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Because of its importance to both carbon storage and biodiversity, old forest has regained currency as a focus of forest management and policy. However, absence of a systematic approach to classifying stages of forest development across all forest types precludes our understanding of the current distribution of the mature and old-growth forest estate. Here, we propose functional definitions of mature and old-growth forests consistent with theories of forest stand development and evaluate the implications for assessing their spatial distribution nationwide. Using plot data from a national forest inventory and assuming space-for-time substitution, we modeled forest carbon accumulation over time using saturating, non-linear growth models. We define the onset of old-growth characteristics as occurring at the age when the density of total forest carbon stored in live and dead biomass reaches 95% of the empirically derived maximum, and the mature forest stage as occurring between the peak average carbon increment and the age of onset of old growth. We fit models within unique forest type-groups and, where possible, accounted for differences in site productivity. Population-level estimates of the mature and old-growth forest estate were calculated using sample design-based estimators. Across forest type-groups, the age at onset of old growth varied from 34 to 577 years, and the onset of mature forest conditions ranged between 16 and 313 years. Within forest type-groups, the effect of site quality on the age at onset of mature and old-growth forest varied but generally supported our hypothesis that high site quality accelerates forest development and increases forest carbon storage in old forests. We classified 6.3% of current forested lands in the United States as old growth and almost one-third as mature. Of the current old-growth forest estate, approximately 46% is found on federal public lands, and 11% is currently in congressional reserves. We posit that continued improvements to modeling the dynamic process of forest development and integration with structural definitions of old growth will be needed to ensure targets for old-growth retention and development are achieved.
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Introduction

Late-successional (mature and old-growth) forests occupy a special place in our world. Characterized by a relatively long period of development since catastrophic disturbance, these forests offer unique benefits to ecosystems and people. By virtue of their advanced age, old trees develop features, such as thick, complex bark that offers protection from wildfires (Binkley et al., 2007) and distinct habitat for invertebrates and wildlife (Franklin et al., 2018). Pockets of decay in standing live and dead trees and down logs provide nest sites for cavity-nesting birds and den sites for mammals (Hunter and Schmieglow, 1990). Brooms from advanced mistletoe and fungal infections provide nesting sites for both birds and mammals (Hedwall and Mathiason, 2006; Paragi and Rodman, 2020). The complexity of the resulting forest canopy often supports the highest species diversity of any forest development stage after the post-disturbance, early-seral “preforest stage” (Franklin et al., 2018). Old forests store more carbon in live and dead material than young forests (Pregitzer and Euskirchen, 2004; Keeton, 2018), and the detritus built up on the forest floor filters and stores water better than young forests (Gordon et al., 2008). In addition to their critical role in the ecosystem, old forests provide unique recreational and spiritual experiences for people who revere the connection to deep time and awe-inspiring presence of big trees and silence (Hayward, 1991). Some of the most beloved recreational destinations in the country, places like Sequoia, Redwood, and Olympic National Parks, Hearts Content National Scenic Area, and the Joyce Kilmer Memorial Forest, offer special experiences to millions of people a year due, in part, to their remaining old-growth forests.

Conservation of late-successional forests in the U.S. has been an issue of management concern since at least the 1970s when discovery of their habitat value coincided with realization of their imminent disappearance (Forest Ecosystem Management Assessment Team [FEMAT], 1993). Liquidation of primary forests had occurred since settlement, moving from the Northeast to the Lake States to the South, and finally to the Pacific Northwest, where the last remaining stands were targeted early in the 20th century (Greeley, 1925). Years of controversy surrounding the appropriate use of public timberlands culminated in the creation of the Northwest Forest Plan (NWFP), an amendment to public forest management plans in Washington, Oregon, and northwestern California enacted in 1994, which reserved most of the remaining late-successional forest in the Pacific Northwest from timber harvesting (U.S. Department of Agriculture, Forest Service, and U.S. Department of the Interior, Bureau of Land Management, 1994). Following a subsequent period of relative calm, the issue has recently regained currency as awareness has grown of the value of old forests as carbon stores and their vulnerability to wildfire, climate change, and continued logging. On 22 April 2022, President Joseph R. Biden issued an executive order directing the Secretaries of Agriculture and the Interior, “within 1 year, to define, identify, and complete an inventory of old-growth and mature forests on Federal lands” in anticipation of the development of policies “to institutionalize climate-smart management and conservation strategies that address threats to mature and old-growth forests on Federal lands” (Biden, 2022).

Heretofore, no national inventory has ever been ordered or conducted. At the height of the controversy that led to the NWFP, the U.S. Forest Service did issue a formal position statement of its intention to manage the national forests to provide “old-growth values” and committed “Regions with support from Research [to] continue to develop forest type old growth definitions [and] conduct old growth inventories…” (U.S. Department of Agriculture, Forest Service, 1989). In subsequent years, much work was done to develop regional definitions of old growth (see e.g., Green et al., 1992; Mehl, 1992; Various authors, 1993; Gaines et al., 1997; Tyrell et al., 1998), but for various reasons, including inconsistencies in definitions from region to region, the challenge of matching definitions to standard inventory data, and, perhaps, waning interest on the part of the public in the wake of the NWFP, no national inventory was ever conducted in response to the position statement. Further obscuring a clear picture of the status of late-successional forests was the utter lack of a definition of mature forests, as referenced in the executive order. Completing the required inventory will require both clear definitions of mature and old-growth forests and the means to quantify and map them.

As forests age, they change in a number of important ways. First, and most obviously, the trees get older, and this characteristic can be used to distinguish late-successional forests. This was the approach taken in the NWFP where mature forest is recognized as any stand, irrespective of forest type, over 80 years beyond the stand-initiating disturbance (Forest Ecosystem Management Assessment Team [FEMAT], 1993). In setting this threshold, scientists relied on research that suggested that conditions associated with old-growth Douglas-fir forests of the Pacific Northwest began to develop at 80 years and are well developed by age 200 (Spies and Franklin, 1991). Similarly, the State of Minnesota uses 120 years as the age of onset of old growth for several forest types, which is believed to correspond to the age at which sugar maple stands transition from a homogeneous overstory to a more complex structure (Frelich and Reich, 2003). While a region-wide, uniform stand age provides a simple criterion for classifying mature and old-growth forest, it misses much of the variability in forest conditions resulting from forest composition, site quality, and disturbance history (Wirth et al., 2009).

Second, as a forest recovers following major disturbance, it typically changes from an open stand of young saplings, to a closed-canopied, relatively uniform forest, eventually transitioning into a dynamic system of horizontally and vertically diverse structure as trees die, fall over and are replaced by younger trees (Bormann and Likens, 1979; Oliver and Larson, 1996). Forests subject to frequent, non-catastrophic disturbances (e.g., surface fire) maintain old forest structure through different mechanisms, but both types of forest exhibit relatively large trees, decadence and decay, large snags, and spatial heterogeneity in the old-growth stage (Morgan, 1994; Kaufmann et al., 2007; Johnston et al., 2021). These structural characteristics can be used to classify late-successional forest, and in fact, structural definitions are by far the most common approach to classifying old growth (Hilbert and Wiensczyk, 2007). In response to the aforementioned U.S. Forest Service position statement, regional characterizations of minimum densities of large live trees, snags, and down wood, in addition to minimum ages of old growth, were developed for most forest types in the U.S. (Capp et al., 1992; Green et al., 1992; Mehl, 1992; Various authors, 1993; Gaines et al., 1997; Tyrell et al., 1998). Stands that meet all the minimum criteria may be recognized as old growth. Unfortunately, no similar definitions were developed to distinguish mature forests, making it impossible to use existing structural definitions to classify mature forest. Other authors have argued that no structural thresholds exist (Hunter and White, 1997) and that stands are better described by a continuous index of “old-growthness” (Spies and Franklin, 1988). In theory, index values pertaining to mature forest, as well as old growth, could be identified, as has been done in the monitoring of the NWFP (Davis et al., 2015), but such values for most of the rest of the U.S. would be arbitrary without more research into the structural characteristics of mature forests.

A third way in which forests change over time is in their function, including population processes (e.g., rates of recruitment, growth, and mortality) as well as important ecosystem services, such as soil stabilization, wildlife habitat, and, especially, carbon sequestration. When forests are young, their rates of biomass accumulation start out low but quickly rise as leaf area is built, reaching maximum values early in stand development (Kira and Shidei, 1967; Assmann, 1970; Smith and Long, 2001; Binkley et al., 2002; Gray et al., 2016). For reasons that are still not well-understood (see Gower et al., 1996; Xu et al., 2012; West, 2020; Binkley, 2021), further stand development sees the rate of accumulation drop from this peak and begin a long, steady decline. With enough time, stands approach a maximum biomass, as respiration and decomposition balance photosynthesis (Odum, 1969; Bormann and Likens, 1979). This tendency for biomass to stabilize over time has been recognized from the earliest days of forest science (Assmann, 1970; Davis and Johnson, 1987) and has been suggested as a characteristic of old-growth forests (Hayward, 1991; Hilbert and Wiensczyk, 2007; Wirth et al., 2009; Franklin et al., 2018). Ecologists have debated for years whether old forests truly reach a steady state, rising slowly to an asymptote, or whether they continue to add carbon at a modest rate, overshoot a maximum and relax to a reduced steady state, or even fluctuate around a mean based on population processes (Odum, 1969; Bormann and Likens, 1979; Peet, 1981; Aplet et al., 1989; Luyssaert et al., 2008, 2021; Keeton, 2018; Gunderson et al., 2021). In any case, as others have done, forest carbon accumulation can be modeled as following a sigmoid trajectory with an inflection point and an asymptote, reaching a maximum steady state (Janisch and Harmon, 2002; Hudiberg et al., 2009; Zhu et al., 2018). An age near the maximum forest biomass accumulation (e.g., 95% of the maximum) can be used to approximate the age at onset of old growth while allowing for subsequent carbon accumulation or loss during the old-growth phase. This “functional definition” of old-growth forest based on carbon accumulation represents a novel way of classifying the older forest stage that is distinct from those that utilize structural features of old-growth forest referred to above.

