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Abstract

:

Red spruce (Picea rubens Sarg.) was a prized timber species in West Virginia during the era of resource exploitation in the late 1800s and early 1900s. As a result, central Appalachian red spruce comprise a much smaller component of high-elevation stand composition and a greatly constricted presence across the region. Widespread restoration efforts are underway to re-establish red spruce across this landscape. However, without benchmarks to gauge growth rates and stand developmental patterns, it is unclear whether these efforts are successful. Our goal was to develop reference curves predicting centile height growth for understory red spruce (≤7.6 m) across the region. We reconstructed the height growth patterns of over 250 randomly selected red spruce seedlings and saplings from 22 high-elevation stands in West Virginia. We also harvested 24 mature red spruce from the same stands to develop juvenile growth curves up to 7.6 m to compare understory growth rates of historical to contemporary rates from the reference curves. Our constructed reference curves showed height growth tended to peak between 10 and 30 years of age. Total heights ranged from 0.95 m to 6.85 m after 50 years. We identified two demographic populations in the mature red spruce trees. All the mature red spruce trees that established after 1890 exceeded the 97% growth centile by age 80. By contrast, only two trees from the pre-1890 population reached the same level by age 80. This work highlights the varied ascension pathways to the overstory for red spruce.
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1. Introduction


Red spruce (Picea rubens Sarg.) was a coveted timber species in the early days of European settlement of the Central Appalachians. Estimates place pre-colonization forest extent between 200,000 and 600,000 ha in West Virginia or 4.1% to 12.3% of today’s forested area [1,2]. Red spruce was subjected to exploitative logging and poor management practices in the 1800s and early 1900s. Wildfires that commonly followed harvests led to the destruction of much of the seed bank, seedlings, and organic soil in stands previously dominated by red spruce [3]. This favored the establishment of hardwood species [4], as a more open canopy led to reduced soil moisture during periods of summer drought and made spruce seedlings vulnerable to winter conditions in areas where dense spruce canopies had protected young trees [5]. Ultimately, red spruce was reduced to only 6 to 18% of its pre-colonization extent in the region [6].



Although its value as a major timber species has diminished, red spruce’s value to the ecosystem and society is substantial. Red spruce stands provide habitat to vulnerable wildlife species [7], including the federally listed Cheat Mountain salamander (Plethodon netting Green) and formerly listed Virginia northern flying squirrel (Glaucomys sabrinus fuscus Miller). Red spruce trees line headwaters of prominent watersheds in the region, play a role in carbon sequestration [8], and cover some of the region’s most scenic areas and tourist destinations.



Despite the depletion of red spruce throughout much of the Central Appalachian region, these forests have begun to recover [9,10,11]. Soil organic layers have developed to once again support red spruce reproduction, and in many stands, red spruce are now also encroaching on hardwood ecotones [8]. There are increased efforts to better understand the species and its life history specific to the Central Appalachian region. Regeneration, disturbance, climate change, and many other factors all play a large role in dictating the role of red spruce in high-elevation forest communities [7,12,13,14,15,16,17].



Restoration activities have undoubtedly improved red spruce establishment on many high-elevation sites throughout the region. However, the long-term success of these efforts is unknown since there are limited empirical data regarding height growth rates and ascension patterns for seedlings and saplings in the Central Appalachians. Growth rates for red spruce have been studied most commonly in the context of release treatments for saplings and small trees (e.g., [18]) or using growth simulations [15]. In general, growth rates are generally reported as averages across a population without necessarily reporting the range of growth rates. We are interested in understanding the development pathways for seedlings and quantifying the relative growth of individuals to better define height ascension pathways. Research has documented the successes (and failures) associated with silvicultural regeneration treatments (e.g., [19,20]). However, the vast amount of research regarding red spruce regeneration has been in unmanaged systems [10,14,21,22,23]. Similarly, many acres of red spruce have been planted throughout the southern range for restoration projects on forested and non-forested sites [24], but these efforts lack criteria to compare growth rates to natural systems.



