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There is a growing body of evidence that mesic tree species are increasing in importance across much of the eastern US. This increase is often observed in tandem with a decrease in the abundance and importance of species considered to be better adapted to disturbance and drier conditions (e.g., Quercus species). Concern over this transition is related to several factors, including the potential that this transition is self-reinforcing (termed “mesophication”), will result in decreased resiliency of forests to a variety of disturbances, and may negatively impact ecosystem functioning, timber value, and wildlife habitat. Evidence for shifts in composition provide broad-scale support for mesophication, but we lack information on the fine-scale factors that drive the associated functional changes. Understanding this variability is particularly important as managers work to develop site-and condition-specific management practices to target stands or portions of the landscape where this transition is occurring or is likely to occur in the future. To address this knowledge gap and identify forests that are most susceptible to mesophication (which we evaluate as a functional shift to less drought or fire tolerant, or more shade tolerant, forests), we used data from the USDA Forest Service Forest Inventory and Analysis program to determine what fine-scale factors impact the rate (change through time) and degree (difference between the overstory and midstory) of change in eastern US forests. We found that mesophication varies along stand and environmental gradients, but this relationship depended on the functional trait examined. For example, shade and drought tolerance suggest mesophication is greatest at sites with more acidic soils, while fire tolerance suggests mesophication increases with soil pH. Mesophication was also generally more pronounced in older stands, stands with more variable diameters, and in wetter sites, but plots categorized as “hydric” were often highly variable. Our results provide evidence that stand-scale conditions impact current and potential future changes in trait conditions and composition across eastern US forests. We provide a starting point for managers looking to prioritize portions of the landscape most at risk and developing treatments to address the compositional and functional changes associated with mesophication.
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Introduction

There is increasing evidence that forests across the eastern US are changing as a result of altered disturbance regimes, including the cessation of both natural and anthropogenic fire, other periodic, low- to moderate-severity disturbances (e.g., grazing, fuelwood/biomass extraction; Pyle, 1988), coupled with contemporary forest management practices and twentieth century climate patterns. These shifts have facilitated the growth and development of shade-tolerant, mesic tree species in a variety of forest cover types across the region (McEwan et al., 2011; Pederson et al., 2015; Hanberry et al., 2020; Alexander et al., 2021). For example, between 1980 and 2005, Fei and Steiner (2007) reported an increase in the relative importance of the mesic, shade-tolerant species Acer rubrum in 26 of 37 eastern states. Increases in the abundance and importance of these mesic species often occur concomitantly with decreases in the relative abundance, importance, and volume of more disturbance-adapted, xerophytic species that are often intolerant to mid-tolerant of shade, including ecologically and economically valuable Quercus species (Knott et al., 2019). This change in composition is not limited to the US. Spînu et al. (2020) found that fire suppression inhibited recruitment of oak and pine in European forests through time, and there is evidence of a directional trend in recent decades toward greater abundance of Fagaceae relative to Pinaceae in temperate forests worldwide (with the exception of eastern North America; Alfaro Reyna et al., 2018).

Several factors (e.g., climate, fire exclusion, changes in herbivory, introduction of non-native pests, pathogens, and plants) may have resulted in the replacement of disturbance-adapted species with shade-tolerant, mesic species (McEwan et al., 2011), with fire and fire exclusion undoubtedly playing a major role (Hanberry et al., 2020). Regardless of the driving forces behind this shift, the compositional change will have important and far-reaching impacts. Because functional traits exert control over various ecosystem processes and functions, these changes in species composition have the potential to negatively impact a wide array of provisioning (e.g., timber), regulating (e.g., climate; Mushinski et al., 2019), supporting (e.g., nutrient cycling; Alexander, 2010), and cultural (Pezzarossi, 2014) services. The maintenance of xerophytic species across the landscape is particularly important given their tendency to be more resilient to mortality and/or reductions in growth during drought (Abrams, 1990; Kaproth and Cavender-Bares, 2016; Novick et al., 2022); a disturbance forecasted to increase in extent and severity over the next 50 years (Vose et al., 2016). Additionally, there is growing concern that this large-scale transition may be a self-reinforcing process—termed mesophication (Nowacki and Abrams, 2008)—whereby this compositional shift creates conditions in the forest understory that promote the continued establishment and persistence of functionally similar mesic species.

While the mechanisms driving the observed compositional shifts and self-perpetuating conditions require continued study (Allen et al., 2018; Alexander et al., 2021), the literature provides support that the process is ongoing across the four broad ecoregions that comprise the eastern US (Fei et al., 2011; Knott et al., 2019). These broad scale trends in species composition are informative, but there are likely a variety of local factors that exert control over the rate and severity of mesophication in eastern forests. For example, elevation, aspect, and topography are important drivers of mesophication in old-growth forests in eastern Kentucky, where wetter areas experienced greater compositional shifts as xerophytic species failed to recruit (Chapman and McEwan, 2016). In contrast, studies in Ohio have demonstrated that mesic and xeric Quercus/Carya forests do not differ in their resistance to mesophication (Palus et al., 2018; Dyer and Hutchinson, 2019). These studies and their inconsistent results highlight the potential differences—driven, in part, by differences in abiotic and biotic forces, or differing functional drivers—in the mesophication process.