An additional benefit of this approach is that the dynamics of forest carbon accumulation can be used to identify the age at onset of mature forest conditions in addition to old growth. Foresters have long used changes in forest productivity to mark significant points in forest development and have recognized the point at which periodic productivity of live tree merchantable volume drops below average productivity (the so-called “culmination of mean annual increment” or CMAI) as the point at which the stand reaches maturity and should be harvested to maximize yield over time (Assmann, 1970; Davis and Johnson, 1987). In forestry, CMAI identifies biological maturity and is not necessarily correlated with the development of any structural attributes, but it is an objectively identifiable point in an otherwise continuous ecological process and has been recognized by others as the point beyond which occurs the mature seral stage and increasing stand diversity (Forest Ecosystem Management Assessment Team [FEMAT], 1993; Franklin et al., 2018). The same concept can be applied to the total biomass increment to identify the beginning of the mature seral stage from a forest carbon accumulation standpoint. To avoid confusion with the forestry application of CMAI, we call this point “peak average carbon increment.” As others have used periodic annual increment and CMAI to identify three “phases” of forest development (Assmann, 1970; Salas-Eljatib et al., 2021), we use these objectively defined transitions in carbon accumulation to identify four stages of forest maturation: (1) “early seral” from stand initiation to peak periodic carbon increment; (2) “young forest” from peak periodic carbon increment to peak average carbon increment; (3) “mature forest” from peak average carbon increment to the age at which 95% of maximum biomass is achieved; and (4) “old growth” (Figure 1).
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FIGURE 1
Example of forest stand development classification demonstrated using plots among the highest site productivity classes within the Douglas-fir forest type-group. Panel (A) shows a scatterplot of forest carbon density—including both live and dead components—against stand age. Forest carbon accumulation is estimated by a modified Chapman-Richards function that assumes forest carbon density is asymptotic with respect to stand age. We define the age at the onset of old growth forest as the point in stand development when forest carbon density reaches 95% of the asymptotic level. Panel (B) shows how the rate at which forest carbon accumulates over time, or “periodic carbon increment”, (dC/dAge) can be derived from the accumulation curve. The “average carbon increment” curve is derived by dividing forest carbon by stand age at each point in time (C/Age). “Early seral” stands are those with ages less than the peak periodic carbon increment (i.e., maximum growth rate), “young” stands are those with ages greater than age at peak periodic carbon increment and less than the age at peak average carbon increment, while “mature” forests are older than age at peak average carbon increment but haven’t reached the age at onset of old growth.


This functional model can be useful for describing the four stages of forest development, but it is complicated by a number of factors. First, productivity, or the rate of accumulation of biomass, is affected by site quality. High quality sites accumulate biomass more quickly than low quality sites and therefore reach peak productivity and maturity earlier (Assmann, 1970; Daniel et al., 1979; Peet, 1981; Gray et al., 2016). Larson et al. (2008) explored the relationship between site quality and forest structural development in Douglas-fir/western hemlock stands in the Pacific Northwest and concluded that high-quality sites do indeed reach old-growth structure more quickly. These differences suggest that stands of the same forest type may reach mature and old-growth phases at different times depending on site quality (Oliver and Larson, 1996), though a comprehensive investigation into the effects of site quality on rates of forest structural development remains absent. Figure 2 presents hypothetical relationships between site quality, rate of forest carbon accumulation, and final yield. Forest composition, initial conditions, and disturbance history can all have similar impacts, resulting in unique ages of onset of mature and old-growth conditions for each stand.
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FIGURE 2
Prediction of how site quality affects forest carbon accumulation over time. At the stand level, site quality gradients influence the rate of forest carbon accumulation and constrain maximum forest carbon density. Stands with higher site quality are predicted to reach the age at the onset of old growth (Agehigh) more rapidly than lower quality sites (Agelow). High-quality sites are also predicted to support a greater density of forest carbon at the age of the onset of old growth (Carbonhigh) compared to lower quality sites (Carbonlow).


Mapping of mature and old-growth forest in the U.S. has evolved considerably over time. The first effort to depict the remaining “virgin forest” was published in 1925 by Forest Service Chief William Greeley using hand-drawn dots to represent the area of remaining forest “based on estimates by states,” which were “not all correctly located” (Greeley, 1925). The earliest efforts to map old growth in California, Oregon, and Washington were completed in the 1930s and 1940s, but those inventories employed no consistent definition or methodology and relied mostly on distinctions between “large” and “small” timber for classifying old growth (Bolsinger and Waddell, 1993). Use of inventory data and remote sensing to map old-growth forests first occurred in the Pacific Northwest in the lead-up to the Northwest Forest Plan (Morrison et al., 1991; Pacific Meridian Resources, 1991). Shortly thereafter, Johnson et al. (1991) combined past inventories, forest plans, and expert opinion to produce the first consistent spatial inventory of late successional and old-growth (LS/OG) forests on national forest and Bureau of Land Management lands throughout the range of the northern spotted owl. Two years later, the Forest Ecosystem Management Assessment Team used existing timber inventory maps of tree diameter and canopy complexity to distinguish late-successional from old-growth forests (Forest Ecosystem Management Assessment Team [FEMAT], 1993).

By the time of the first monitoring report of the NWFP, methods had improved to allow scientists to distinguish mature and old-growth forests from remote sensing (Moeur et al., 2005), and Strittholt et al. (2006) analyzed satellite data to identify “old conifer forest” (>150 years old) and “mature conifer forest” (50–150 years old). By the publication of the 15-year NWFP monitoring report, improvements in remote sensing methods spurred development of a new approach called “gradient nearest neighbor imputation” (Ohmann and Gregory, 2002) in which detailed plot data, including tree and snag size and density, can be assigned to locations not covered by plot-based inventories (Moeur et al., 2011).

In the third (20 year) NWFP monitoring report, Davis et al. (2015) improved on these methods by employing an Old-Growth Structure Index (OGSI) capable of accounting for more attributes of old growth and the nuances of their gradual development over time (Spies and Franklin, 1988; Franklin and Spies, 1991). By calculating OGSI for a large sample of forest inventory plots, then imputing those plots out across the entire region, the monitoring team was able to distinguish old-growth forest (OGSI-200) from all older forest (OGSI-80). They also used maps made by the Forest Service in the 1940s to allow comparison of current conditions to those prior to the post-war logging boom. Other imputation methods have been developed by Wilson et al. (2012) and Riley et al. (2021) for the continental U.S., but neither has yet been applied to the mapping of old growth. In Europe, Sabatini et al. (2021) used satellite imagery and boosted regression tree analysis to identify likely locations of the continent’s last remaining primary forest, and most recently, DellaSala et al. (2023) used global data on canopy height, canopy cover, and above ground living biomass to identify what they called “mature and old-growth forest (MOG)” of the United States but did not distinguish between the two.

The challenge before the scientific community is to develop a coherent and consistent framework to classify, inventory, and map mature and old-growth forests. Here, we use functional definitions outlined in Figure 1 to classify the age at onset of mature and old-growth forest conditions across the United States. We demonstrate how this definition can be integrated with the nation’s forest inventory framework to produce sample design-based estimates of the mature and old-growth forest estate. To do so, we modeled the age at onset of mature and old-growth forest conditions using a spatially balanced, national forest inventory data set and accounted for variability within and among forest type-groups. These plot-based estimates of the time until forests reach the age of mature and old-growth conditions were then paired with a plot imputation approach to map a continuous spatial coverage of forest maturity across the contiguous United States. In so doing, we endeavored to answer three primary questions:


1)How does the age at onset of mature and old-growth forest conditions vary among unique forest type-groups, and how do differences in site productivity affect these ages within forest type-groups?

2)How is the current mature and old-growth forest estate distributed in terms of forest type-groups, land ownership, conservation reserve status and site productivity?

3)How might plot imputation approaches be used to represent the geographical distribution of mature and old-growth forests at spatial resolutions relevant to landscape and regional-level forest management planning?





Materials and methods


Modeling forest carbon accumulation over time

Recognizing that several non-linear growth models are present in the forestry literature (Fekedulegn et al., 1999), we elected to use a modified Chapman-Richards growth model to explain patterns of forest carbon development over time:
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where y is the density of carbon stored in live and dead forest biomass, c is an intercept representing initial stand-level carbon density when stand age equals zero, a is the difference between the asymptotic carbon density level and initial stand-level carbon density such that (a+c) represents the asymptotic carbon density level, b is a slope parameter describing the shape of the accumulation curve, and STDAGE represents the age of the stand as defined by the Forest Inventory and Analysis (FIA) program of the United States Department of Agriculture Forest Service (described below). We follow Sleeter et al. (2022) who chose to fix the parameter d to 3 in a recent national assessment of forest carbon flux and stocks of U.S. forests. This decision ensures that the forest carbon accumulation curve will have an inflection point and is asymptotic with respect to stand age as has been assumed by others exploring carbon accumulation in forest stands (Janisch and Harmon, 2002; Hudiberg et al., 2009; Zhu et al., 2018; Bukoski et al., 2022). We estimated models for each FIA forest type-group and accounted for within-group variation by fitting separate models based on potential site productivity class described below. All models were estimated using non-linear least squares techniques implemented in R version 4.1.2. Starting values were selected using information provided in Sleeter et al. (2022).