Although their use is limited in ecology and forestry, reference curves are used to define centile growth rates and have widespread use in medical fields (e.g., the charts describing weight gain over time for infants in pediatrics). Applying this approach to trees is a newer concept [25]. Reference curves can be built using individual growth curves developed from stem analysis techniques using harvested seedlings and saplings.



Our objective is to provide a quantitative measure to evaluate the height growth of red spruce seedlings and saplings by constructing centile curves for height growth that can be used to compare growth rates across the Central Appalachian seedling and sapling population which can be used to assess regeneration and restoration goals. Secondly, we will use our reference curves to characterize growth rates of established overstory trees from the same region. By using the same stem analysis techniques, we can calculate growth rates of these mature trees when they were seedling and sapling-sized, which will allow us to document specific centiles for historical populations. These data will provide insight to how the current red spruce understory is growing relative to mature trees that represent “successful” individuals capable of ascension to the overstory.




2. Materials and Methods


Sampling was distributed across three counties in eastern West Virginia in summer 2019 (Figure 1). Using the random sample tool in Arc GIS [26], 100 potential sites were initially selected for study based on locations identified from a red spruce cover type layer (>10% spruce cover) superimposed over the outer boundary of the Monongahela National Forest [27]. From the 100 potential sites, we randomly selected twenty stands that after field verification contained >10% red spruce cover and had reasonable access. The sites were located within Tucker, Randolph, and Pocahontas Counties on the Monongahela National Forest. Two additional stands were located on Kumbrabow State Forest in Randolph Co., WV. The Kumbrabow sites were selected based on previous research on the forest [14], but specific sampling locations were randomly generated. Elevations across all stands ranged from 1000 m to 1482 m. Regionally, annual precipitation averages 156 cm [28], though some areas receive as much as 180 cm. Precipitation near the sample plots ranged from 122 to 168 cm annually [29]. The soils associated with red spruce and northern hardwood dominated stands contain well and moderately well drained inceptisols and spodosols [30]. Parent materials are often Pennsylvanian subperiod sandstone and shale [31].



Sampled locations contained overstory red spruce but in most cases also supported hardwood and other conifer species. Common associates included eastern hemlock (Tsuga canadensis (L.) Carr.), yellow birch (Betula alleghaniensis Britton), American beech (Fagus grandifolia Ehrh.), black cherry (Prunus serotina Ehrh.), Fraser magnolia (Magnolia fraseri Walt.), red maple (Acer rubrum L.), and sugar maple (Acer saccharum Marsh.). The historical land use and anthropogenic disturbances of these areas are typical of the region, with heavy cutting during the late 1800s through the early 1900s [18]. Fires often followed the harvesting, which altered the natural disturbance regimes (e.g., weather-related events such as blowdowns) of the region [32]. The age structure of each stand was variable and often multi-aged, based on the authors interpretation of stand structure and tree core data; however, detailed history and previous harvest data were largely unavailable.



In each stand, four randomly located points were identified for sampling using the random sample tool in Arc GIS. At each point, the closest damage-free understory spruce tree from each of three height classes (12 trees per stand) was selected and a range of measurements including dbh, total height, live crown height, and crown width measurements were recorded. Note that sampling was not proportional to tree counts by height class. Height classes were 0.1–2.6 m, 2.7–5.1 m, and 5.2–7.6 m. The sample tree was then cut, and depending on total tree height, cross-sections were collected at fixed increments along the bole: 0, 0.3, 0.6, 0.9, 1.37, 2.37, 3.37, 5.37, and 7.37 m from the ground. Trees in smaller height classes had cross-sections removed up to what their total height would allow.



In addition to the understory red spruce, one or two (at Kumbrabow State Forest) mature dominant/co-dominant, undamaged red spruce trees were harvested at each site to assess historical early growth patterns. At each plot, the closest tree to plot center was selected based on the criteria that it was in a dominant/co-dominant crown position and visually without damage to the lower portion of the bole that would preclude accurate aging. These trees were felled and cross-sections removed from the main stem using the same increments used for the understory trees.



