forest (i.e., cottonwood) and 100 ha were mixed and evergreen forest. Nonetheless, historical grasslands have remained grasslands, evidencing resistance to tree encroachment in the Great Plains.



No tree species other than cottonwood was recorded in the past, and seven recorded trees at two locations were more likely to represent two groves rather than 330 ha of total forest. In Colorado, two reports before the year 1850 each noted an isolated cottonwood grove along the South Platte River, the watershed for Pawnee National Grassland, and a reconstruction from historical surveys contained cottonwood 55 km from the headwaters of the West Bijou Creek, near the South Platte River [48,49]. However, the few trees in the Great Plains also made cottonwoods vulnerable to use by Euro-American settlers. Cottonwoods historically were present, and the characteristic tree species, along riparian networks throughout the Great Plains grasslands, albeit at variable densities [50].



Historical reconstructions are limited in the Great Plains. Further research on historical tree presence in the Great Plains may help clarify how typical these results are. In any event, cottonwoods are species of cultural value, providing vibrant fall colors, and an important resource for wildlife species such as pollinators [51]. Recently, cottonwood trees have been dying without replacement, due to altered hydrology in combination with other factors [52], which may represent a reset within the range of historical variation but reinitiation of establishment may require a specific combination of disturbance regimes.





5. Conclusions


Aligning with historical assessments, we quantified an open landscape in the northern Front Range of the southern Rocky Mountains and documented rare tree presence in the Great Plains grasslands of Colorado. Trees increased and expanded in both landscapes, concurring with a regional and global body of evidence about forestation in wildlands following European settlement. However, the magnitude of departure in the northern Front Range was greater than indicated by previous research that focused on forest stand information from relict trees and framing of the ecological context as montane ponderosa pine forests and subalpine spruce-fir forests. According to historical surveys and accounts, open ecosystems were proportionately dominant in the northern Front Range, with frequent surface fires that spread upslope to limit tree presence. The historical context presents baseline information for research and management of Front Range ecosystems, related to biodiversity, conditions, and varying responses by grasslands and forests to wildfires, insect outbreaks, and climate change.
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Figure 1. The Arapaho and Roosevelt National Forests in the southern Rocky Mountains, Colorado and Pawnee National Grassland in Weld County, Colorado, which border the heavily populated Front Range urban corridor. This area is in the South Platte watershed. 
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Figure 2. The Arapaho and Roosevelt National Forests study extent is the area with available records of General Land Office tree surveys (green square sections). This extent contained the approximate locations of current Forest Inventory and Analysis plots (green points). 
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Figure 3. The Weld County study extent is the area with available records of General Land Office tree surveys, of which five sections contained survey points with seven cottonwood (Populus) trees, compared to current (2016) land cover of forested area. 
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Figure 4. Concentrated historical forest locations (dark green) compared to current (year 2016, light green) forest cover in the Arapaho and Roosevelt National Forests study extent. 
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Figure 5. Different extents that demonstrate that currently, continuous woody wetlands are adjacent to the section where one cottonwood tree was recorded historically (A) with continuous woody cover along the South Platte River (B). 
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Table 1. Composition and diameter of trees (diameters ≥ 12.7 cm at 1.37 m height) for historical (years 1867 to 1883) and current (years 2002 to 2011) surveys in the Arapaho and Roosevelt National Forests.
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Composition

	
Diameter (cm)




	
Scientific Name

	
Common Name

	
Count

	
Percent

	
Mean

	
Max






	
Historical




	
Pinus ponderosa, Pinus contorta, Pinus flexilis

	
pine

	
3565

	
72.3

	
27.3

	
101.6




	
Picea engelmannii, Pseudotsuga menziesii

	
spruce

	
1160

	
23.5

	
27.3

	
88.9




	
Populus tremuloides

	
quaking aspen

	
96

	
1.9

	
18.4

	
38.1




	
N/A

	
unidentified trees

	
48

	
1.0

	
33.6

	
58.4




	
Populus deltoides, P. angustifolia

	
cottonwood

	
32

	
0.6

	
24.1

	
40.6




	
Abies lasiocarpa

	
fir

	
26

	
0.5

	
26.1

	
50.8




	
Juniperus scopulorum

	
Rocky Mountain juniper

	
8

	
0.2

	
19.1

	
30.5




	
Fraxinus pennsylvanica

	
green ash

	
1

	
0.0

	
15.2

	
15.2




	
Celtis occidentalis

	
hackberry

	
1

	
0.0

	
33.0

	
33.0




	
Current




	
Pinus contorta

	
lodgepole pine

	
3977

	
47.0

	
19.8

	
54.9




	
Picea engelmannii

	
Engelmann spruce

	
1349

	
15.9

	
23.9

	
89.9




	
Abies lasiocarpa

	
subalpine fir

	
1200

	
14.2

	
20.1

	
60.7




	
Pinus ponderosa

	
ponderosa pine

	
725

	
8.6

	
24.7

	
58.7




	
Pseudotsuga menziesii

	
Douglas-fir

	
502

	
5.9

	
20.9

	
78.7




	
Populus tremuloides

	
quaking aspen

	
388

	
4.6

	
19.1

	
40.4




	
Pinus flexilis

	
limber pine

	
216

	
2.6

	
23.6

	
53.8




	
Juniperus scopulorum

	
Rocky Mountain juniper

	
92

	
1.1

	
21.5

	
49.3




	
Pinus aristata

	
Rocky Mountain bristlecone pine

	
7

	
0.1

	
18.7

	
27.9




	
Picea pungens

	
blue spruce

	
5

	
0.1

	
36.0

	
56.4




	
Abies lasiocarpa var. arizonica

	
corkbark fir

	
2

	
0.0

	
17.5

	
17.8











 





Table 2. Density (trees/ha; diameters ≥ 12.7 cm at 1.37 m height) from historical surveys, for all survey points with ≥2 trees and at two elevations and unadjusted and adjusted for surveyor bias, and density from all current surveys and two elevations in the Arapaho and Roosevelt National Forests.
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	Survey
	Density (Unadjusted)
	Clustered/Low
	Mean
	High





	Historical, all points with trees
	159
	153
	172
	191



	Historical, elevation < 2800 m
	127
	120
	135
	150



	Historical, elevation ≥ 2800 m
	188
	187
	210
	234



	Current
	
	480
	522
	564



	Current, elevation < 2800 m
	
	373
	429
	484



	Current, elevation ≥ 2800 m
	
	543
	602
	660
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