We evaluated model performance using the root mean square error (RMSE) metric. RMSE characterizes the average difference between a model’s predictions and the observed values. Because RMSE is scale-dependent, we normalized the RMSE metric (NRMSE) for each model by the sample’s mean forest carbon density to compare NRMSE across models.



Forest inventory data

We acquired national forest inventory data from FIA, a program which has a long history of serving as the nation’s premier resource for information on the status and trends of forest conditions (Tinkham et al., 2018). The current FIA sampling design is intended to support strategic-level decision-making across the National Forest System through nationally consistent, annual sampling efforts in each state. In addition, these data serve as primary inputs into the nation’s carbon accounting framework in accordance with international reporting standards (Heath, 2013). Permanent plots are located within a hexagonal tessellation covering the entire nation and resulting in approximately one FIA plot located every 2,428 hectares, thus ensuring the plot network is spatially balanced and located irrespective of land ownership. Plots are scheduled for remeasurement every 5 and 10 years in the eastern and western United States, respectively. Field crews visit each forested plot location and, at a minimum, collect a set of core attributes using consistent protocols and definitions that facilitate robust, national-level monitoring of forest conditions.

The FIA plot design consists of four points arranged as one center point with three additional points distributed every 120o and spaced 36.6 m from the center point. Each point is surrounded by three plots of different sizes where information on trees of different size classes is measured. Saplings and seedlings with diameter at breast height (dbh) between 2.54 and 12.45 cm are measured on microplots (diameter = 2.07 m). Trees larger than 12.45 cm are measured on subplots (diameter = 7.32 m). A third, optional macroplot (diameter = 17.95 m) surrounds the subplot and is where rare, large trees may be sampled. One or multiple “conditions” representing distinct domains based on land use, forest type, stand size, regeneration status, tree density, stand origin, ownership group and disturbance history are mapped within each subplot. Each condition occurring on the subplot is assigned a condition proportion that is used to weight observations during population estimation. Where more than one condition exists per subplot, condition-specific information is maintained in the data.



Developing plot-level estimates of forest carbon density, stand age, and site productivity

We obtained the most recent plot data for all FIA plots located throughout CONUS. Our response variable—plot-level density of forest carbon stored in live and dead biomass—was constructed using data collected at the condition level. Carbon pools included: (1) down and dead, (2) litter, (3) standing dead (i.e., snags), (4) belowground understory vegetation, (5) aboveground understory vegetation, (6) belowground live tree, and (7) aboveground live tree. Carbon in fine organic material below the soil surface to a depth of 1 m is also estimated at the condition level (O’Connell et al., 2017, p. 2–47) but was excluded from this analysis because the effect of stand development and disturbance on soil carbon has been found to be equivocal (Johnson and Curtis, 2001; Overby et al., 2002). The carbon density pools observed at the condition level include those that are estimates based on models that include direct measurements (e.g., aboveground live tree, standing dead) and some based on models that do not include direct measurements (e.g., litter). Similar to Wilson et al. (2013) and Bell et al. (2022), we assume these estimates represent true observations but acknowledge they contain measurement error (Clough et al., 2016).

Stand age is calculated by FIA at the condition level using tree cores collected by field crews. Cores are extracted from trees representing the “predominant (based on stocking) diameter class of live trees within the condition…” (O’Connell et al., 2017, p. 2–33). Stand age represents the mean value of the field recorded age of all cored trees in the predominant diameter class. As Stevens et al. (2016) has shown, FIA stand age does not reliably describe the time since stand-initiating disturbance. Rather, it simply indicates the length of time that the predominant diameter class has been present on the site. Stands can be even-aged or uneven-aged with trees older or younger than the stand age. Stand age in uneven-aged stands often reflects an average of multiple cohorts, which can be affected by stand history (e.g., fires that kill smaller trees or wind storms that kill larger ones). Older stand ages indicate older stands, not necessarily anything about their developmental history.

Site quality was captured by a categorical site productivity variable measured at the condition level. Site productivity class is determined by estimates of the culmination of mean annual increment of merchantable wood. Our approach employed site productivity class because it provides a consistent metric for describing site quality, as opposed to site index, which is conditional upon a “base age” that can vary within forest type-groups as well as upon site index curves unique to each species. Preliminary analyses revealed that the frequency of plots and distribution of stand ages observed in each site productivity class was not even within forest type-groups. Because these limitations could bias the effect of site productivity on patterns of forest carbon accumulation within forest type-groups, we aggregated the seven classes of site productivity to produce more balanced classes within each forest type-group (see Supplementary Table 1). In general, when a site productivity class had less than approximately 100 observations, the plots were lumped with the adjacent site productivity class.

To assign forest types to each plot, FIA uses a hierarchical decision-tree that is based on trees sampled within each condition. According to the FIA database user’s guide (O’Connell et al., 2017, p. 2–24):







	

	
“The algorithm begins by comparing the live tree stocking of softwoods and hardwoods and continues in a stepwise fashion comparing successively smaller subgroups of the preceding aggregation of initial type groups, selecting the group with the largest aggregate stocking value. The comparison proceeds in most cases until a plurality of a forest type is identified.”






Each of the forest types are associated with one higher level forest type-group (n = 31 including “Nonstocked” forest) that represents an aggregation of like forest types (Costanza et al., 2018). We used the forest type-group classification rather than individual forest types to account for differences in species composition in a tractable number of classes while maintaining a sufficient sample size to analyze effects of site quality in most forest type-groups. We removed FIA plots where multiple conditions were observed in an effort to minimize model variability that may be accentuated by plots with multiple forest types or land use histories. Preliminary analyses revealed unstable model performance for forest type-groups with less than 50 FIA plots, so three forest type-groups with limited information were removed from the analysis (i.e., Redwood, Exotic softwoods, and Western white pine forest type-groups). The final sample included 75,159 plots measured between 2004 and 2021.



Classifying phases of stand development and population estimation

For each forest type-group and site productivity class, we solved for the age at the onset of old growth by substituting estimated model parameters into Equation 1 and setting y equal to 95% of the asymptotic carbon density level. We set the age of a mature forest stand as the age at which the instantaneous carbon accumulation rate equals the mean annual rate (i.e., the “culmination of mean annual increment” of forest carbon). The age at which stands transition from early seral to young was found by taking the second derivative of the modified Chapman-Richards growth model with respect to stand age and setting it equal to zero (i.e., peak instantaneous carbon accumulation rate).

The FIA program uses post-stratification to reduce the variance when estimating the aerial extent of populations of interest (Bechtold and Patterson, 2005). We used these sample design-based estimators to calculate the area of each modeled stand development phase and summarized these estimates in terms of forest type-group, ownership, reserve status, and site productivity. All FIA database queries and population estimation were performed in R version 4.1.2 using the rFIA package (Stanke et al., 2020).



Mapping mature and old-growth forest

We merged plot-level estimates of the classified stages of forest development with TreeMap (Riley et al., 2021), a model of FIA plot locations imputed throughout forested areas of the conterminous United States at 30 m spatial resolution. TreeMap was conceived in the context of supporting wildland fire and fuels management (Riley et al., 2021), and as such, the imputation approach and technical validation differ from existing and ongoing efforts to impute FIA plot locations at regional (Ohmann and Gregory, 2002) and continental (Wilson et al., 2012) scales using nearest neighbor methods. TreeMap employed a random forest machine learning algorithm to develop relationships between information collected in the FIA plots and geospatial data produced by the LANDFIRE project (Riley et al., 2021). The final TreeMap product is a raster grid populated with unique identifiers which can be crosswalked to FIA plot identifiers, thus establishing a spatially explicit relational database wherein forest attributes collected by FIA can be readily mapped. This merger facilitated a landscape-level spatial representation of our modeled stages of forest development, which, conceptually, could be used to support and monitor landscape-level forest management in the context of mature and old-growth retention and development.




Results

A total of 60 forest carbon accumulation models were fit to unique combinations of forest type-groups and site productivity classes, with multiple models fit to site productivity classes for 14 of 27 forest type-groups. The NRMSE ranged from 0.26 to 0.77, with accuracy lowest in models with fewer samples (Table 1). This approach yielded highly variable ages at the onset of old growth within and among forest type-groups, ranging from 34 to 577 years (Table 2). The age at onset of old growth was estimated to be less than 100 in 10 of 60 models, half of which were in gymnosperm forest type-groups found in the eastern United States (Figure 3). The age at onset of old growth for western gymnosperm forest type-groups (e.g., Hemlock/Sitka spruce, Lodgepole pine, Douglas-fir, Fir/spruce/mountain hemlock, and Other western softwoods) tended to be the most delayed. Age at onset of old growth was variable for angiosperm forest type-groups, with those found in the western US reaching this threshold relatively quickly (e.g., Alder/maple, Tanoak/laurel) and slowly (e.g., Western oak). Eastern angiosperm forest type-groups tended to be in the range of 100–200 years. Not surprisingly, the age at onset of mature forest conditions followed the same pattern, with maturity reached as early as 16 years in some Loblolly/shortleaf pine forests, and as late as 313 years in Other western softwoods (Table 2).