All cross-sections were air-dried for several weeks then sanded using progressively finer sandpaper, finishing with 600 to 800 grit. Cross-sections were visually cross-dated using the list method described by Yamaguchi [33]. Disks were scanned at 2400 dpi (Epson Expression 12000XL, Indonesia; Epson Perfection V600, Japan) and uploaded into CooRecorder 9.01 software (Cybis Elektronik & Data AB; Saltsjobaden, Sweden). Tree ring measurement files were then assessed through COFECHA (Version 6.06P, Laboratory of Tree Ring Research, Univ. Arizona) separated by plot to statistically determine cross-dating accuracy. Flags or potential cross-dating issues were viewed and corrected when appropriate until a minimum satisfactory correlation value of 0.35 (which is the threshold for statistical significance for p < 0.05 for a chronology length of at least 44 years) was reached between each individual series and the master chronology for each plot [34]. Tree ring measurements from overstory mature trees could not be statistically cross-dated due to small sample size. As an alternative, two random radii were counted and reviewed for discrepancies [35]. A small number of understory samples and one overstory tree were removed prior to analysis due to the presence of injury, rot, or severe reaction wood that influenced accurate tree ring identification. A total of 252 understory and 23 mature red spruce trees were used in the final analyses.



The Carmean method was used to calculate height at ages between cross-sections [36]. This method assumes annual height growth between cross-sections is constant and that the cross-section was sampled in the middle of the year’s height growth. From these data, growth rates between heights were determined and used to build height growth curves for individual trees using the equation:


Hij = hi + (hi + 1 − hi)/[2(ri − ri + 1)] + (j − 1)(hi + 1 − hi)/(ri − ri + 1)








where Hij = estimated tree height at age of the jth ring, hi is height at ith cross-section, ri = number of rings at ith cross-section, and j = age transition between cross-sections.



Reference curves were developed for all height classes combined. The RefCurv software package (original version) [37] was used to carry out the lambda-mu-sigma (LMS) method [38]. A degree of freedom was set for each lambda, mu, and sigma using Bayesian information criterion (BIC) prior to using the Rigby and Stasinapoulos algorithm [39] to fit the curves in R 4.3.1 (R Core Team; Vienna, Austria). Prior to inputting data into the RefCurv program, an outlier analysis was carried out on the age distribution of all understory trees and on each individual height class. Data points beyond three standard deviations from the mean (less than 1% of all points) were removed to avoid individual trees heavily influencing portions of the curves.




3. Results


Among understory red spruce, as expected, taller seedlings/saplings were on average older than those in the shorter height classes. The range in mean age was 21 years. Average live crown height, dbh, crown width, and age increased by height class. Mean annual growth in the largest individuals was more than triple that of the smallest class (Table 1).



The height distribution by age varied greatly (Figure 2). For example, seedlings between 30 and 40 years-old varied in height from about 0.5 to over 7 m. Similarly, seedlings reached or approached 7 m heights by age 30 to over 100 years. However, these are endpoints, and do not describe growth patterns or trajectories among individual seedlings.



Individual seedling height development is shown below (Figure 3). The 252 seedlings exhibited much overlap in growth patterns, with fewer individuals having much faster or slower growth. Using the RefCurv analysis program, seedlings across all height classes were combined into a comprehensive model for understory red spruce (Figure 4). The model fit was significant to an α = 0.0001 level. The upper centiles (75th through 97th percentiles) showed immediate differentiation in growth rates from the lower centiles. By year 10, the lower centiles (3rd through 50th percentiles) begin to differentiate. Growth rates were greatest between years 10 and 30 for centiles above the 50th. The lowest centiles displayed slow growth through 50 years. The range of heights modeled at 50 years was between 0.95 m (3rd percentile) and 6.85 m (97th percentile).



Sample size of overstory red spruce was insufficient and noncontiguous to properly model growth centiles. Twenty-three overstory trees were used to project individual age–height relationships to broadly compare how an older cohort grew during their seedling/sapling stages compared to the current understory cohort, which were modeled using the reference curves (Figure 5). The growth curves showed somewhat of a separation in growth rates between mature trees established before 1890, when large-scale logging occurred, and those established after 1890. Thirteen of the twenty-three mature individuals outperformed the 97th percentile in understory height growth by year 50, with two-thirds of those established pre-1890. Nine of the twenty-three mature trees remained below the 50th percentile of understory height growth at 50 years, but eventually reached a dominant or codominant position. The slowest growing individual did not display growth rates above the 10th percentile until after age 70.