To date, much of the literature related to mesophication has quantified changes in the abundance and/or importance of individual species or genera across large spatial scales (e.g., ecoregions), with little attention given to potential fine-scale variability in mesophication based on functional shifts, and the local, site-specific factors controlling that variation. Although these broad scale analyses are useful in identifying trends, they do little to inform the drivers of mesophication at scales more meaningful to management (e.g., at the stand or watershed-scale). Without ecologically informed forest management practices, the functional transition associated with mesophication will likely continue, and may create conditions (e.g., reduced litter flammability; Kane et al., 2021) that make restoration increasingly difficult without considerable investment of resources, including multiple treatments that may include combinations of harvesting, fire, and herbicide conducted across many years and/or decades (Thomas-Van Gundy et al., 2014; Schweitzer et al., 2019; Keyser and Rodrigue, 2022). By understanding the fine-scale variability in mesophication, managers may begin to prioritize portions of the landscape most at risk and develop treatments that will effectively and efficiently slow or reverse this process. Using a trait-based approach will also improve our understanding of the potential ecological consequences of mesophication.

Our main objective is to identify the factors driving the fine-scale variation in the functional shifts associated with mesophication across forests in the eastern United States. Understanding the variability of mesophication on this scale will inform the development of site- and condition- specific management practices that address compositional, functional, and ecological shifts. This information could also help managers prioritize areas for treatment by providing information on the factors controlling the severity of change. The need for these ecologically informed management tools is becoming increasingly important as mesophication continues across much of the region (Fei and Steiner, 2007; Knott et al., 2019). To address this knowledge gap and identify forests that are most susceptible to mesophication (which we evaluate here as either a taxonomic shift toward species associated with mesophication based on the literature, or a functional shift to less drought or fire tolerant, or more shade tolerant, forests), we used data from the USDA Forest Service Forest Inventory and Analysis program to determine what fine-scale factors impact the rate (change through time) and degree (difference between the overstory and midstory) of change. More specifically, we tested whether factors associated with site quality, such as soil and topographic characteristics, ownership, and/or province make forests prone to mesophication.



Materials and methods


Data

We limited the spatial scope of our study area of interest based on ecological regions and provinces (Bailey, 1980; McNab et al., 2007). This resulted in a study area ranging from the U.S.-Canadian border in the north to the prairie-dominated ecological provinces in the west. This area encompasses 14 ecological provinces in the Central Hardwood Region, the Southern Pine Hardwood Region, the Forest-Prairie Transition Region, and the Northern Hardwood Region (Figure 1).
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FIGURE 1
Ecological regions and subregions of the eastern United States included in analysis. Map based on McNab et al. (2007).


We used data from the United States Department of Agriculture (USDA) Forest Service Forest Inventory and Analysis (FIA) plots sampled within this study area. These data are publicly available in the FIA database (FIADB). FIADB represents a long-term record of field measurements distributed across the US. Prior to the late 1990s, FIA plots were sampled periodically and asynchronously. Due to variation in sampling methodology associated with the periodic sampling design, we restricted analysis to plots sampled using the annual design. This design provides a consistent, nation-wide, semi-systematic sampling strategy where a spatially dispersed portion of the plot grid is sampled each year. Plots were planned at an intensity of approximately one per 24.3 km2, but only plots located in accessible forested areas were established in the field as permanent inventory plots. Briefly, these plots consist of four 7.32 m fixed-radius subplots with one center subplot and 3 surrounding subplots arranged 36.6 m apart (total sample area is approximately 675 m2). All standing trees with a diameter at breast height (dbh) of at least 12.7 cm are tallied on each subplot, but field crews collect a myriad of data variables. For a detailed outline of the FIA sampling methodology, see the FIA National Core Field Guide (USDA Forest Service, 2022).

For our analysis, we looked at both current conditions and change through time by comparing two different inventory periods. Time Period 1 (TP1) is the first measurement available for annual sample design plots, while Time Period 2 (TP2) is the most recent plot measurement. We used a subset of plots that met the following criteria: plots that were centered in accessible forest land, that were stocked (i.e., we removed all plots listed as “non-stocked”), and that represented common forest types. In other words, we did not include plots that sampled forest types which were represented by fewer than 350 plots, many of which are dominated by non-native species (for details, see Supplementary Table 1). All other forest types were represented by > 1,700 plots (Supplementary Table 1). For all calculations, we only used values for live trees.



Mesophication metrics

To address our hypotheses, we evaluated change based on (1). current conditions (which we refer to as “degree” of mesophication) and (2). change through time (“rate” of mesophication). The degree of mesophication was calculated as the difference in each metric (described below) between the overstory and the midstory during the most recent sampling period (TP2). This provides an estimate of the discrepancy in identity of the forest canopy layers. Mesophication metrics were calculated for two different canopy strata at each plot: trees ≥ 25.4 cm dbh (hereafter “overstory”) and trees ≥ 12.7 and < 25.4 cm dbh (hereafter “midstory”). Degree was calculated so interpretation of our results is similar to that of change through time-with the current condition (overstory) subtracted from the predicted future condition (midstory). The rate of mesophication was calculated for all trees ≥ 12.7 cm dbh. Because individual states complete inventories at variable rates, the time interval between resampling varies (average time between resampling in our study was 12.9 years). To account for this, and accurately compare across our sampling area, the rate of mesophication was calculated as the change per decade to aid in comparison with Knott et al. (2019). We calculated the rate and degree of mesophication based using three functional traits and by taxonomic group/compositional change, which we collectively refer to as “mesophication metrics.” This resulted in 8 models: (1). Rate based on shade tolerance, (2). Rate based on drought tolerance, (3). Rate based on fire tolerance, (4). Rate based on species change, (5). Degree based on shade tolerance, (6). Degree based on drought tolerance, (7). Degree based on fire tolerance, and (8). Degree based on species change.