TABLE 1    Summary of sample size, accuracy, and estimated model parameters from the modified Chapman-Richards growth models within and among forest type-groups.
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TABLE 2    Age and forest carbon density associated with the estimated age at transitions between stand development phases.
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FIGURE 3
Model results of forest carbon accumulation for forest type-groups in the United States. When feasible, multiple forest carbon accumulation curves along a gradient of site productivity were fit to the forest inventory data. Each point in the scatter plot represents a unique FIA plot and the total number of plots within each forest type-group used in model fitting is presented in the panel’s upper right. The point at which the forest carbon accumulation curves reach 95% of the modeled asymptotic level is represented by the colored, filled circles. This point is used to derive the age at the onset of old-growth forest characteristics. The forest carbon accumulation curves are extended with dashed lines from the age at the onset of old growth to the modeled asymptotic level of forest carbon density.


Asymptotic forest carbon density ranged from a low of 45 Mg ha–1 in Pinyon/juniper to 520 Mg ha–1 in high-site Douglas-fir (Table 2). Some forest type-groups demonstrated very little difference in asymptotic carbon density across the site productivity gradient (e.g., Maple/beech/birch, Oak/pine, and Hemlock/Sitka spruce), while others differed significantly from the least to most productive sites (e.g., Douglas-fir, California mixed conifer, Ponderosa pine, Loblolly/shortleaf pine, and Elm/ash/cottonwood).

Estimates from the most recent FIA inventory indicate there are 263,989,190 hectares of forested land in CONUS after excluding forest type-groups for which we did not model forest carbon accumulation (mostly “Nonstocked” forest). Excluded forest type-groups equaled 12,034,831 hectares or roughly 4% of the estimated total forestland. We classified 6.3% of forests as old growth, 32.4% as mature, 31.4% as young and 29.9% as early seral. Just three forest type-groups, Loblolly/shortleaf pine, Longleaf/slash pine, and Pinyon/juniper, contribute approximately 77% of the current old-growth forest estate (Table 3). The average proportion of each forest type-group currently in the old-growth phase is 7.46%, but this varies widely among forest type-groups from zero in the Tropical hardwoods to 22.6% of the Loblolly/shortleaf pine forest, which, at 5.7 million hectares, is the most abundant old-growth type (Figure 4). The most abundant mature forest type is Oak/hickory at 27.7 million hectares, which, like Maple/beech/birch, Oak/gum/cypress, Spruce/fir, White/red/jack pine, Alder/maple, Other eastern softwoods, and Western larch, has over 40% of its area in the mature forest stage. Figure 4 shows that seven forest type-groups, including Fir/spruce/mountain hemlock, Woodland hardwoods, and Douglas-fir, have less than 15% of their area in the mature stage or older, while six forest type-groups have more than half of their area in the mature or old-growth stages. Mature forest is the most common stage in 14 of 27 forest type-groups (Figure 5).


TABLE 3    Estimates of total forest area, range of age at onset of old growth, forested area by stand development phase, and proportion of total forest area in each stand development phase across forest type-groups.
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FIGURE 4
The proportion of total forested area by forest type-group and stand development phase. Forested area is estimated using standard, post-stratification estimators developed by the Forest Inventory and Analysis program. Forest type-groups are ordered along the x-axis in terms of increasing forest extent.
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FIGURE 5
Distribution of forested area by forest type-group, stand development phase and reserve status. Reserves are defined by FIA as public lands permanently prohibited from being managed for wood production through statute or agency mandate, including wilderness areas, national parks and monuments, and most state parks.


Of the current old-growth forest estate, we found that approximately 11% is located within congressionally designated conservation reserves (Table 4). The proportion of current old-growth forests found within reserves varies among forest type-groups (Figure 5). For several western gymnosperm forest type-groups (e.g., California mixed conifer, Hemlock/Sitka spruce, Lodgepole pine, and Fir/spruce/mountain hemlock), more than one-third of current old-growth forests is found in reserves. For several eastern forest type-groups with relatively appreciable amounts of old growth (i.e., Longleaf/slash pine, Loblolly/shortleaf pine, and Oak/pine), less than 10% of current old growth is found in reserves.


TABLE 4    Forested area outside and within congressionally designated reserved lands across forest type-groups.
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With the exception of the Pinyon/juniper-dominated Bureau of Land Management lands, old growth is the least abundant stand development phase across all ownership categories (Figure 6 and Supplementary Table 2). Mature forests are the most abundant stand development phase in all ownership classes except USFS land, where young forest is most common. Overall, about 45% of all old growth occurs on Private/Native American land, despite being only 4.4% old growth. Another 23.7% of old growth in CONUS occurs on USFS land, which is 7.5% old growth.
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FIGURE 6
Estimates of forested area by ownership groups and stand development phase. “NPS”, National Park Service; “Other federal”, Fish and Wildlife Service, Department of Defense, Department of Energy, and other federal agencies; “BLM”, Bureau of Land Management; “Non-federal public”, state/local governments or other non-federal public institutions; “USFS”, United States Forest Service; “Private”, undifferentiated private and Native American reservation lands.


Site quality is unevenly distributed across forest land and across ownerships (Figure 7). The vast majority of BLM land is in the lowest site productivity class, as is almost all of its old growth. Old growth tends to be most common in the lowest site productivity classes of other ownerships, as well, though the national parks, which mostly occur on lower quality sites, are rich in old growth where site quality is relatively high. Approximately 3% of the current old-growth forest estate can be found in the two most productive site classes, while approximately 33% can be found in the lowest site productivity class (Table 5).
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FIGURE 7
Estimates of forested area by ownership groups, site productivity class and stand development phase. “NPS”, National Park Service; “Other federal”, Fish and Wildlife Service, Department of Defense, Department of Energy, and other federal agencies; “BLM”, Bureau of Land Management; “Non-federal public”, state/local governments or other non-federal public institutions; “USFS”, United States Forest Service; “Private”, undifferentiated private and Native American lands.



TABLE 5    Forested area and proportion of total forested area summarized by stand development phase, site productivity class code, and ownership group.
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The map of forest stand development phase reveals spatial patterns in forest maturity across the contiguous United States (Figure 8). Even at the national extent, significant old-growth forests appear at landscape scales, particularly the Olympic Peninsula and northern Cascades of Washington state and pinyon/juniper forests of the “Four Corners” region of the desert southwest. Notable hotspots of mature forests appear throughout the eastern United States, including southeastern Missouri and northern Arkansas, along the Tennessee-North Carolina border in the Great Smoky Mountains, West Virginia, northern portions of Pennsylvania and New York, and much of New England. In the western United States, mature forests appear more concentrated in the mountainous terrain, including the Sierra Nevada of California and the Mogollon Rim of Arizona and New Mexico. Mature and old-growth forests also appear throughout eastern Nevada and the southern Pine Belt from the East Texas Piney Woods across the Gulf Coast to the Carolina Piedmont.
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FIGURE 8
Map of stand development phases across the contiguous United States.




Discussion

Interest in developing public forest management policies that conserve and promote the recruitment of mature and old-growth forests has been hampered by the lack of a unifying framework to classify, inventory and map their extent. By integrating concepts of forest stand development with standard modeling frameworks used to quantify patterns of forest carbon accumulation over time, we provide a first approximation of the distribution of mature and old-growth forests in the contiguous United States based on a functional definition of mature and old-growth forest. Like previous studies of forest carbon accumulation conducted across large spatial extents (e.g., Hudiberg et al., 2009; Zhu et al., 2018; Repo et al., 2021), our analysis relies upon high-quality national forest inventory data representative of forested conditions throughout the United States with different land use histories and across site productivity gradients. Importantly, our estimates of the mature and old-growth forest estate, and its distribution across ownership groups and conservation reserves, make use of sample design-based estimators with known properties (Bechtold and Patterson, 2005). Nonetheless, we demonstrate how our plot-based estimates of mature and old-growth forest area could be spatially represented at the national extent and at a spatial resolution consistent with other geospatial products that inform landscape-scale management and decision-making (e.g., LANDFIRE,1 National Land Cover Database2). Recognizing myriad limitations and assumptions, we believe our modeling framework contributes to the scientific understanding of mature and old-growth forests throughout the United States.

Comprising 6.3% of the forests we examined, our first approximation indicates that old-growth forest is rare, as has been suggested by others for decades (Greeley, 1925; Gordon et al., 2008; Barton and Keeton, 2018). This total includes the fast-growing Loblolly/shortleaf pine and Longleaf/slash pine forest type-groups that reach the age at onset of old growth in less than 100 years and may, with time, succeed to other forest types. Classifying these types as old growth may be surprising to those accustomed to thinking of old growth as “ancient,” but the dynamics are consistent with observations from these forests. The ages of onset of old growth for these two type-groups are similar to the 35 years that Christensen and Peet (1981) found for achievement of maximum volume in loblolly pine but are considerably less than the 79–112 years reported by Gaines et al. (1997) as the minimum age of old growth in these types. Excluding these two pine groups, other eastern type-groups averaged just 2.3% old growth. The most abundant forest type-group in the U.S., Oak/hickory, is less than one percent old growth. The same pattern does not hold for mature forest, where most forest type-groups have a quarter or more of their area in the mature stage, and overall, mature forest constitutes 32.4% of the forest estate, representing considerable opportunity for recruitment of future old growth. The 38.7% of the forest estate in mature and old-growth stages, combined, is remarkably close to the 35.9% estimated by DellaSala et al. (2022), despite the use of very different classification and mapping methods.