4. Discussion


Red spruce is an important species in high-elevation Central Appalachian forests. Understanding its development and pathways into overstory canopy positions is important to guide silvicultural decision-making and evaluate restoration goals and establishment success. Height growth trajectories will also assist with understanding successional dynamics in mixed species stands that will eventually succeed to red spruce in the absence of natural disturbances and human logging [7].



Sampling of understory red spruce was separated into three height classes to capture a range of ages and height development in young trees. Although shorter height classes displayed a lower mean age, the range of ages across the three height classes was similar, highlighting the variability in growth rates of trees established during the same period (Table 1), which was likely due to microsite conditions within the stand. These microsites include altered conditions created by overhead light conditions and understory competition. In this study, the vast majority of the sampled understory stems were influenced by some form of competition. The most common species overtopping the sampled understory trees were other red spruce (39%), followed by red maple (21%), and yellow birch (15%) [40]. Many studies show suppressed red spruce trees positively responding to overhead competition removal treatments [18,41]. However, a challenge associated with prescribing release treatments is knowing when growth rates are stalled or lagging behind. Our reference curves provide a quantitative mechanism for assessing growth rates across the broad population of understory red spruce trees. Although red spruce is remarkably tolerant to shade [42], its height growth and hence stand development can be restrained due to shading. The reference curves show that height growth can differ by over 3 m in 20 years for upper and lower centile seedlings (Figure 4). Understanding various centiles for a certain age class will allow managers to make decisions regarding acceptability of growth rates ad potential need for release treatments.



The majority of seedlings sampled to create our reference curves were in locations without gaps or recent gaps. Only 7.5% of the sampled understory spruce trees occurred in gaps in the current stands [40]. Gaps averaged 41 m2, which is comparable to the gap frequency and average size recorded by others in red spruce forests [14,15]. Seedlings growing under intact canopies or in small gaps typically have high turnover and slow growth rates, while larger gaps (>300 m2) permit better growth [19]. The slower growth rates recorded for the red spruce seedlings in this study reflect competition from adjacent plants and light limitations associated with closed canopy forests [43], a common condition for forests on public lands due to the lack of harvesting [44]. However, these conditions are representative of most red spruce growing in the Central Appalachian region since about 90% of red spruce forests in the Central and Southern Appalachians is on public land [44], as were all the sites sampled in this study.



Some studies have shown as many as nine release events, averaging four per tree, leading to increased growth rates and ultimately overstory canopy positions, while other studies in West Virginia show 40% of seedlings had at least one release and an average age at release of 39 years [15]. Gap creation does result in success for individual red spruce. However, continuous open growth was generally absent for our understory red spruce seedlings (Figure 2). Although red spruce mortality has been widely studied through periods of overstory decline [45,46,47,48], it is less commonly researched in the seedling and sapling stages [32,39].



The widespread logging during the late 1800s and early 1900s reduced much of the red spruce range in West Virginia [5,49]. However, the logging activities during this time also spurred the regeneration of the many mature stands seen today. Our data show two distinct ascension pathways for early development in the mature trees (Figure 5). The open or free growth population that is largely characterized by the post-1890 trees, which likely experienced very open canopies and limited overhead competition. The other population, established pre-1890 spruce, developed prior to widespread logging in the region. They likely grew under at least partial overhead shading, and hence developed at slow rates. In the absence of logging, stand replacing events are rare among this forest type, with disturbance limited to low- to moderate-severity events (e.g., windthrow, gaps associated with beech bark disease) [23]. However, without detailed site histories this cannot be confirmed.



When these mature spruce populations are compared to the reference curves developed from understory spruce seedlings and saplings, the ascension pathways are very evident. The fastest growing mature individuals outperformed the 97th centile for the understory trees almost immediately, indicating open growth or high resource availability from the time of establishment. The slowest growing individual matched the growth of the third centile for understory spruce at age 30. By age 50, more than one-half of the mature trees outperformed the 97th centile and no individual was below the 10th centile, suggesting the centiles shift as stand ages and individuals are not able to persist long enough to experience release into the overstory.



