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Abstract

:

Moderate severity disturbances, which only kill a subset of canopy trees (e.g., via insects, pathogens, and windthrow), are increasingly widespread in North America, and can alter forest structure and production. Whether the net primary production (NPP) of forest stands differing in pre-disturbance site quality and composition respond similarly to moderate severity disturbance, however, is unknown, but critical to understanding the disturbance response dynamics of patchy landscapes. We experimentally disturbed three, 2-ha stands varying in pre-disturbance primary production and community composition, temporarily reducing live stand basal area by 38% to 66% through the stem girdling of all mature early successional aspen (Populus tremuloides Michx. and Populus grandidentata Michx.) and birch (Betula papyrifera Marshall). Disturbance significantly altered stand-scale physical and biological structure and prompted a similar decade-long pattern of wood NPP decline and recovery. All stands exhibited an initial reduction in wood NPP, followed by a recovery period and eventual return to pre-disturbance levels within eight years, with the most productive stand exhibiting an increase in primary production following recovery. Following wood NPP recovery, more biologically diverse forest canopies with higher leaf area indexes intercepted more light, and, consequently, had higher rates of wood NPP. We conclude that, despite substantial pre-disturbance differences in productivity and community composition, relative wood NPP recovery patterns can be similar, though long-term post-recovery primary production may trend higher in more productive and compositionally diverse stands. We suggest that improved mechanistic understanding of different forest ecosystems’ responses to disturbances remains critical to informing management decisions across diverse landscape mosaics.
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1. Introduction


As the world’s largest terrestrial carbon (C) sink, forests reduce atmospheric CO2 by capturing an estimated 2.3 ± 0.4 Pg C year−1 through photosynthetic uptake and subsequent plant biomass accumulation [1]. Forest net primary production (NPP), a measure of C accumulation in plant biomass, varies considerably across [1,2,3] and within [1,4,5] forested landscapes, in part due to the influence of heterogeneously distributed disturbances, which occur along a continuum of severity [6,7,8]. While the generalized pattern of NPP decline and recovery following severe, stand-replacing disturbances has been well characterized [6,9,10], less is known about how NPP responds to moderate severity disturbances, such as extreme weather, insects and fungal pathogens, and age-related senescence, which may only kill a fraction of canopy trees. These moderate disturbances are increasing in frequency in North American forests [10,11,12], limiting our ability to accurately predict the recovery of these ecosystems [1,13,14,15].



The response of primary production to disturbance varies within forest landscapes due to co-varying differences in local site quality, productivity, physical structure, and community composition [10,16,17,18,19]. The effect of these biotic and abiotic factors on NPP may be especially strong because ecosystems experiencing milder disturbances retain and rely on their structural and biological legacies for growth recovery. This preserved biotic and abiotic capital fuels post-disturbance resource availability and, consequently, may strongly predict NPP response and recovery to disturbance. Prior studies have shown that within-landscape variation in site quality—a function of microclimate and soil fertility—influences how forest growth responds to canopy thinning [16]. Plant diversity measures summarizing the number and variety of species are highly variable across forested landscapes and may be positively correlated with the rate and extent of NPP disturbance recovery [20,21,22,23]. Physical canopy structure, which describes the arrangement of vegetation, affects access to growth-limiting resources [17,24,25,26], and is hypothesized to affect disturbance recovery patterns independent of plant diversity [27]. In general, however, very little is known about how differences in site productivity, and physical and biological structure together relate to patterns of primary production decline and recovery following moderate severity disturbance [10,11].



Here, we evaluated the response of forest stands differing in pre-disturbance site quality and canopy composition to moderate severity disturbance. To better understand the underlying patterns driving differential responses, we examined relationships between aboveground wood net primary production (wood NPP) and canopy physical and biological structure following the recovery of production and leaf area. Our work builds on findings from an experimental disturbance manipulation of an Upper Great Lakes forest landscape showing whole-landscape forest production was highly resistant to moderate severity disturbance, and that recovery patterns were related to physical and biological stand structural features [28,29,30]. Our specific objectives were to: evaluate whether stands differing in pre-disturbance site quality and composition follow similar trajectories of leaf area and stem diameter distribution change and wood NPP recovery following moderate severity disturbance (Obj. 1); and link measures of ecosystem structure to canopy light interception and wood NPP following the disturbance recovery, once leaf area rebounded to pre-disturbance levels (LAI; Obj. 2).