One possible concern about our approach is that by fitting asymptotic growth curves and defining old growth as the age at which forest carbon accumulation saturates, our method may result in biased age-based transitions in forest development in forest type-groups for which the age class distribution of extant forest has been severely truncated by past logging and land clearing. To test whether this may have happened here, we compared our ages at onset of old growth with previous efforts to identify minimum ages for old growth. In the late 1980s and early 1990s, spurred by the Chief of the Forest Service’s position statement on old-growth values (U.S. Department of Agriculture, Forest Service, 1989), researchers and managers in every Forest Service region developed minimum criteria for the identification of old growth, including stand age. Direct comparisons are difficult because the forest type classification systems do not match perfectly with the FIA forest type-groups used here, and differences in how stand age and site quality are defined likely further confound their correspondence. After attempting to crosswalk the systems and compare their minimum ages with our ages of onset of old growth (See Supplementary Figure 3-1), we found the ranges to largely overlap within forest type-groups with a few exceptions. Our estimates of the age of onset of old growth were considerably higher for Aspen/birch, the highly diverse Other western hardwoods group, and the Western oak group, which includes a variety of live and deciduous oaks as well as gray pine (Pinus sabiniana). In contrast, our estimates for White/red/jack pine, Tanoak/laurel, and the two southern pine groups were considerably lower.

Comparison of age at maturity is even more challenging, as no standard definition of maturity exists, except in the Pacific Northwest, where the Northwest Forest Plan has utilized 80 years as a threshold for all forest types (U.S. Department of Agriculture, Forest Service, and U.S. Department of the Interior, Bureau of Land Management, 1994). Very recently, Kerr (2021) assembled a variety of estimates of the culmination of mean annual increment of timber volume from around the country, which he believes can serve as a useful estimate of maturity. Though our estimated ages account for total forest carbon and not timber volume, estimates align well (see Supplementary Figure 3–2); our estimates of age at maturity are slightly biased upward, though there is clearly a correlation between what we estimate as the age of onset of maturity with respect to total forest carbon and traditional estimates of biological maturity. Our bias toward older ages of onset at maturity may reflect how biomass accumulation in the standing dead and coarse woody debris pools continues later into stand development beyond the culmination of mean annual increment of sawlog volume, such as in high biomass forests where the density of coarse woody debris can continue to increase for 450 years (Spies et al., 1988). These comparisons, though imperfect, appear to dispel concern that the ages we identified for onset of mature and old-growth conditions are affected by censored stand age in the FIA data.

While foresters have long understood the importance of site quality to the rate of forest development (Assmann, 1970), site quality has not factored much into historical classifications of late successional forests (but see Stewart, 1992; Beardsley et al., 1999). Oliver and Larson (1996) note that the effect of site quality can differentially affect the transition timing of old-growth forest development depending on species’ intolerance or adaptation to site quality. Given that our approach is based upon forest type-group classifications that have a relatively coarse taxonomic resolution and can have wide geographic distributions (e.g., Oak/Hickory), accounting for differences in site quality may be especially warranted. Our modeled forest carbon accumulation curves largely adhered to the patterns predicted in Figure 2 for sites of different productivity. In all but two forest type-groups (i.e., Maple/beech/birch and Oak/gum/cypress) for which we modeled separate site productivity curves, the asymptotic forest carbon density of the highest site productivity class was greater than that of the lowest class. Similarly, age at onset of old growth increased with decreasing site quality for all forest type-groups except Loblolly/shortleaf pine and Maple/beech/birch. The relative consistency of these patterns among forest type-groups provides preliminary evidence that site quality should factor into the estimation of age at onset of mature and old-growth forest conditions.

Even so, we found that limitations to the data can make it difficult to account for site quality. For example, despite the large number of plots in the Aspen/birch forest type-group, fitting multiple models resulted in ages of old-growth onset far beyond the age range of the data (Supplementary Figure 4). Whether this reflects the real trajectory of Aspen/birch, a peculiarity of extremely short-lived or clonal species, the influence of outliers, censored stand ages across site productivity classes, or the consequences of imposing a model form to which the data do not adhere remains unknown. One effort to model total forest carbon accumulation with stand age in Aspen/birch stands in northern Minnesota had success fitting a quadratic function (Bradford and Kastendick, 2010). We chose to conservatively aggregate plots across site quality classes out of an abundance of caution to avoid extrapolating beyond the data and overextending the influence of site quality on the rate and carrying capacity of forest carbon (see Supplementary Figures 4-1, 4-2). Lastly, it remains unclear whether truncated stand ages in higher site productivity classes due to past management practices influence our model results.

Our development of a functional definition of mature and old-growth forests based on forest carbon dynamics was motivated, in part, by a dearth of information describing various stand-level characteristics of mature forests throughout the country. Defining mature forests as those with stand age beyond peak average carbon increment can provide an objective starting point in a subsequent ex post evaluation of their structural, compositional, and demographic characteristics. By screening FIA plots that meet our classification criteria for maturity based on forest type-group, site productivity class and stand age, it may be possible to detect unique structural elements that distinguish them from young and old-growth forests of the same type using tree-level data collected by FIA (e.g., diameter class distributions, diversity of height classes, density of snags). In some forest types, the understory vegetation community structure and composition may differ significantly between stand development phases (Scheller and Mladenoff, 2002), especially at the transition between mature and old growth (D’Amato et al., 2009). Fortunately, FIA collects detailed understory vegetation data on graminoids, forbs, and shrubs in each of the four subplots, and saplings and seedlings in the microplots (Bechtold and Patterson, 2005). In addition, mortality dynamics of certain tree species in particular size classes may further help discriminate between stand development phases. While information on the spatial aspect of mortality (i.e., canopy gap formation) may yield additional insight into stages of forest development (Das et al., 2011; Aakala et al., 2012; Larson et al., 2015), it is unlikely that the FIA plot footprints are sufficiently large to detect these patterns. Regardless, such demographic analyses within stand development phases and among forest types may prove especially useful in translating age-based thresholds of maturity into population-level processes (Hayward, 1991). As the collection of permanent FIA plots that have been remeasured is continually increasing over time, scientists are afforded a unique opportunity to monitor such population processes over large spatial extents using rich, longitudinal data (Stanke et al., 2021).

The modified Chapman-Richards function used to model forest carbon accumulation was selected for its ability to emulate growth in developing stands. The logic holds well for forest types that follow the typical trajectory of a forest stand after major disturbance (e.g., Douglas-fir, Fir/spruce/mountain hemlock, Lodgepole pine), but it may not hold as well for forest types that develop through chronic, non-catastrophic disturbances, such as ponderosa pine or longleaf pine, where biomass accumulation is affected by exogenous forces. Under their historical disturbance regimes, such forests sustain an old-growth structure over time through the interaction of fine-grained mortality and recruitment events and low-severity fire (Morgan, 1994; Van Lear et al., 2005). Despite these differences, there is nothing about the Chapman-Richards function that requires older forests to adhere to an even-aged structure. Stands that develop following catastrophic disturbance can develop uneven-aged structure (e.g. Douglas-fir/hemlock or Engelmann spruce/subalpine fir forest), even as they add biomass with stand age. Nevertheless, there are alternative functional forms akin to the sigmoidal shape of Chapman-Richards (e.g., Weibull, logistic, Gompertz) that warrant future evaluation (Salas-Eljatib et al., 2021). For example, a more flexible function could model the post-disturbance drop in total forest carbon that the Chapman-Richards function cannot. Ensemble models that incorporate predictions from multiple functional forms may help to reduce model variance (Burnham and Anderson, 2002). Recent efforts have assumed that the relationship between forest carbon accumulation and stand age is dependent upon climatic factors that can be accounted for via a hierarchical Bayesian framework and nested random effects (sensu Zhu et al., 2018). Such alternative modeling frameworks should be considered alongside alternative functional forms in future work, in addition to understanding the uncertainty surrounding our ages at onset of old-growth due to sample error, the thresholds assigned to different phases of stand development, and their potential interactions.

Forest Inventory and Analysis forest type-groups served well to stratify the inventory data into a manageable number of taxonomic strata where differences in forest carbon accumulation due to environmental (e.g., climate, soils, and disturbance regimes) and biological (e.g., competitive interactions, life history, pathogens) mechanisms can be accounted for. As evidenced by the unique rates and ultimate trajectories of forest carbon accumulation among the forest type-groups (Figure 3), this logical stratification appears supported by the data. Nevertheless, the diversity of forest types within some forest type-groups may contribute to model uncertainty. Presumably, segregating the data by site productivity class helped ensure that models were developed for like forest types (e.g., Rocky Mountain Douglas-fir is likely to occur on lower sites than western Cascades Douglas-fir). Still, the diversity within some forest type-groups may be so great as to cast doubt on the appropriateness of some models. For example, Oak/hickory, the most common forest type-group, contains 19 different forest types that vary widely in their growth rates, from bur oak (Quercus macrocarpa) to yellow-poplar (Liriodendron tulipifera). One logical advance from our methods would be to segregate forest types within forest type-groups and, assuming a sufficient sample of plots, fit new models. These nested classifications of forest type can be developed within a hierarchical framework at ecologically meaningful scales (e.g., ecological province, section and subsection) and guided by regional, expert opinion. So long as there are sufficient inventory data across a range of stand ages within each potential forest type classification, a national accounting of mature and old-growth forest like we have presented here is feasible. Alternative representations of constraints to site productivity (e.g., climatic water balance) may help to better understand mechanistic relationships between tree growth, mortality, and stand development through time.