Still, many of sampled mature trees maintained growth rates consistent with lower centiles through age 50. This slower pathway to success is supported by other regional studies [15,43]. Red spruce has the remarkable ability to grow even when subjected to decades of suppression. Studies have shown red spruce can achieve roughly one-half its growth potential in openings with 25% open sky [50].




5. Conclusions


Red spruce has experienced an array of challenges in the Central Appalachians ranging from exploitative management practices to changes in climate and competition. Furthering our understanding of the species’ growth pattern in the region can help inform management decisions to meet restoration goals. Understanding how successful trees developed in early stages of life can help verify which other young trees have similar potential to ascend into the upper canopy.



This study shows that understory red spruce can persist in the understory for decades without release. The successful mature trees established after 1890 grew much faster on average than our current understory trees. However, the mature trees that established prior to 1890 have growth patterns that are more similar to today’s understory stems, which suggests there are many pathways available to this shade-tolerant species to ascend into the upper canopy. Our results showing two pathways for ascension to the canopy suggest that there is flexibility when designing restoration treatments for releasing existing red spruce and accelerating their accession to the canopy. Treatments can include a variety of canopy gap sizes. However, the successful development of the understory spruce seedlings will require additional releases in order to reach the upper canopy. Whether this can happen naturally is unclear, since the release events that allowed the pre-1890 stems to grow, were probably from much larger gaps than we see in our contemporary stands [23].



Future studies of red spruce growth should consider monitoring the microclimatic conditions of red spruce and spatially explicit measures of intra-specific (i.e., between red spruce) and inter-specific (i.e., between red spruce and other species) competition dynamics as this would help model recent trends in red spruce height growth trajectories. Additionally, although the height–age relationships for the reference curves were highly significant, practitioners would likely prefer using surrogates for age that could be more easily measured.







Author Contributions


Conceptualization, J.L.S. and M.T.-V.G.; Methodology, J.L.S., S.C., and J.M.G.; Data curation: J.M.G.; Formal Analysis, J.M.G., J.L.S., and S.C.; Writing—Original Draft Preparation, J.L.S. and J.M.G.; Writing—Review and Editing, J.L.S., M.T.-V.G., and S.C.; Supervision, J.L.S.; Project Administration, J.L.S. and M.T.-V.G.; Funding Acquisition, J.L.S. and M.T.-V.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the United States Forest Service, Northern Research Station, Timber and Watershed Lab under Joint Venture Agreement Number 15JV11242301-096. This material is based upon work that is also supported by the National Institute of Food and Agriculture, U.S. Department of Agriculture, McIntire Stennis project WVA00804.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to ongoing research.




Acknowledgments


We thank the USDA Forest Service and the West Virginia Division of Forestry for allowing access to the field sites. A special thanks to John Brown and Eric Yetter of the USDA Forest Service for their collaboration on this project.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hopkins, A.D. Report on investigations to determine the cause of unhealthy conditions of the spruce and pine from 1880–1893. Part I, the spruce investigation. West Virginia Agricultural Experiment Station. Bulletin 1899, 56, 197–270. [Google Scholar]

	



Strausbaugh, P.D.; Core, E.L. Flora of West Virginia (Part 1); West Virginia University Bulletin: Morgantown, WV, USA, 1952; p. 273. [Google Scholar]

	



Lewis, R.L. Transforming the Appalachian Countryside: Railroads, Deforestation, and Social Change in West Virginia, 1890–1920; The University of North Carolina Press: Chapel Hill, NC, USA, 1998; 348p. [Google Scholar]

	



Gundy, M.A.T.-V.; Sturtevant, B.R. Using scenario modeling for red spruce. J. For. 2014, 112, 457–466. [Google Scholar]

	



Adams, H.S.; Stephenson, S.L. Old-growth red spruce communities in the mid-Appalachians. Vegetation 1989, 85, 45–56. [Google Scholar] [CrossRef]

	