2. Materials and Methods


2.1. Study Site and Experimental Design


We conducted our research at the University of Michigan Biological Station (UMBS) in northern lower Michigan, USA (45°33′36″ N–84°42′36″ W). The area has a mean annual temperature of 5.5 °C and a mean annual precipitation of 817 mm [29]. Extensive clear-cutting and fire in the late 19th and early 20th centuries replaced white pine (Pinus strobus L.) and eastern hemlock (Tsuga canadensis L.) forests with early successional aspen (Populus spp.) and birch (Betula papyrifera Marshall) dominant stands. A century later, as early successional species senesce, the landscape is transitioning to mid-late successional forest stands dominated by red maple (Acer rubrum L.), red oak (Quercus rubra L.), American beech (Fagus grandifolia Ehrh.), sugar maple (Acer saccharum Marshall), and white pine (Pinus strobus L.), with substantial variation in composition and site quality across the broader landscape [6,31].



With advancing mortality of early successional aspen and birch occurring region-wide [27], our study centers on a large-scale manipulation of moderate severity disturbance designed to evaluate changes in forest physical and biological structure, and growth and C cycling dynamics following the mortality of early successional tree species. The Forest Accelerated Successional ExperimenT (FASET), in which all mature aspen and birch trees were stem girdled and retained onsite without felling in 2008, was implemented in a 33-ha landscape and was the emphasis of several prior studies at this site [19,28,29,30,31]. In this study we focus on three, previously undescribed 2-ha stands varying in pre-disturbance site productivity and community composition in which the FASET treatment was replicated, resulting in total basal area reductions from aspen and birch mortality of 36% to 68% (Table 1). This degree of moderate severity disturbance is within the range observed in the larger landscape-scale FASET manipulation [30] and is similar to severities observed in insect pests or windthrow disturbances [7,10,32]. The 2-ha stands are hereafter referred to as HIGH, MED, or LOW, referencing their variability in pre-disturbance wood NPP while acknowledging numerous interdependent and co-varying factors such as microclimate, soils, and plant species identities together define site quality and are not readily disentangled (Table 1). Though aspen and birch mortality in MED (68.4%) and HIGH (64.6%) stands is considerably higher than that in the LOW (36.1%) stand, this difference is representative of the tree community variability present on the landscape and, in the context of senescent early successional species, is inherently linked to disturbance severity. Measurements were conducted through re-inventorying one to three permanent 0.08-ha sampling plots per stand depending on the year and measurement, following a sampling protocol applied across our site that yields, even at the lowest plot sampling density, aboveground NPP measurements with precision ±10% of the mean [6,29,33,34].



Core long-term measurements in the 2-ha treatment stands included wood NPP and leaf area index (LAI), which began in 1997 and were repeated periodically through multiple periods of disturbance and recovery. We defined disturbance and recovery “ecological periods” as: (1) pre-disturbance, the period prior to the 2008 experimental disturbance; (2) disturbance, the period during which statistically significant declines in LAI and wood NPP were observed, relative to pre-disturbance; (3) disturbance recovery (2011–2015), the period in which LAI and wood NPP were recovering to pre-disturbance levels; and (4) post-recovery (2016), when all stands were no longer statistically significant from, or when stands significantly exceeded, pre-disturbance LAI and wood NPP values (Figure 1). Because our study includes long-term data collected up to a decade prior to the disturbance experiment and extending over nearly two decades, the number and frequency of measurements vary considerably across time. For statistical analysis and the derivation of means and standard errors, we considered plots within a stand separate experimental unit. While acknowledging the lack of treatment replication, our dataset provides a rare long-term ecosystem-level perspective of forest structure and C cycling dynamics. Our use of plots as experimental units is aligned with other long-term ecosystem manipulations and observational studies (e.g., C flux towers), for which treatment or site replication is not practical because of the scale of the experiment [33,35].