Merging our FIA plot-based classified stages of stand development with TreeMap produced a higher resolution spatial representation of forest maturity compared to areal sampling units used by FIA (e.g., county). Conceptually, such maps could be used to support regional or landscape-level forest management in the context of mature and old-growth retention, development and monitoring. Our map of the mature and old-growth forest estate highlights locations throughout the nation where concentrations of old-growth and mature forest may be high (Figure 8). In some places, such as the Olympic Peninsula and northern Cascade mountains in Washington State, the imputed map affirms well-understood spatial distributions of remaining late-successional forests (Davis et al., 2015). In other regions where old-growth forests may be less heralded, such as the Ozark Mountains of Arkansas, our map suggests old-growth forest characteristics may be present. Similarly, while old growth may be rare throughout the East, our map suggests significant concentrations of mature forest in places like the Allegheny Mountains of West Virginia, the Allegheny Plateau of Pennsylvania, and the Adirondacks, indicating significant potential for old growth recruitment across large geographies. Currently, TreeMap is the only publicly available FIA plot imputation grid at 30 m resolution. Model accuracy of TreeMap was assessed in terms of tree cover, tree height, and existing vegetation cover as defined by LANDFIRE (Riley et al., 2021), so it remains unknown how well the model predicts the FIA attributes necessary to map our classification (i.e., forest type-group, site productivity class and stand age). We are aware that plot imputation methods are evolving rapidly (Barry T. Wilson, pers. comm.), and we encourage use of new and improved methods as they develop. Even so, ongoing work remains to understand uncertainty in distance-based imputation approaches across scales and forest types (Bell et al., 2022). Ultimately, any inventory of late-successional forest should be subjected to a thorough field-based accuracy assessment. Until then, we view our map as suggestive rather than authoritative. The emphasis should be on the conceptual advancement that integrates FIA plot-based estimates of forest developmental stage with a national plot imputation grid, rather than on specific locations.

In conclusion, we have shown that by applying a functional classification of mature and old-growth forest based on forest carbon dynamics, fitting forest carbon accumulation models to inventory data and deriving ecologically significant transition points, we can identify the age at onset of young, mature, and old-growth conditions for most forest type-groups. Insufficient inventory data for some forest type-groups prevented their inclusion, and a complete evaluation of how site productivity affects stand development within forest type-groups remains for future work. Importantly, by taking advantage of sample design-based estimators developed by FIA, we can calculate the area of each modeled stand development phase without the need of a mapped product. Given the ongoing development of techniques to improve upon the mapping of inventory-based forest attributes at large spatial extents, we caution against using these products to inform place-based decision making in the context of mature and old-growth forest management. We demonstrate how rich data summaries can be generated using auxiliary information in the FIA database, such as ownership and reserve status. We have estimated that old-growth forest represents approximately 6.3% of the nation’s forest estate, with 32.4% in the mature phase, and that late-successional forest is unevenly distributed with respect to forest type, ownership, site quality, and geography. Our framework of classifying, inventorying, and mapping mature and old-growth forests acknowledges the dynamic nature of forest development and contextualizes mature and old-growth forests within that dynamic process. Old forest isn’t a static object to freeze in time but a process to maintain where currently present and to restore where degraded. While protection of rare old-growth forest appears to be warranted, even relatively abundant mature forest must be managed in a way that assures the restoration and maintenance of future old growth for the climate, biodiversity, and esthetic benefits it provides.
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Forest type-group

Site productivity | Number of
plots

class

NRMSE

Estimated model parameters

b

Oak/hickory 1,23 803 0.41 123.36 (20.81)** 0.039 (12.94)* 27.43 (5.64)**
Oak/hickory 4 2,588 0.4 115.49 (36.77)*** 0.0345 (23.42)*** 26.82 (11.63)7**
Oak/hickory 5 5,992 0.39 116.63 (49.61)*** 0.0291 (32.67)*** 30.14 (18.9)***
Oak/hickory 6 4,278 0.37 120.6 (41.78)*** 0.025 (27.24)*** 23.98 (11.81)***
Oak/hickory 7 1,220 0.5 53.42 (12.33)** 0.0227 (10.69)*** 15.55 (10.6)***
Pinyon/juniper 1,2,3,4,5,6,7 8,096 0.3 22.43 (48.29)*** 0.0172 (29.71)*** 25.34 (53.85)**
Loblolly/shortleaf pine 1,2,3 1,446 0.35 123.38 (39.98)*** 0.0796 (28.02)*** 27.67 (9.94)**
Loblolly/shortleaf pine 4 2,459 0.37 101.47 (49.64)** 0.0915 (33.72)*** 22.86 (12.27)***
Loblolly/shortleaf pine 56,7 2,563 0.4 79.65 (44.74)*** 0.1159 (29.95)*** 17.98 (10.58)***
Maple/beech/birch 1,2,3,4 897 0.29 121.15 (21.14)*** 0.0288 (12.51)*** 42.76 (7.39)***
Maple/beech/birch 5 2,461 0.29 137.51 (34.49)*** 0.0262 (19.2)*** 40.07 (9.72)***
Maple/beech/birch 6,7 2,781 0.28 130.45 (32.6)** 0.0237 (19.2)*** 4528 (13.1)**
Douglas-fir 1,2 586 0.34 458.99 (37.86)*** 0.0258 (22.67)*** 88.17 (10.26)***
Douglas-fir 3 1,020 0.39 395.75 (38.36)*** 0.021 (23.65)*** 93.55 (12.15)***
Douglas-fir 4 907 0.46 396.91 (25.48)*** 0.0119 (18.46)*** 93.69 (11.35)%**
Douglas-fir 5 1,272 0.53 357.18 (16.45)%** 0.0075 (15.84)*** 87.4 (17.5)*
Douglas-fir 6,7 1,674 0.49 163.69 (11.63)*** 0.0076 (11.87)*** 72.89 (25.63)7**
Fir/spruce/mountain hemlock 1,2 106 0.49 321.99 (9.91)*** 0.0271 (6.07)*** 36.16 (1.2)
Fir/spruce/mountain hemlock 3 384 0.41 285.46 (17.28)*** 0.0173 (11.68)*** 81.69 (5.88)***
Fir/spruce/mountain hemlock 4 806 0.41 274.5 (20.49)*** 0.011 (15.05)*** 86.91 (12.09)***
Fir/spruce/mountain hemlock 5 1,660 0.4 284.98 (15.75)*** 0.0073 (17.16)*** 84.41 (25.63)***
Fir/spruce/mountain hemlock 6,7 1,613 0.41 157.34 (17.24)*** 0.0086 (16.56)*** 73.74 (30.06)***
Woodland hardwoods 1,2,3,4,5,6,7 4,147 0.59 61.4 (16.31)** 0.0121 (17.73)*** 22.42 (59.19)***
Ponderosa pine 1,2,3,4 396 0.48 106.48 (9.5)*** 0.02 (6.48)*** 61.86 (8.85)***
Ponderosa pine 5 1,063 0.4 97.26 (19.05)*** 0.0177 (13.47)*** 42.66 (12.09)***
Ponderosa pine 6,7 1,976 0.41 62.78 (19.6)*** 0.0184 (14.27)*** 36.78 (14.73)7**
Aspen/birch 1,2,3,4,5,6,7 3,123 0.41 94.18 (21.89)** 0.0208 (20.7)*** 39.77 (44.29)7*
Oak/pine 1,2,3,4 981 0.36 107.81 (31.12)*** 0.0525 (18.16)*** 30.23 (9.96)**
Oak/pine 5 1,034 0.38 106.3 (28.02)*** 0.0377 (17.36)*** 30.02 (13.25)7**
Oak/pine 6,7 588 0.38 102.66 (14.57)*** 0.0266 (10.84)*** 27.97 (8.97)**
Oak/gum/cypress 1,2,3,4 1,030 0.46 123.91 (23.64)%** 0.0434 (13.22)%%* 20.76 (4.23)7%*
Oak/gum/cypress 56,7 1,445 0.54 139.97 (20.83)*** 0.0289 (14.56)*** 25075 (7.35)***
Spruce/fir 1,2,3,4,5 952 0.26 84.28 (27.41)** 0.0303 (14.69)*** 47.09 (16.04)***
Spruce/fir 6,7 1,448 0.35 67.97 (22.54)** 0.0263 (13.92)*** 36.09 (12.4)**
Elm/ash/cottonwood 12,3 135 0.47 123.04 (8.01)*** 0.0417 (5.04)*** 17.16 (1.2)
Elm/ash/cottonwood 4 458 0.48 97.98 (10.92)*** 0.0323 (7.62)*** 27.91 (5.88)***
Elm/ash/cottonwood 5 675 0.47 102.7 (12.03)7* 0.0272 (9.21)*** 2747 (7.38)*
Elm/ash/cottonwood 6,7 878 0.52 77.06 (14.91)** 0.0264 (10.21)*** 21.22 (7.03)**
Lodgepole pine 15253455 441 0.35 126.41 (12.16)*** 0.0188 (10.66)*** 52.62 (16.09)**
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Lodgepole pine 6 1,459 0.36 103.03 (18.42)* 0.0131 (17.62)** 55.63 (39.08)*
Lodgepole pine 7 191 0.31 96.98 (6.87)* 0.0091 (6.51)** 55.07 (15.37)%*
Longleaf/slash pine 1,2,3,4,5,6,7 1,430 0.48 76.1 (23.6)* 0.091 (17.21)%** 21.71 (6.91)**
White/red/jack pine 1,2,3,4 471 0.36 109.36 (13.97)* 0.0313 (8.41)*** 45.95 (6.58)***
White/red/jack pine 56,7 733 0.37 108.99 (22.86)* 0.0273 (14.4)* 26.69 (7.9
Other western softwoods 1,2,3,4,5,6,7 927 0.38 88.18 (11.91)%* 0.0061 (12.03)*** 54.51 (37.68)%*
California mixed conifer 1,2,3 255 0.32 300.22 (14.05)%+* 0.0183 (9.88)*** 84.13 (4.02)***
California mixed conifer 4 274 0.35 220.97 (13)*+ 0.0133 (8.06)*** 89.25 (6.17)***
California mixed conifer 56,7 273 0.45 149.82 (9.2)* 0.0137 (5.38)* 62.94 (3.5
Hemlock/Sitka spruce 1,2 247 0.35 371.64 (17.26)* 0.0376 (13.42)** 56.88 (2.87)*
Hemlock/Sitka spruce 3 182 0.31 300.11 (12.37)%+* 0.0201 (8.47)*** 118.37 (4.98)*
Hemlock/Sitka spruce 4 165 0.32 352.11 (18.2)** 0.0124 (10.4)** 80.18 (4.75)%**
Hemlock/Sitka spruce 56,7 133 0.38 303.5 (11.23)%* 0.0108 (7.1)** 100.03 (4.3)**
Western oak 1,2,3,4,5,6,7 481 0.58 133.81 (6.51)°* 0.0136 (5.58)* 66.12 (9.03)*
Other hardwoods ,2,3,4,5,6,7 428 0.77 127.93 (7.49)* 0.0223 (6.04)* 26.06 (4.45)***
Western larch 12,3,4,5,6,7 279 0.39 124.5 (12.8)* 0.0281 (7.74)** 61.56 (7.91)***
Tanoak/laurel ,2,3,4,5,6,7 270 0.49 229.61 (13.74)* 0.032 (9.34)* 61.86 (4.93)*
Alder/maple ,2,3,4,5,6,7 209 0.45 177.92 (12.18)* 0.0531 (8.02)** 25.45 (1.78)
Other eastern softwoods ,2,3,4,5,6,7 207 0.37 60.77 (11.64)*** 0.0426 (6.77)** 17.18 (3.66)**
Exotic hardwoods 12,3,4,5,6,7 105 0.59 44.68 (6.75)** 0.0802 (4.09)*** 14.2 (2.63)*
Tropical hardwoods 1,2,3,4,5,6,7 58 0.62 98.3 (3.42)* 0.0271 (3.02)* 10.46 (1.31)