Griffith, D.M.; Widmann, R.H. Forest Statistics for West Virginia: 1989 and 2000; USDA Forest Service Resource Bulletin NE-157: Newtown Square, PA, USA, 2003. [Google Scholar]

	



Schuler, T.M.; Ford, W.M.; Collins, R.J. Successional dynamics and restoration implications of a montane coniferous forest in the central Appalachians, USA. Nat. Areas J. 2002, 22, 88–98. [Google Scholar]

	



Soulé, P.T. Changing Climate, Atmospheric Composition, and radial tree growth in a spruce-fir ecosystem on Grandfather Mountain, North Carolina. Nat. Areas J. 2011, 31, 65–74. [Google Scholar] [CrossRef]

	



Rollins, A.W. Analysis of Red Spruce (Picea rubens) Regeneration in Pocahontas, Randolph, and Tucker Counties, West Virginia. Master’s Thesis, West Virginia University, Morgantown, WV, USA, 2005. [Google Scholar]

	



Mayfield, A.E.; Hicks, J.R. Abundance of red spruce regeneration across spruce-hardwood ecotones at Gaudineer Knob, West Virginia. In Ecology and Management of High Elevation Forests in the Central and Southern Appalachian Mountains; Rentch, J.S., Schuler, T.M., Eds.; U.S. Department of Agriculture, Forest Service, Northern Research Station: Slatyfork, WV, USA, 2010; pp. 113–125. [Google Scholar]

	



Nowacki, G.; Carr, R.; Van Dyck, M. The current status of red spruce in the Eastern United States: Distribution, population trends, and environmental drivers. In Proceedings of the Ecology and Management of High-Elevation Forests in the Central and Southern Appalachian Mountains, Slatyfork, WV, USA, 14–15 2009 May; General Technical Report NRS-P-64. USDA, Forest Service, Northern Research Station: Slatyfork, WV, USA, 2010; pp. 140–162. [Google Scholar]

	



Adams, H.S.; Stephenson, S.L.; Blasing, T.; Duvick, D. Growth-trend declines of spruce and fir in mid-Appalachian subalpine forests. Environ. Exp. Bot. 1985, 25, 315–325. [Google Scholar] [CrossRef]

	



Beane, N.R.; Rentch, J.S.; Schuler, T.M. Using Maximum Entropy Modeling to Identify and Prioritize Red Spruce Forest Habitat in West Virginia; Research Paper NRS-23; U.S. Department of Agriculture, Forest Service, Northern Research Station: Newtown Square, PA, USA, 2015; 16p.

	



Lutz, A. Characterizing Red Spruce (Picea rubens Sarg.) Advanced Reproduction in a High Elevation Stand in West Virginia; Graduate Theses, Dissertations, and Problem Reports; West Virginia University: Morgantown, WV, USA, 2018; p. 7209. [Google Scholar]

	



Rentch, J.S.; Schuler, T.M.; Ford, W.M.; Nowacki, G.J. Red Spruce stand dynamics, simulations, and restoration opportunities in the central Appalachians. Restor. Ecol. 2007, 15, 440–452. [Google Scholar] [CrossRef]

	



Yetter, E.; Chhin, S.; Brown, J.P. Dendroclimatic analysis of Central Appalachian red spruce in West Virginia. Can. J. For. Res. 2021, 51, 1607–1620. [Google Scholar] [CrossRef]

	



Adams, M.B.; Eager, C. Effects of acidic deposition on high-elevation spruce-fir forests in the United States. In Acid Depsoition; Longhurst, J.W.S., Ed.; Springer: Berlin/Heidelberg, Germany, 1991. [Google Scholar]

	



Rentch, J.S.; Ford, W.M.; Schuler, T.M.; Palmer, J.; Diggins, C.A. Release of suppressed red spruce using canopy gap creation- ecological restoration in the central Appalachians. Nat. Areas J. 2016, 36, 29–37. [Google Scholar] [CrossRef]

	



Dumais, D.; Prévost, M. Germination and establishment of natural red spruce (Picea rubens) seedlings in silvicultural gaps of different sizes. For. Chron. 2016, 92, 90–100. [Google Scholar] [CrossRef]

	