2.2. Litter Trap Leaf Area Index


Leaf area index (LAI) was quantified beginning in 1997 from litter traps, serving as a primary measure of forest canopy structural change during disturbance and recovery. Litter trap distribution and sample size varied over the 20-year collection period, with leaf litter being collected annually from one to three litter traps (0.264 m2) placed in one to three plots per stand. From 1997–2001 and again in 2014–2015, litter was collected in one plot per stand, with each plot containing one to three litter traps per plot, respectively. A felled tree in 2015 reduced the litter trap sample size by one in the HIGH stand. From 2006–2013 and in 2016, litter was collected in all nine sampling plots, with two or three litter traps per plot. Litter was not collected from 2002 through 2005. With the exception of 2016, dried litter was pooled by stand prior to weighing (hence within-stand variation could not be calculated). Litter, collected weekly in autumn and monthly otherwise, was dried at 60 °C, separated by species, and weighed. Leaf area index is calculated as the product of litter fall dry mass and site-specific leaf area values [29]. Though litter trap estimation of LAI has known limitations, the typical (n = 3 traps per stand) sample and litter trap sizes that we employed generate relatively high confidence estimates of leaf area (SE ± 10% mean) relative to optical methods [30].




2.3. Wood Net Primary Production, Wood Mass, and Stem Density


We used repeated inventories to quantify stand stem densities, wood mass stocks, and annual canopy and subcanopy aboveground wood net primary production (wood NPP), the annual accumulation of aboveground woody growth, for nearly two decades. Trees were tallied by species and their diameter at breast height (DBH) was recorded for all canopy trees (≥8 cm DBH) in 1997 (LOW and HIGH, n = 1 plot per stand); 1998 (MED, n = 1 plot); 2001 (All, n = 1 plot per stand); 2006 (All, n = 2 plots per stand); 2010 (All, n = 3 plots per stand); 2015 (All, n = 3 plots per stand); and 2016 (All, n = 3 plots per stand). We tallied subcanopy stems (<8 cm DBH) by species and diameter class (<2 cm, 2–3.9 cm, 4–5.9 cm, or 6–7.9 cm) in 1998 (All, n = 1 plot per stand); 2001 (All, n = 1 plots per stand); 2006 (All, n = 2 plots per stand); 2010 (All, n = 1 plot per stand); and 2016 (All, n = 3 plots per stand). We surveyed all subcanopy stems in each plot in 1998, 2001, 2006, and 2010, but, because of time restrictions, only in five non-overlapping 5-m radius small subplots nested within each larger plot (49% of the whole plot area) in 2016. An increment hammer was used to collect outer xylem cores for a subset (≥20%) of surveyed subcanopy trees in the 4–5.9 and 6–7.9 cm DBH classes in each plot during the summer of 2016. The annual stem increment of subcanopy trees was measured to 0.001 mm using a Velmex stage micrometer (Bloomfield, New York, NY, USA), and a mean increment growth time-series was constructed for each plot and DBH class. We estimated the number of trees in each DBH class in a given year by interpolating plot-level changes in tree stem density between inventory years, applying a diameter class midpoint for subcanopy wood mass estimation. Plot canopy and subcanopy wood NPP were derived from the mean annual increment of aboveground live wood between inventory years, using site and species-specific (canopy) or softwood/hardwood-specific (subcanopy) allometric equations relating DBH to wood mass [34]. Absolute wood mass was converted to carbon mass using a site-specific conversion factor of 0.48 g of C g−1 of dry wood mass [29].