w04 < 0.0001, **p < 0.001, *p < 0.01.
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Forest

Forested area outside congressional

Forested area inside congressional

type-group reserves (ha) reserves (ha)

Early seral | Young Mature |Old growth | Early seral | Young Mature Old growth
Oak/hickory 20,909,855 12,211,612 26,494,998 335,739 360,177 109,914 1,167,827 46,222
Loblolly/shortleaf pine 5,495,007 4,364,065 9,722,451 5,539,524 11,958 4,196 20,718 176,855
Pinyon/juniper 6,294,680 4,625,873 7,722,167 4,621,462 402,189 97,947 792,414 750,816
Maple/beech/birch 7,563,176 1,979,679 7,911,538 27,335 311,113 42,094 1,124,776 32,042
Douglas-fir 2,924,892 9,912,231 1,051,252 295,895 373,481 804,745 225,803 76,310
Woodland hardwoods 1,158,053 13,003,313 362,327 4,920 116,371 252,842 69,090 -
Fir/spruce/mountain 2,725,841 5,503,258 596,053 76,537 1,331,950 1,943,998 534,938 77,836
hemlock
Oak/pine 2,921,592 3,107,975 4,216,082 565,076 73,182 29,354 109,785 41,634
Elm/ash/cottonwood 4,401,492 2,870,045 3,204,769 64,049 124,650 89,765 161,440 6912
Oak/gum/cypress 2,601,275 2,282,447 4,479,157 219,752 180,661 168,851 363,909 18,684
Aspen/birch 2,772,669 5,056,215 1,039,795 5,245 270,048 305,527 103,381 -
Ponderosa pine 4,094,307 1,653,878 2,735,786 225,492 152,564 37,442 268,172 52,456
Spruce/fir 1,833,989 1,282,224 2,602,652 261,229 110,878 60,753 304,936 36,944
Lodgepole pine 1,584,072 2,095,824 395,333 15,487 551,552 740,572 320,347 14,096
Longleaf/slash pine 945,291 875,178 1,650,163 1,560,828 4170 7,433 67,461 132,561
White/red/jack pine 1,248,063 748,148 1,744,603 66,571 52,893 30,627 132,771 26,204
California mixed conifer 1,097,061 621,872 687,540 131,031 196,378 32,265 273,518 69,493
Other western softwoods 290,012 1,969,933 34,832 4,080 143,073 364,304 41,814 29,572
Western oak 838,076 916,456 158,797 8,803 125,687 112,315 50,527 69
Hemlock/Sitka spruce 544,680 589,506 367,412 208,723 42,437 20,208 99,029 146,851
Other hardwoods 548,451 742,720 255,147 11,875 30,918 42,373 61,063 =
Alder/maple 297,689 179,449 444,945 173,548 9,808 5,288 21,403 20,044
Other eastern softwoods 399,135 206,235 492,717 24,751 8,167 1,161 10,382 =
Tanoak/laurel 233,857 134,046 230,692 70,165 29,344 55,785 65,872 57,536
Western larch 69,503 199,037 278,489 116,585 2,265 13,094 26,644 27,572
Exotic hardwoods 133,280 154,113 172,129 132,449 = = 2,264 =
Tropical hardwoods 75,310 75,158 35,630 - 55,636 54,397 12,992 -






OPS/images/ffgc-05-1070372-t005.jpg
Ownership group | Site productivity Forested area (ha) Percentage of forested area

class code
Old Mature | Young ou Mature | Young | Early
growth growth seral

BLM 1 3,239 3,256 = = 49.86 50.13 0 0
BLM 2 19,544 53,860 68,633 81,638 8.74 24.08 30.68 36.5
BLM 3 35,257 74,715 106,811 88,381 11.55 24.48 35 28.96
BLM 4 13,813 66,509 123,953 99,359 4.55 21.9 40.82 32.72
BLM 5 5,466 51,005 196,416 116,054 1.48 13.82 53.24 31.46
BLM 6 15,191 163,924 541,253 262,821 1.55 16.67 55.05 26.73
BLM 7 2,502,798 | 3,143,699 | 1,822,505 | 2,001,657 26.43 33.19 19.24 21.14
Non-federal public 1 6,661 53,397 34,725 26,030 5.51 44.2 28.74 21.55
Non-federal public 2 47,094 165,929 186,702 112,977 9.19 32.36 36.42 22.04
Non-federal public 3 118,947 427,269 303,051 360,645 9.83 35.31 25.05 29.81
Non-federal public 4 297,862 1,494,193 948,081 836,052 8.33 41.78 26.51 23.38
Non-federal public 5 331,934 3,230,380 | 1,745779 | 1,785,208 4.68 45.54 24.61 25.17
Non-federal public 6 420,613 3,608,440 | 1,671,888 | 2,205,767 5.32 45.64 21.15 27.9
Non-federal public 7 307,357 717,061 1,678,733 759,426 8.88 20.71 48.48 21.93
NPS 1 4,964 16,305 = 376 22.93 75.33 0 1.74
NPS 2 52,896 19,680 2,083 3,717 67.49 25.11 2.66 4.74
NPS 3 81,795 77,194 17,277 17,010 42.32 39.94 8.94 8.8
NPS 4 42,549 154,921 49,222 85,725 12.8 46.6 14.81 25.79
NPS 5 45,395 351,384 243,161 183,459 5.51 42.67 29.53 2228
NPS 6 53,580 458,871 531,774 461,481 3.56 30.48 35.32 30.65
NPS 7 135,550 219,543 225,133 155,253 18.43 29.85 30.61 21.11
Other federal 1 6,675 18,594 2,681 1,271 22.84 63.63 9.17 4.35
Other federal 2 10,886 28,654 597 10,366 21.55 56.74 1.18 20.53
Other federal 3 72,040 122,394 15,321 52,414 27.48 46.69 5.84 19.99
Other federal 4 190,802 390,325 79,864 139,668 23.83 48.75 9.97 17.44
Other federal 5 173,287 511,593 263,389 362,127 13.22 39.04 20.1 27.63
Other federal 6 130,924 230,280 213,899 320,036 14.63 25.73 23.9 35.75
Other federal 7 72,010 116,334 373,104 225,107 9.16 14.79 47.44 28.62
Private/Native American 1 22,017 244,712 274,206 194,230 2.99 33.29 37.3 26.42
Private/Native American 2 132,671 900,039 1,410,020 932,754 3.93 26.66 41.77 27.63
Private/Native American 3 695,783 4,934,660 | 3,663,385 | 3,380,534 5.49 38.93 28.9 26.67
Private/Native American 4 1,856,525 14,515,415 8,613,572 9,009,617 5.46 42.7 25.34 26.5
Private/Native American 5 2,588,826 | 20,423,722 | 13,752,524 | 17,626,714 4.76 37.55 25.28 32.41
Private/Native American 6 770,719 | 10,947,323 | 7,880,130 | 13,887,369 23 32.69 23.53 41.47
Private/Native American 7 1,400,687 | 3,535073 | 17,218,660 | 7,293,454 4.76 12 58.47 24.77
USFS 1 22,259 26,930 15,111 15,657 27.84 33.68 18.9 19.58
USES 2 196,562 273,069 153,715 226,301 23.13 32.14 18.09 26.63
USES 3 617,108 1,269,763 625,616 885,924 18.16 37.36 18.41 26.07
USFS 4 644,890 1,999,585 | 1,831,225 | 2,215,941 9.64 29.88 27.37 33.12
USES 5 898,282 3,309,235 | 5935186 | 3,468,994 6.6 24.31 43.6 25.49
USES 6 440,981 4,433,672 | 7,140,196 | 6,460,584 2.39 24 38.65 34.97
USES 7 1,121,424 | 2,737,824 | 2,828,162 | 2,720,762 11.92 29.1 30.06 28.92
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Forest type-group