Seymour, R.S. The red spruce-balsam fir fores of Maine: Evolution of silvicultural practice in response to stand development patterns and disturbances. In The Ecology and Silviculture of Mixed-Species Forests; Kelty, M.J., Larson, B.C., Oliver, C.D., Eds.; Forestry Sciences; Springer: Dordrecht, The Netherlands, 1992; p. 40. [Google Scholar]

	



Stehn, S.E.; Webster, C.R.; Jenkins, M.A.; Jose, S. High-elevation ground-layer plant community composition across environmental gradients in spruce-fir forests. Ecol. Res. 2011, 26, 1089–1101. [Google Scholar] [CrossRef]

	



Rollins, A.W.; Adams, H.S.; Stephenson, S.L. Changes in forest composition and structure across the red spruce-hardwood ecotone in the Central Appalachians. Castanea 2010, 75, 303–314. [Google Scholar] [CrossRef]

	



Rentch, J.S.; Schuler, T.M.; Nowacki, G.J.; Beane, N.R.; Ford, W.M. Canopy gap dynamics of second-growth red spruce-northern hardwood stands in West Virginia. For. Ecol. Manag. 2010, 260, 1921–1929. [Google Scholar] [CrossRef]

	



Rhodes, B. Evaluating Restoration Outcomes: Red Spruce Reforestation in the West Virginia Highlands. Master’s Thesis, University of Kentucky, Lexington, Kentucky, 2022. [Google Scholar]

	



Vickers, L.A.; Larsen, D.R.; Knapp, B.O.; Kabrick, J.M.; Dey, D.C. Reference charts for young stands—A quantitative methodology for assessing tree performance. Can. J. For. Res. 2017, 47, 1677–1686. [Google Scholar] [CrossRef]

	



Theobald, D.M.; Stevens, D.L.; White, D.; Urquhart, N.S.; Olsen, A.R.; Norman, J.B. Norman. Using GIS to generate spatially balanced random survey designs for natural resources applications. Environ. Assess. 2007, 46, 134–146. [Google Scholar]

	



West Virginia GIS Technical Center. Red Spruce (Picea rubens) Cover in West Virginia. 2013. Available online: https://wvgis.wvu.edu (accessed on 20 July 2020).

	



National Climatic Data Center. Monthly Summaries, Pocahontas, Randolph, Tucker Counties, WV. 2020. Available online: www.ncdc.noaa.gov/cdo-web (accessed on 21 July 2020).

	



PRISM Climate Group. Oregon State University. 30 Year Normals. 2020. Available online: http://prism.oregonstate.edu (accessed on 20 July 2020).

	



Jenkins, A.B. Organic Carbon and Fertility of Forest Soils on the Allegheny Plateau of West Virginia. Master’s Thesis, West Virginia University, Morgantown, WV, USA, 2002. [Google Scholar]

	



Price, P.H. Geologic Map of West Virginia; WV Geologic and Economic Survey: Morgantown, WV, USA, 1968. [Google Scholar]

	



Thomas-Van Gundy, M.A.; Nowacki, G.J.; Schuler, T.M. Rule-Based Mapping of Fire-Adapted Vegetation and Fire Regimes for the Monongahela National Forest; Gen. Tech. Rep. NRS-12; U.S. Department of Agriculture, Forest Service, Northern Research Station: Newtown Square, PA, USA, 2007; 24p.

	



Yamaguchi, D.K. A simple method for cross-dating increment cores from living trees. Can. J. For. Res. 1991, 21, 414–416. [Google Scholar] [CrossRef]

	



Grissino-Mayer, H.D. Evaluating crossdating accuracy: A manual and tutorial for the computer program Cofecha. Tree-Ring Res. 2001, 57, 205–221. [Google Scholar]

	



Stokes, M.A.; Smiley, T.L. An Introduction to Tree-Ring Dating; University of Chicago Press: Chicago, IL, USA, 1968. [Google Scholar]

	



Carmean, W.H. Site index curves for upland oaks in the Central States. For. Sci. 1972, 18, 109–120. [Google Scholar]

	