2.4. Post-Recovery Canopy Structure


We derived ecosystem physical and biological structural parameters to evaluate how post-recovery (2016) structure, characterized as having fully recovered but re-arranged leaf area, relates to canopy light capture and, in turn, wood NPP. Physical and biological structural stand features at our site [19,26,33] and others [21,22,23] are sensitive to disturbance and strongly correlated with the extent and rate of primary production recovery, making them candidates for generalized, integrative predictors of forest growth following disturbance. Physical structural measures describe variation in the arrangement of canopy vegetation, while stand biological measures may characterize the diversity of plant species. Though in some cases inter-related [27], physical and biological structural attributes may correlate with primary production for mechanistically different reasons, with the former posited to correspond more closely with resource acquisition, including light interception, and the latter with how resources such as light interact with canopy physiological traits driving canopy carbon fixation. For the present analysis, we selected one physical and one biological structural measure correlated with primary production at our site but which have not been assessed concurrently: canopy rugosity and Shannon’s Diversity Index (H’).



As a measure of physical structure, we report canopy rugosity, the variance in the horizontal and vertical vegetation density [26,36,37,38]. We characterized canopy physical structural complexity using a ground-based Portable Canopy LiDAR (light detection and ranging) (PCL), which maps the spatial arrangement of vegetation from 1 m above the forest floor to the top of the canopy [19,25,26]. The application and prior use of the PCL at our site is detailed in Hardiman et al., 2011 [26]. Briefly, we collected LiDAR data along a 40 m transect passing through the center of each plot to create a 2D canopy hit-map detailing the location of vegetation through a vertical slice of canopy space. Raw LiDAR data were processed using published MATLAB (MathWorks Inc., Natick, MD) code [26].



For stand biological structure, we calculated tree diversity using basal area and species count data from our 2016 inventory and compared these post-disturbance values with those derived from 2001 or 2006 inventory data, collected before the disturbance. We expressed biological structure as Shannon’s Diversity Index (H’) for the subcanopy (<8 cm DBH), canopy (≥8 cm DBH), and combined (canopy and subcanopy). We chose H’ because this measure of diversity was correlated with NPP at our site [31], and is a common index of diversity [39,40], and does not favor dominant or rare species like Simpson’s Diversity Index [41,42].




2.5. Post-Recovery Canopy Light Interception


We quantified the amount of canopy light intercepted in each plot as the fraction of absorbed photosynthetically active radiation (fPAR), evaluating how post-recovery ecosystem structure relates to canopy light absorption and, in turn, primary production. Sixty PAR measurements at 1 m height were collected 1 m apart along each cardinal axis radiating from the center of each plot using an AccuPAR ceptometer (Decagon Devices Inc., Pullman, Washington, DC, USA). Measurements were taken within two hours of solar noon on cloudless days during the summer of 2016. Above canopy PAR was measured continuously using a BF5 sunshine sensor (Delta-T Devices, Cambridge, UK) within 1 km of understory measurements [30]. fPAR was calculated by subtracting the ratio of concurrent below- and above-canopy PAR from one.




2.6. Statistical Analyses


We used time-series analysis of variance (ANOVA) to test for mean differences in LAI, wood NPP, stem density, wood mass, and Shannon’s diversity index (H’) among years, before and after disturbance, and disturbance and recovery periods, and stands, and simple linear regression analysis to evaluate relationships between post-recovery structure, primary production, and light capture (Table A1, Table A2 and Table A3). Full factorial two-way ANOVAs were used to identify changes over time with disturbance and during recovery periods, and among stands in LAI and wood NPP, with plot-scale disturbance (as percent basal area loss) included as a covariate to account for the effects disturbance severity has on LAI and wood NPP [8,30]. Because of irregular LAI and wood NPP sample sizes and frequencies, we binned data into ecological periods for analysis; the exception was LAI during the peak disturbance period, during which data were collected in each of the nine plots. Full factorial three-way ANOVAs were conducted to test for the main effects and interactions of (pre- and post-) disturbance and recovery period, stand, and DBH class on stem density and wood mass distribution. Full factorial two-way ANOVAs were performed to test for the effect of stand and disturbance on H’ for the subcanopy (<8 cm DBH), canopy (≥8 cm DBH), and combined strata. Because time (i.e., year of data collection), disturbance (i.e., before or after), and ecological recovery period are auto-correlated parameters, their unique effects cannot be separated via statistical modeling and quantitative attribution of mean differences over time cannot be determined. All ANOVAs used Least Significant Difference (LSD) Post-Hoc analysis to compare individual means, with plots considered separate experimental units. Assumptions of normality and equal variances for all tests were checked. Wood mass, stem density, and litter trap LAI values were log transformed prior to analysis due to non-normality and heteroscedasticity. For LAI, standard errors express variation among years when data from multiple plots were not available. ANOVAs were performed using JMP pro (V. 12.2) (SAS Institute Inc., Cary, NC, USA), and regression analyses were performed using SigmaPlot (V. 13) software (Systat Software Inc., San Jose, CA, USA). Relationships were considered marginally significant when p ≤ 0.1 and highly significant when p ≤ 0.05.