Total forested

Age at onset of old

Forested area (ha)

Percentage of total forested area

area (ha) growth (years)
Early seral Young Mature | Old growth | Early seral | Young | Mature | Old growth

Oalc/hickory 61,636,344 100-164 21,270,032 12,321,526 27,662,825 381,961 34.51 19.99 44.88 0.62
Loblolly/shortleaf pine 25,334,774 34-49 5,506,965 4,368,261 9,743,169 5,716,379 21.74 17.24 38.46 22.56
Pinyon/juniper 25,307,548 185 6,696,869 4,723,820 8,514,580 5,372,278 26.46 18.67 33.64 21.23
Maple/beech/birch 18,991,754 130-156 7,874,289 2,021,773 9,036,314 59,377 41.46 10.65 47.58 0.31
Douglas-fir 15,664,610 151-512 3,298,373 10,716,976 1,277,055 372,206 21.06 68.42 8.15 2.38
Woodland hardwoods 14,966,916 301 1,274,424 13,256,155 431,417 4,920 8.51 88.57 2.88 0.03
Fir/spruce/mountain 12,790,410 148-515 4,057,790 7,447,256 1,130,991 154,373 31.73 58.23 8.84 121
hemlock
Oak/pine 11,064,680 74-145 2,994,774 3,137,329 4,325,867 606,711 27.07 28.35 39.1 5.48
Elm/ash/cottonwood 10,923,123 95-144 4,526,143 2,959,809 3,366,209 70,962 41.44 27.1 30.82 0.65
Oalk/gum/cypress 10,314,736 90-135 2,781,936 2,451,298 4,843,066 238,436 26.97 23.77 46.95 231
Aspen/birch 9,552,879 178 3,042,717 5,361,742 1,143,176 5,245 31.85 56.13 11.97 0.05
Ponderosa pine 9,220,097 177-203 4,246,871 1,691,320 3,003,958 277,948 46.06 18.34 32.58 3.01
Spruce/fir 6,493,606 117-134 1,944,867 1,342,977 2,907,588 298,174 29.95 20.68 44.78 4.59
Lodgepole pine 5,717,282 200-391 2,135,624 2,836,396 715,680 29,583 37.35 49.61 12.52 0.52
Longleaf/slash pine 5,243,084 42 949,461 882,611 1,717,624 1,693,388 18.11 16.83 32.76 323
White/red/jack pine 4,049,881 118-138 1,300,956 778,775 1,877,375 92,775 32.12 19.23 46.36 2.29
California mixed conifer 3,109,158 210-278 1,293,439 654,137 961,058 200,524 41.6 21.04 30.91 6.45
Other western softwoods 2,877,620 577 433,085 2,334,237 76,645 33,652 15.05 81.12 2.66 1.17
Western oak 2,210,730 264 963,763 1,028,771 209,324 8,872 43.59 46.54 9.47 0.4
Hemlock/Sitka spruce 2,018,846 106-350 587,117 609,715 466,441 355,574 29.08 30.2 23.1 17.61
Other hardwoods 1,692,547 174 579,369 785,093 316,210 11,875 34.23 46.39 18.68 0.7
Alder/maple 1,152,174 75 307,497 184,737 466,347 193,592 26.69 16.03 40.48 16.8
Other eastern softwoods 1,142,548 91 407,302 207,396 503,099 24,751 35.65 18.15 44.03 2.17
Tanoak/laurel 877,297 119 263,202 189,830 296,564 127,701 30 21.64 33.8 14.56
Western larch 733,188 129 71,768 212,131 305,133 144,157 9.79 28.93 41.62 19.66
Exotic hardwoods 594,235 45 133,280 154,113 174,393 132,449 2243 25.93 29.35 22.29
Tropical hardwoods 309,123 146 130,946 129,555 48,622 ~ 42.36 41.91 15.73 0
Total 263,989,190 - 79,072,859 82,787,739 85,520,730 16,607,863 29.95 31.36 32.40 6.29
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Forest type-group

Site productivity

Stand age at onset of forest

Carbon density at onset of forest

class code development phase (years) development phase (Mg ha™?1)
Young | Mature @ Old growth Young Mature Old growth

Oak/hickory 1,2,3 27 49 100 62 103 143
Oak/hickory 4 31 55 113 59 98 135
Oak/hickory 5 37 66 132 63 102 139
Oak/hickory 6 43 76 155 59 98 137
Oak/hickory A 48 84 164 31 48 66
Pinyon/juniper 1,2,3,4,56,7 63 jabi 185 32 39 45
Loblolly/shortleaf pine 1,2,3 13 24 49 60 104 144
Loblolly/shortleaf pine 4 11 21 44 49 85 118
Loblolly/shortleaf pine 5,6,7 9 16 34 38 67 93
Maple/beech/birch 1,2,8,4 37 66 130 77 117 156
Maple/beech/birch 5 41 73 144 79 125 169
Maple/beech/birch 6,7 45 80 156 83 126 167
Douglas-fir 1,2 42 74 151 220 371 520
Douglas-fir 3 52 91 184 207 337 465
Douglas-fir 4 92 160 326 209 338 466
Douglas-fir 5 145 253 512 192 308 422
Douglas-fir 6,7 144 251 480 121 174 225
Fir/spruce/mountain 1;:2 40 70 148 128 235 340
hemlock

Fir/spruce/mountain 3 63 110 220 164 258 349
hemlock

Fir/spruce/mountain 4 99 172 343 167 256 343
hemlock

Fir/spruce/mountain 5 149 260 515 168 260 351
hemlock

Fir/spruce/mountain 6,7 127 222 426 120 171 220
hemlock

'Woodland hardwoods 1,2,3,4,5,6,7 90 158 301 40 60 80
Ponderosa pine 1,:2:.3.:4 54 95 177 93 127 160
Ponderosa pine 5 61 107 203 71 103 133
Ponderosa pine 6,7 59 104 191 55 75 95
Aspen/birch 1,2,3,4,56,7 52 91 178 67 98 127
Oak/pine 1,2,3,4 20 36 74 60 97 131
Oak/pine 5] 28 51 101 60 96 130
Oak/pine 6,7 40 72 145 57 91 124
Oak/gum/cypress 1,2,3,4 24 44 90 55 97 137
Oak/gum/cypress 5,6,7 37 66 135 66 112 157
Spruce/fir 1,2,3,4,5 35 63 117 71 99 125
Spruce/fir 6,7 41 72 134 56 78 99
[Elm/ash/cottonwood 1,2,3 25 46 95 51 93 133
[Elm/ash/cottonwood 4 33 59 117 56 88 120
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Elm/ash/cottonwood 5 40 70 139 57 91 124
Elm/ash/cottonwood 6,7 41 72 144 43 69 93
Lodgepole pine 1,2,3,4,5 58 102 200 89 131 170
Lodgepole pine 6 83 145 272 86 119 151
Lodgepole pine 74 119 208 391 83 115 144
Longleaf/slash pine 1,2,3,4,5,6,7 11 21 42 42 69 93
White/red/jack pine 1,2,3,4 34 61 118 77 113 148
White/red/jack pine 5,6,7 39 70 138 58 94 129
Other western softwoods 1,2,3,4,5,6,7 180 313 577 80 109 136
California mixed conifer 1;2;.3 59 104 210 171 269 365
California mixed conifer 4 82 143 278 154 225 295
California mixed conifer 5,6,7 79 139 2 107 155 202
Hemlock/Sitka spruce 1,2 28 51 106 162 286 407
Hemlock/Sitka spruce 3 54 95 187 205 303 398
Hemlock/Sitka spruce 4 87 153 310 183 297 411
Hemlock/Sitka spruce 5,6,7 101 176 350 189 287 383
Western oak ,2,3,4,5,6,7 80 140 264 105 149 190
Other hardwoods ,2,3,4,5,6,7 48 85 174 63 105 146
Western larch ,2,3,4,5,6,7 38 68 129 97 138 177
Tanoak/laurel 1,2,3,4,5,6,7 33 59 119 127 203 277
Alder/maple ,2,3,4,5,6,7 20 36 75 74 135 193
Other eastern softwoods ,2,3,4,5,6,7 25 45 91 34 55 74
Exotic hardwoods 1,2,3,4,5,6,7 13 24 45 26 42 56
Tropical hardwoods 1,2,3,4,5,6,7 40 70 146 39 71 103