Winkler; Linden, K.; Mayr, A.; Schultz, T.; Welchowski, T.; Breuer, J.; Herberg, U. RefCurv: A Software for the Construction of Pediatric Reference Curves. Softw. Impacts 2019, 6, 100040. [Google Scholar] [CrossRef]

	



Cole, T.J. The LMS method for constructing normalized growth standards. Eur. J. Clin. Nutr. 1990, 44, 45–60. [Google Scholar]

	



Stasinopoulos, D.M.; Rigby, R.A. Generalized additive models for location scale and shape (GAMLSS) in R. J. Stat. Softw. 2007, 23, 1–46. [Google Scholar] [CrossRef]

	



Gray, J.M. Central Appalachian Understory Red Spruce (Picea rubens Sarg.) Growth Rates and Allometric Relationships. Master’s Thesis, West Virginia University, Morgantown, WV, USA, 2020. [Google Scholar]

	



Newton, M.; Cole, E.C.; McCormack, M.L., Jr.; White, D.E. Young Spruce-Fir Forests Released by Herbicides II. Conifer Response to Residual Hardwoods and Overstocking. North. J. Appl. For. 1993, 9, 130–135. [Google Scholar] [CrossRef]

	



Blum, B.M. Red spruce. In Silvics of North America: 1. Conifers; 2. Hardwoods; Agriculture Handbook 654; Burns, R.M., Barbara, H., Honkala, U.S., Eds.; Department of Agriculture, Forest Service: Washington, DC, USA, 1990; Volume 2, 877p. [Google Scholar]

	



McCormick, F.J.; Busing, R.T. Growth pattern of Picea rubens prior to canopy recruitment. Plant Ecol. 1999, 140, 245–253. [Google Scholar]

	



Morin, R.S.; Widmann, R.H. A comparison of the status of spruce in high-elevation forests on public and private lands in the southern and central Appalachian Mountains. In Proceedings of the Ecology and Management of High-Elevation Forests in the Central and Southern Appalachian Mountains, Slatyfork, MV, USA, 14–15 May 2009; Rentch, J.S., Schuler, T.M., Eds.; Gen. Tech. Rep. NRS-P-64. U.S. Department of Agriculture, Forest Service, Northern Research Station: Newtown Square, PA, USA, 2010; pp. 132–139. [Google Scholar]

	



Mielke, M.E.; Soctomah, D.C.; Marsden, M.A.; Ciesla, W.M. Decline and Mortality of Red Spruce in West Virginia; USDA Forest Service Report 86-4; U.S. Department of Agriculture, Forest Service, Northern Research Station: Newtown Square, PA, USA, 1986.

	



Johnson, A.H.; Cook, E.R.; Siccama, T.G. Climate and red spruce growth and decline in the northern Appalachians. Proc. Natl. Acad. Sci. USA 1988, 85, 5369–5373. [Google Scholar] [CrossRef] [PubMed]

	



McLaughlin, S.B.; Downing, D.J.; Blasing, T.J.; Cook, E.R.; Adams, H.S. An analysis of climate and competition as contributors to decline of red spruce in high elevation Appalachian forests of the eastern United States. Oecologia 1987, 72, 487–501. [Google Scholar] [CrossRef] [PubMed]

	



Hamburg, S.P.; Cogbill, C.V. Historical decline of red spruce populations and climatic warming. Nature 1988, 331, 428–431. [Google Scholar] [CrossRef]

	



Allard, L.E. The Canaan and the Stony River Valleys of West Virginia, their former magnificent spruce forests, their vegetation and floristics today. Castanea 1952, 17, 1–60. [Google Scholar]

	



Moores, A.R.; Seymour, R.S.; Kenefic, L.S. Height development of shade-tolerant conifer saplings in multiaged Acadian forest stands. Can. J. For. Res. 2007, 37, 2715–2723. [Google Scholar] [CrossRef]








[image: Forests 14 02260 g001] 





Figure 1. Locations of red spruce sites across eastern Western Virginia. 
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Figure 2. The total height of seedlings and saplings at the time of sampling. 
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Figure 3. Individual growth patterns for 252 understory red spruce seedlings growing in the Central Appalachian region