For our functional metrics, we used community-weighted means (CWMs; the mean of trait values weighted by the relative abundance of each species) of trait values associated with mesophication. CWMs were calculated separately based on shade tolerance, drought tolerance, and a fire adaptation metric (Table 1). Shade and drought tolerance values were based on Niinemets and Valladares (2006) and range from 1 (low) to 5 (high; Table 1). We wanted our fire metric to be based on a species overall adaptation to fire, which could include adaptations that allow a species to survive or respond following fire (i.e., resprout or reseed). To quantify this, we compared several metrics for fire tolerance and resistance from the TRY trait database (Kattge et al., 2011) to better represent a variety of adaptations to fire (e.g., serotinous cones in jack pine, which is listed as having no fire tolerance and no fire resistant in the USDA Plants trait database). We started with the fire tolerance index from the USDA Plants database (USDA and NRCS, 2020). We assigned numeric values to each level for analysis (e.g., we assigned “None” as 0, “Low” as 1, “Medium” as 2, and “High” as 3; Table 1). When data was not available for a given species, we used the similarly categorized fire tolerance data available via TRY from Liebergesell et al. (2016). We then compared these values to the fire resistance, grass stage, and fire regime data from TRY. When these values suggested an adaptation to fire not represented by the tolerance data (i.e., a species was adapted to surface fires or exhibits a grass stage) we increased the fire metric value by one (but did not go over our max value of 3; Table 1 and Supplementary Table 2). Finally, when a species was listed as adapted to crown fires, we assigned that species the maximum fire metric value (3; Table 1 and Supplementary Table 2). This resulted in a fire metric representing a cumulative quantification of tree species adaptations to fire given the available data.


TABLE 1    Functional metrics used in mesophication models based on community-weighted means of shade tolerance, drought tolerance, and fire adaptations.
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In some cases, trait values were not available for a given species found in the FIA plot data. In this case, we used the trait average of all species within the given genus in the applicable trait dataset for that species. In cases where a given individual was identified to genus, but not species, we used the trait average of all species within the given genus present in the subset of FIA data used for analysis (e.g., for an individual listed as “Amelanchier spp.” in the plot data, we used the average trait value for all Amelanchier spp. present in plots in the eastern US and the trait database, but didn’t include trait values for Amelanchier spp. not found in the eastern US when calculating the CWM; Supplementary Table 3). None of our final plot-level functional indices (shade, drought, fire metric) were strongly correlated based on Pearson’s or Spearman’s correlation coefficients (absolute correlation less than 0.37; Supplementary Tables 4, 5).

In addition to CWMs, we calculated the difference in the change in importance value (IV, %) of two species groups, resulting in two models (rate and degree). We calculated IV as the average of the relative density and relative abundance (Knott et al., 2019). We grouped species noted in the literature to benefit from the mesophication process (i.e., mesophication “winners”: Acer rubrum, Acer saccharum, Fagus grandifolia, Betula spp., Prunus serotina, Liriodendron tulipifera, Nyssa sylvatica) and second, we grouped those species that are noted to perform poorly (i.e., mesophication “losers”: Quercus spp., Pinus spp., Carya spp.; Nowacki and Abrams, 2008; Fei et al., 2011; Olson et al., 2014; Alfaro Reyna et al., 2018; Dyer and Hutchinson, 2019; Radcliffe et al., 2020, 2021). We then modeled the difference between the change in IV of mesophication winners and mesophication losers for simplicity, as it represents how the “winners” group is doing compared to the “losers” group.

General linear models with a Gaussian distribution were used to model the rate and degree of mesophication in R. While some of our modeled values are theoretically bounded, no issues were observed with our diagnostic plots, and means rarely, if ever, approached these boundaries. All continuous predictors were centered and scaled. Variance inflation factors for all continuous predictors were less than 4. We compared the effect size of our results from models containing all of our proposed predictors, as opposed to removing predictors and basing conclusions on a final model with a subset of our predictors, as our dataset is very large, making significant relationships likely even when effect sizes are small. In many cases, we were also primarily focusing on particular levels of our categorical predictors (i.e., oak/hickory forest type) and wanted to ensure we didn’t miss ecologically meaningful effects in a subset of the levels of our categorical predictors.



Model predictors

We explored potential drivers of mesophication relating to stand, edaphic, topographic, and disturbance characteristics (Table 2). Predictor data used in our analyses included data collected on FIA plots, data from the publicly available gSSURGO soil database, and ecological region and province (McNab et al., 2007; Table 2). To accurately extract edaphic and topographic variables from GIS layers, we used the actual plot coordinates (Drohan et al., 2003; Prisley et al., 2009). We derived aspect, terrain shape index, and curvature from a 30 m resolution digital elevation model (DEM). Terrain shape index (TSI) and curvature were strongly correlated (Pearson’s 0.94), so we chose to only include TSI.


TABLE 2    Variables included in fine-scale models of mesophication in the eastern US.
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We included two-way interactions between a subset of our predictors based on the literature and to better inform management. We included interactions between forest type and all other predictors to better understand how mesophication varies within common forest types of interest (i.e., oak/hickory forests; Oak, 2016). Additionally, to account for the importance of topographic and soil characteristics that strongly control moisture availability, we included two-way interactions between (a) available water holding capacity and slope position, and (b) aspect and slope (Oak et al., 1996; Palus et al., 2018). Analyses were performed in R and figures were produced using the effects and ggplot2 packages (Fox, 2003; Wickham, 2016; R Core Team, 2019).




Results

We found several fine-scale variables were important predictors of mesophication, both in terms of effect size and significance, across our models (Tables 3, 4 and Supplementary Table 6). Stand age and diameter variability were consistently important. Physiographic condition, soil pH, and slope were also significant in at least half of our models. The way in which mesophication is quantified (i.e., based on shade, drought, or fire metrics, or compared as change through time vs. differences between canopy strata) did, in some cases, impact how mesophication changed across environmental gradients.


TABLE 3    Coefficient estimates of interactions between oak/hickory and oak/pine forests and ecological provinces in the eastern US.
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TABLE 4    Coefficient estimates of interactions between Oak/hickory and Oak/pine forests and edaphic, topographic, and environmental predictors in the eastern US.
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Ecological province

Our results suggest that mesophication, when evaluated by comparing the difference in the CWM shade, drought, and fire tolerance between canopy strata (mesophication degree), is occurring in oak/hickory forests in all 14 ecological provinces we included in analysis (p < 0.001; Table 3, Figure 2, and Supplementary Table 6). In other words, midstory tree communities were more shade tolerant, and less drought and fire tolerant, than overstory communities. When comparing change in CWMs through time (mesophication rate), our results were more varied across provinces, but we still generally found evidence for mesophication (Table 3).
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FIGURE 2
Degree (first row, n = 59,990) and rate (second row, n = 53,533) of mesophication based on functional identity of shade, drought, and fire tolerance by ecological province (McNab et al., 2007) in oak/hickory forests on FIA plots in the eastern US. Degree (midstory-overstory) was calculated as the difference in the community-weighted mean of midstory (≥12.7 and <25.4 cm dbh) and overstory (≥25.4 cm dbh) trees. Rate was calculated as the change in functional identity of trees ≥ 12.7 cm dbh per decade. Provinces are grouped by region (NHW, Northern hardwood; CHW, Central hardwood; SPHW, Southern pine hardwood; and FP, Forest-Prairie transition). Effects were evaluated with continuous predictors held at their mean value and categorical predictors as a weighted average of within-level fitted values, with weights proportional to the number of observations in each factor.


Oak/pine forests exhibited evidence of mesophication, but this forest type was more variable between ecological provinces (Table 3). In several cases, we found differences in the degree and rate of mesophication in oak/pine forests compared to oak/hickory forests (Table 3 and Supplementary Figure 1). Oak/pine forests in the Adirondack-NE mixed/conifer/meadow and NE mixed forest province had greater mean fire tolerance in the midstory compared to the overstory (p < 0.001; 0.64 and 0.46 decrease in degree of mesophication based on fire tolerance). Lower Mississippi riverine oak/pine forests had greater drought tolerance in the midstory (p < 0.001; 0.46 decrease in degree of mesophication compared to oak/hickory forests; Table 3 and Supplementary Figure 1). In a few cases, the degree of mesophication was greater in oak/pine than in oak/hickory forests. In the Southern Pine Hardwood and the Forest-Prairie region, the degree of mesophication was often greater in oak/pine forests when based on fire tolerance (Table 3 and Supplementary Figure 1).

We also compared changes in the importance of suites of species positively and negatively associated with mesophication. Species positively associated with mesophication increased in IV at a greater rate than those negatively associated with mesophication in the Forest-Prairie region, and in much of the Southern Pine-Hardwood and Central Hardwood region (Table 3 and Figure 3). Species negatively associated with mesophication showed similar changes in IV or increased at a greater rate when controlling for other predictors in the Northern Hardwood region, most notably the Adirondack province (decrease of 1.8 and 3.2 IV per decade; Table 3 and Figure 3).
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FIGURE 3
Degree (first row, n = 59,990) and rate (second row, n = 53,533) of mesophication calculated as a function of the difference in the change in importance value (IV) between species positively and negatively associated with mesophication by ecological province (McNab et al., 2007) in oak/hickory and oak/pine forest types on FIA plots in the eastern US. Degree (midstory-overstory) was calculated as the difference in the community-weighted mean of midstory (≥12.7 and <25.4 cm dbh) and overstory (≥25.4 cm dbh) trees. Rate was calculated as the change in functional identity of trees ≥ 12.7 cm dbh per decade. Provinces are grouped by region (NHW, Northern hardwood; CHW, Central hardwood; SPHW, Southern pine hardwood; FP, Forest-Prairie transition). Effects were evaluated with continuous predictors held at their mean value and categorical predictors as a weighted average of within-level fitted values, with weights proportional to the number of observations in each factor.




Owner group

Differences in mesophication between owner groups were small compared to differences between provinces (Tables 3, 4). The degree of mesophication was lower on privately and indigenously owned forests for all our CWMs, and on state/locally owned forests based on drought and shade tolerance compared to Forest Service owned land (Table 4 and Supplementary Figure 2). The rate of mesophication was often greater than other owner groups on non-Forest Service federal lands, but this difference was variable and not significant (Table 4 and Supplementary Figure 2). Mesophication degree based on IV suggest private/indigenous owned and other federally owned lands show less mesophication, but this difference wasn’t significant when mesophication rate was compared (Table 4 and Supplementary Figure 3).



Stand characteristics

Mesophication changed more rapidly along stand age and coefficient of diameter gradients than with other continuous predictors (Table 4, Figure 4, and Supplementary Figure 4). Regardless of whether mesophication was quantified based on shade, drought, or fire tolerance, the degree of mesophication was greater in older stands and more variable stands. In other words, the overstories of older stands and those with more variable tree sizes were more drought and fire tolerant, and less shade tolerant. This was also true when mesophication was quantified based on IV, where species positively associated with mesophication outperformed those negatively associated with mesophication in older and more variable stands (Table 4, Figure 4, and Supplementary Figures 5, 6). However, the rate of mesophication decreased with stand age for all our metrics except shade tolerance (Table 4). The rate and degree of mesophication, regardless of metric, increased with coefficient of diameter (Table 4 and Supplementary Figures 4, 6). Mesophication also varied by forest type. We focus on oak/hickory and oak/pine forests in our results described above, but for results from other forest types see Supplementary Table 6 and Supplementary Figures 7, 8.
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FIGURE 4
Degree (first row, n = 59,990) and rate (second row, n = 53,533) of mesophication based on functional identity of shade, drought, and fire tolerance as a function of stand age in oak/hickory forests on FIA plots in the eastern US. Degree (midstory-overstory) was calculated as the difference in the community-weighted mean of midstory (≥12.7 and <25.4 cm dbh) and overstory (≥25.4 cm dbh) trees. Rate was calculated as the change in functional identity of trees ≥ 12.7 cm dbh per decade. Effects were evaluated with continuous predictors held at their mean value and categorical predictors as a weighted average of within-level fitted values, with weights proportional to the number of observations in each factor.




Environmental and physiographic conditions

In general, mesophication was greater in areas that accumulate water (Table 4). Mesophication either was similar or was greater in wetter areas based on soil available water holding capacity and terrain shape index (i.e., mesophication, based on drought and fire tolerance, increased as topography changed from convex/ridges to concave/coves, particularly in oak/pine forests; Table 4 and Supplementary Figures 9–12). We found mixed evidence for the relationship between slope and mesophication, with evidence for mesophication not changing or increasing with slope in some cases (in oak/hickory forests) and decreasing in others (in oak/pine forests; Table 4). Mesophication was much more variable at steeper slopes and greater water supply in oak/pine forests (Table 4 and Supplementary Figures 13, 14).

Based on the FIA categorial variable of physiographic condition (hydric, mesic, or xeric), the degree of mesophication was greater in mesic stands (compared to xeric stands) when evaluated based on shade, drought, or fire adaptations (Table 4 and Supplementary Figures 15, 16) in both oak/hickory and oak/pine forests. The rate of mesophication was also generally greater in mesic stands compared to xeric stands (Table 4). Similar to slope and AWS, the rate and degree of mesophication in hydric stands was much more variable regardless of metric (Table 4 and Supplementary Figures 15, 16).

Relationships between mesophication metrics and elevation and soil pH were often highly variable or conflicting (Table 4 and Supplementary Figures 17–19). In oak/hickory forests, fire tolerance and shade tolerance were greater in the overstory (compared to midstory) at higher elevations (suggesting a conflicting relationship between mesophication and elevation; Table 4 and Supplementary Figure 17). Mesophication metrics in oak/pine forests were highly variable at high elevations (Supplementary Figures 17, 18). The relationship between mesophication and pH was generally negative (Table 4, Figure 5, and Supplementary Figure 19). When categorized based on shade tolerance, drought tolerance, or importance value, mesophication decreased with increasing pH (Figure 5 and Supplementary Figure 19). When categorized based on fire tolerance, the relationship between mesophication and pH varied by forest type. In oak/pine forests, like most other models, mesophication decreased with increasing pH. In oak/hickory forests, mesophication increased with increasing pH (Figure 5).
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FIGURE 5
Degree (first row, n = 59,990) and rate (second row, n = 53,533) of mesophication based on functional identity of shade, drought, and fire tolerance as a function of soil pH in oak/hickory and oak/pine forests on FIA plots in the eastern US. Degree (midstory-overstory) was calculated as the difference in the community-weighted mean of midstory (≥12.7 and <25.4 cm dbh) and overstory (≥25.4 cm dbh) trees. Rate was calculated as the change in functional identity of trees ≥ 12.7 cm dbh per decade. Effects were evaluated with continuous predictors held at their mean value and categorical predictors as a weighted average of within-level fitted values, with weights proportional to the number of observations in each factor.





Discussion

In this study, we used multiple functional traits to quantify the extent of mesophication across fine-scale factors in the eastern US. Although mesophication has been explored extensively at broad spatial scales in the region (Fei et al., 2011; Knott et al., 2019), we address the need for an understanding of the stand- and watershed-level variability in mesophication and the site-specific factors controlling that variation. Understanding how mesophication varies, and how functional aspects of forests are changed, is increasingly important for conservation and management, as this transition will likely negatively impact a variety of ecological, social, and economic forest resources (Mcshea et al., 2007; Alexander, 2010; Hanberry and Nowacki, 2016). We found that stand characteristics, such as stand age and diameter variability, and environmental gradients, such as AWS, slope position, and soil pH, are important in driving variation in mesophication; however, functional characteristics (shade/drought/fire tolerance) did not always vary consistently.

Mesophication is often described as a trend toward forests increasingly dominated by shade tolerant species, along with a concurrent decrease in the overall fire tolerance of forests. However, much of the evidence for mesophication has been looking at species- or genera-level changes, and whether these functional metrics are changing consistently is unclear. We used a trait-based approach to assess the rate and degree of mesophication, and found that changes in CWMs of fire, drought, and shade tolerance were not always consistent. For example, we found mesophication was greater at high elevations and at high soil pH when fire tolerance was compared, but mesophication decreased with elevation and pH based on shade tolerance. Other studies have found that the species responsible for mesophication vary across topo-edaphic gradients (Nowacki and Abrams, 1992), even when the severity of mesophication (defined by taxonomic groups) is consistent along those gradients (Dyer and Hutchinson, 2019). In contrast, mesophication may be primarily driven by a single trait, such as shade tolerance, which is a better predictor of changes in forest composition, when evaluated at the genus level, than fire tolerance in the eastern US (Knott et al., 2019). Our comparisons between strata provide evidence for the transition to not just more shade-tolerant, as can be attributed to successional dynamics that predict increasing shade tolerance through time, but also less fire- and drought-tolerant, forests in the region. In short, our models provide evidence for the oak bottleneck (Nowacki and Abrams, 1992; Iverson et al., 2008), in addition to a broader functional bottleneck of shade intolerant, drought tolerant, and fire tolerant species.

While our results provide strong support for mesophication based on differences in forest strata, the results were more variable when comparing change through time (i.e., some provinces and regions didn’t show change through time). For example, we found that the functional differences between the midstory and the overstory increase as stands age, but we didn’t find that functional changes are occurring based on plot remeasurements in older stands. Younger stands are becoming less drought and fire tolerant, while older stands are more variable and are increasing in drought and fire tolerance. In other words, older stands were more resistant to mesophication compared to younger stands when we compared change through time, despite greater differences in functional identity between the midstory and overstory in older stands. Although these results may appear incongruent, rates of change, including changes in species composition, are more rapid during the earlier stages of stand development (Oliver and Larson, 1996). Changes in tree species abundance-and associated compositional changes may be greater in early successional forests (Fei et al., 2017). Steiner et al. (2018) found that some stands, initially dominated by red maple, became increasingly dominated by oak ∼38 years following stand establishment, but this transition varied by region and site characteristics. Additionally, the overstory may be generally stable over the time period of our analysis in older stands, with little mortality occurring in established overstory trees (Chapman and McEwan, 2016), even when compositional shifts are occurring in lower strata (Olson et al., 2014). This persistence may not continue in the absence of large-scale disturbance, but species such but red maple and black cherry may be better positioned to take advantage of canopy openings as individual overstory trees senesce (Allen et al., 2018). Continued monitoring and future analysis utilizing longer periods between remeasurement will allow for modeling of long-term forest change to determine to what extent, and how quickly, the disparity observed between strata is realized in future canopies.

In contrast, we found consistent evidence for mesophication in stands with greater structural diversity, as quantified by more variable diameters, regardless of whether change through time or forest strata were compared. Tree size diversity can vary with stand age depending on stand characteristics such as stand density and site index (Varga et al., 2005). Structural diversity has been both positively and negatively linked to various attributes associated with stand dynamics, including growth, mortality, and recruitment (Liang et al., 2007; Lei et al., 2009; Cordonnier et al., 2018). Bose et al. (2016) reported a positive relationship between tree size inequality and the recruitment of shade-tolerant species. The increase with tree size diversity likely represents the recruitment of more shade-tolerant, mesophytic species into the subcanopy as canopy differentiation and increased stratification occur-contributing to both the rate and degree of mesophication reported.

While we found general evidence for community-level transitions to more shade tolerant, and less drought and fire tolerant, forests, changes in these functional metrics were not strongly correlated (Pearson’s r < 0.4). This suggests that functional shifts are not occurring consistently across traits at the plot level, which is also supported by the observed differences in how mesophication varies along environmental gradients depending on functional trait. This supports the conclusion by Knott et al. (2019) that fire and shade tolerance, and in our case drought tolerance, should not be viewed interchangeably. Discrepancies between trait responses could be due to variation in strategies represented by broad trait categories (i.e., fire tolerance vs. resprout ability, thick bark, or serotinous cones, etc.). For example, red maple is generally considered intolerant of fire, but changes in a variety of interacting factors and disturbance regimes have resulted in current conditions where red maple, and other mesic competitors, persist (Keyser et al., 2017; Black et al., 2018; Schweitzer et al., 2019). While burning may reduce midstory maple presence, as we might expect with low fire tolerance, burning can result in profuse sprouting despite repeated burning (Blankenship and Arthur, 2006). Evaluating mesophication based on more focused functional strategies, as opposed to broader functional groups, as detailed trait information becomes available would allow for a more thorough understanding of these interactions.

It is reasonable to postulate that mesophication in mesic (i.e., high soil moisture holding capacity) and/or more productive areas (i.e., which often exhibit more basic soils), may be greater than in xeric, less productive areas. Mesophication was generally more pronounced in wetter areas, but was often highly variable compared to xeric areas (based on AWS, slope, and physiographic class). On more mesic sites, the severity of mesophication may be more strongly controlled by other variables, such as soil nutrients. Contrary to what might be expected, we often found that mesophication decreased with increasing soil pH. Stands in high pH areas may have already been dominated by more mesic species, and therefore show little change in composition. It is also possible that some prominent species associated with mesophication perform well on low pH sites. Red maple saplings were strongly associated with low pH soil, upper slope positions, and older stands in Ohio (Radcliffe et al., 2020), where we consistently found more pronounced evidence of mesophication. There is also evidence that red maple is becoming increasingly associated with low soil pH, low AWC, and upper slope and ridge sites through time (Palus et al., 2018), while oak and hickory are associated with higher pH sites than they have been in the past (Dyer and Hutchinson, 2019). Red maples increased affinity for low pH sites may be related to nitrogen deposition (Dyer and Hutchinson, 2019), which also favors competitiveness of black cherry (Royo et al., 2021). Ongoing research suggests that red oak mortality is greatest in higher pH areas and older stands (Radcliffe et al., 2021) and variation in oak mortality may also be a driver in our observed trends. In contrast to results based on drought and shade tolerance, fire tolerance models suggest that mesophication increases with soil pH. This was our most notable divergence in predicted response between functional traits and warrants further investigation given the complex relationship between soil characteristics, fire, and mesophication (Quigley et al., 2020).

There are several factors that are likely important in determining the compositional and functional changes we examined that were not present in our models. Disturbance history (Elliott et al., 2020) and plot-level soil and nutrient data, such as information on N deposition (Quinn Thomas et al., 2010), are likely important drivers of compositional and functional change. We are unable to determine how these factors may influence our results. We did not evaluate the interactions between individual environmental gradients and province to simplify interpretation, as our models already encompassed numerous interactions between forest types and topo-edaphic gradients. Future work that includes these interactions as finer-scale data becomes available will further our understanding of mesophication dynamics across the landscape.



Conclusion

Our work provides managers with information needed to prioritize areas for restoration and conservation of xeric species. This is of value given the limited resources available for management and that restoration of xeric species is likely more difficult than previously thought (Keyser et al., 2017; Schweitzer et al., 2019). Using a trait-based approach, our results also improve our understanding of the potential ecological consequences of mesophication. This allows managers to tailor approaches depending on their goals, such as increasing resilience to climate change (i.e., prioritizing stands where drought tolerance is likely to decline), restoring natural disturbance regimes or maintaining diversity (i.e., maintaining or increasing fire tolerance).

We found that the changes attributed to mesophication, whether defined by taxonomic groups, or based on CWMs of shade, drought, or fire tolerance, are occurring throughout the eastern US. This transition was most pronounced when the midstory and overstory were compared, but is also observed when comparing plot remeasurement through time. Our results provide evidence for the widespread presence of oak-hickory forests with shade-intolerant, drought- and fire tolerant overstories and shade-tolerant, drought- and fire-intolerant midstories, which may represent novel ecosystems (Alexander et al., 2021). However, we didn’t always find that this phenomenon occurs across various stand and site conditions, as reported in other studies (Alexander et al., 2021). Mesophication is often discussed as a process that occurs ubiquitously across the landscape, but the many biotic and abiotic factors that control the complex patterns of establishment, recruitment, and mortality dynamics of the diverse suite of species that comprise eastern forests has resulted in a variable functional response along important topo-edaphic gradients.
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Predictor Source Description

pH gSSURGO (30 m) Numeric; weighted pH values for the entire soil profile.

Available water holding capacity gSSURGO (30 m) Numeric; weighted values for the entire soil profie.

Slope Based on 30 m DEM Numeric; percent.

Slope position Based on 30 m DEM (Cotton et al,, 2009) Numeric; 0% = bottom of the slope at stream edge, 100% = ridge top.

Aspect Based on 30 m DEM (Cotton et al,, 2009) Numeric; Cosine transformed aspect.

Elevation FIA Numeric; meters above sea level.

Forest type FIA Categorical.

Stand age FIA Numeric; years.

Physiographic class FIA Categorical; “xeric” “mesic; or “hydric.”

Ecological province FIA McNab et al. (2007) Categorical; 14 provinces.

Land ownership FIA Categorical.

Terrain shape index Based on 30 m DEM (McNab, 1959; Numeric; high values = convexity (ridges, spur ridges, nose slopes), low
Cotton et al, 2009) values = concavity (creck beds, coves, bottoms).

Coefficient of variation of diameter FIA Numeric; caleulated from FIA tree diameter data.

For details on FIA-de
e AL BROE CRATEE.

d variables, see the Forest Inventory and Analysis Database: Database Description and User Guide for Phase 2. For all FIA derived variables, we used the measured
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Predictor

Description

Scale

Shade tolerance

Drought tolerance

Fire metric

Capacity for growth in the shade
(Niinemets and Valladares, 2006)

Based on site characteristics and
physiological potentials of species
(Niinemets and Valladares, 2006)

Combination of fire traits (Kattge et al,
2011; Liebergesell et al, 2016; USDA and
NRCS, 2020)

1: Very intolerant (>50% of full sunlight)

2: Intolerant (25-50% of full sunlight)
Moderately tolerant (10-25% of full sunlight)
Tolerant (5-10% of full sunlight)

5: Very tolerant (2-5% of full sunlight)

600 mm precip, PPET > 3.0, few days of drought, > —0.3 MPa soil water

1: Very intolerant
potential

2: Intolerant 500-600 mm precip, variation of precipitation distribution during growing season
characterized by coefficient of variation < 100, P:PET 153, few weeks of drought, —0.3 to —0.8 MPa
Soil water potential

3: Moderately tolerant 400-500 mm precipitation with a growing season coefficient of variation of 10
15%, P:PET ratio of 0.8:1.5, up to 1 month of drought, and from —0.8 to —1.5 MPa soil water potential
4: Tolerant 300-400 mm precipitation with a growing season coefficient of variation of 20-25%, P:
PET ratio of 0.5:0.8, 2-3 months of drought, and from —1.5 to —3 MPa soil water potential

Very tolerant < 300 mm precipitation with a growing season coefficient of variation > 25%, P: PET
ratio of < 0.5, more than 3 months of drought, and less than —3 MPa soil water potential.

0: None: no fire tolerance or fire resistance, adaptation to surface or crown fires, or grass stage.

1: Low: low fire tolerance, or no fire tolerance and cither fire resistant, adapted to surface fire, or has a
grass stage.

2: Medium: moderate fire tolerance, or no/low fire tolerance and either fire resistant, adapted to
surface fire, and/or has a grass stage.

3: High: high fire tolerance, adapted to crown fires, or a combination of fire adaptations (fire resistant,
grass stage, adapted to surface fires).
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Rate Degree
Predictor Shade Drought Fire v Shade Drought Fire v
tolerance tolerance metric tolerance tolerance metric
Oal/hickory Other federal 0.01 0.01 o —0.37 o o —0.01
Private/indigenous 0.01 o o 0.53 —0.07 0.06 0.02
State/local o 0.01 o -02 —0.04 0.02 —0.02
Hydric —0.04 0.1 0.06 —0.19 0.02 —0.04 006
Xeric —0.01 o —0.01 0.34 —0.12 0.01 0.03 13
Aspect 0 0 0 —0.05 0.01 0 —0.01 —05
AWS o o o —0.03 0.03 o —0.01 —04
Elevation o o o 0.07 —0.02 o —0.04 -3.1
Soil pH o 0.01 o —0.92 —0.01 0.05 —0.02 —33
Slope o o o 0.32 0.02 o —0.02 L0
Slope position 0 0 0 02 —0.01 —0.01 0.01 21
Stand age o 0.02 0.02 ~a1 0.08 —0.08 —0.04 16.7
TSI o o o 0.04 o —0.01 o 15
CofV' o —0.01 —0.01 1.38 0.01 —0.03 —0.02 7.8
Oak/pine Other federal o —0.05 —0.01 0.61 0.04 0.01 —0.08 —51
Private/indigenous —0.02 0.02 0.03 —0.35 —0.02 —0.02 —0.03 —33
State/local 0.02 —0.02 —0.01 —0.46 0.02 0.02 —0.03 =35
Hydric 0.03 —0.01 —0.02 —178 —0.05 —0.14 —0.07 7.8
Xeric —0.01 —0.01 0.01 —04 0.08 0.03 o —5.2
Aspect —0.01 o o 0.26 —0.01 —0.01 0.02 L0
AWS o o o —0.12 —0.01 —0.03 —0.02 37
Elevation o —0.01 o —0.47 0.04 0.04 0.04 1.9
Soil pH o —0.01 047 —0.02 —0.01 0.06 1.0
Slope —0.01 0.01 031 —0.03 0.03 0.02 —04
Slope position 0 0 0 —041 0.01 0 0.01 23
Stand age o —0.01 o 0.08 0.03 —0.03 —0.04 0.0
TSI o o o —0.12 o —0.01 —0.03 1.8
CofV 0.01 —0.01 o =117 0.02 —0.03 o ~13

Nodil talieits condition i Facat Servica o s St Ge Tl S oe talaics silne)
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Rate Degree

Province Shade Drought Fire v Shade Drought Fire v
tolerance tolerance metric tolerance tolerance metric
Oakhickory CHW  Central Appalachian 0.02 —0.03 —002 219 0.27 —022 019 419
Central interior 0.01 —0.02 0.01 3.06 0.21 —0.07 —0.05 37.1
Eastern broadleaf 0.03 —0.04 —0.01 2.61 0.29 —0.21 —0.17 40.2
Midwest broadleaf 0.05 —0.02 —0.01 3.09 0.21 —0.17 —0.15 53.5
Ozark —0.01 —0.02 —0.02 433 0.1 —0.1 —0.14 349
FP PP-subtropic —0.03 0.01 —0.01 7.01 0.15 —0.14 —0.11 159
PP-temperate o —0.01 0.03 16 0.14 —0.11 —0.08 444
NHW Adirondack-NE 0.05 —0.01 0.04 —-18 047 —0.33 76.3
Laurentian MF 0.08 o —0.04 0.28 0.25 —0.3 58.3
NE mixed forest 0.04 —0.03 o 1.05 033 —0.26 —0.24 59.0
SPHW  Lower Mississippi 0 0.04 004 —017 031 —0.19 —016 481
Ouachita mixed 0.01 —0.02 —0.03 2.84 0.15 —0.24 —0.22 244
Outer CP mixed 0.02 —0.05 —0.04 —0.19 0.28 —027 —0.25 311
SE mixed forest o —0.03 —0.02 1.09 0.18 —023 —0.29 37.7
Oak/pine  CHW  Central appalachian 004 —0.04 —006 216 —0.09 —o01 —005 164
Central interior 0.08 003 29 s 0.14 —017
Eastern broadleaf 0.01 0.02 =317 0.03 0.15 0.12
Midwest broadleaf —0.01 0.02 0.02 174 —0.05 0.08 0.2
Ozark —0.06 0.04 0.08 —6.47 0.01 0.13 008
FP PP-subtropic v0.08 0.02 0.04 —0.87 0.04 0.15 —0.21
PP-temperate —0.09 012 —0.03 —0.02 —0.05 024 —0.12
NHW Adirondack-NE o 0.02 0.02 -3.4 —0.04 0.22 0.64
Laurentian MF —0.05 0.02 0.01 —0.08 0.05 0.17 0.24
NE mixed forest —0.01 0.02 0.06 —2.82 —0.01 0.23 0.46
SPHW  Lower Mississippi 001 —0.04 0.04 163 —0.04 0.46 023
Ouachita mixed 0.06 0.07 —&1 0.16 0.08 —0.08
Outer CP mixed —0.06 0.05 0.07 136 0.13 —0.02 —001
SE mixed forest —0.03 0.04 0.05 —-119 0.15 0.01 —007

Model reference conditions were Forest Service owned, mesic, oak-hickory forests (see Table 4 for interactions with edaphic, topographic, and environmental predictors). Oak/pine
coefficients represent the difference from oak/hickory forests. Bold values denote statistical significance at the p < 0.05 level.