3. Results


3.1. Long-Term Leaf Area Index and Wood Net Primary Production Response to Disturbance


The three stands, differing in site quality and community composition, exhibited similar relative patterns of decline and recovery in LAI and wood NPP following moderate severity disturbance. Though mean LAI and wood NPP differed among stands (LAI: p = 0.04; wood NPP: p = 0.0004), and disturbance and recovery periods (LAI: p = 0.0009; wood NPP: p = 0.0001), stands followed parallel patterns of primary production over time (p = 0.5; Figure 1; Table A1). From pre- to peak-disturbance, wood NPP declined similarly in all stands (HIGH: −49%, p = 0.05; MED: −59%, p = 0.09; LOW: −47%, p = 0.1). In contrast, we observed a significant interaction between stand, and disturbance and recovery periods for LAI (p = 0.08), with HIGH (−37%, p = 0.02) and LOW (−31%, p = 0.002), but not MED, declining significantly by 2010 from pre-disturbance values. All three stands recovered to pre-disturbance LAI and wood NPP levels by the end of the disturbance recovery period (p ≥ 0.4), with the exception of LAI in the LOW stand (p = 0.002), which did not recover until the 2016 post-recovery period. Notably, in the 2016 post-recovery period, wood NPP and LAI significantly increased in the HIGH stand (+31%, p = 0.08; +20%, p = 0.09, respectively) compared to pre-disturbance levels.




3.2. Stand Structure Before and After Disturbance


Moderate severity disturbance similarly shifted stem densities and wood mass distributions among DBH classes in the three stands, increasing total stem density through the proliferation of small stems and reducing the wood mass of large stems. The absence of a significant interaction between disturbance and stand for stem density and wood mass indicates similar relative responses to disturbance, regardless of differences among sites in canopy composition, site quality, and/or productivity (Figure 2; Table A2). Across stands, disturbance significantly increased mean total stem density (p = 0.0003) by increasing subcanopy stem density by 31% stems ha−1 and decreasing mean total wood mass (p < 0.0001) by 43% (p = 0.02). In 2016, both stem density (p ≤ 0.02) and wood mass (p ≤ 0.002) significantly increased in the smaller 2–3.9 cm, 4–5.9 cm, and 6–7.9 cm DBH stem classes, causing subcanopy wood mass to more than double from 1.3 to 2.7 Mg C ha−1. Although disturbance reduced the wood mass of large trees, mean stem density of canopy (>8 cm DBH) trees was not significantly different in the post-recovery phase, suggesting rapid post-disturbance in-growth of stems into the largest (>8 cm) diameter class.



Though stem densities and wood mass shifted similarly among stands, we found lower productivity stands were more vulnerable to shifts in biological structure expressed as reduced tree diversity following disturbance. All stands had statistically comparable combined (upper canopy and subcanopy) and upper canopy H’ prior to the disturbance, but in the post-recovery period, the LOW stand had significantly lower upper canopy and combined H’ relative to MED and HIGH stands (p ≤ 0.08; Figure 3; Table A3). The unmanipulated subcanopy exhibited no change in diversity in any of the treatments but was significantly lower before and after disturbance in the LOW stands (Figure 3C). Consequently, significant losses in tree diversity in the LOW stand were driven by declines in upper canopy diversity only, while MED and HIGH stands maintained a stable H’ in both canopy strata.




3.3. Post-Recovery Structure, Wood NPP, and Light Interception Interactions


Following the recovery of wood NPP and LAI (when pre- and post- disturbance values no longer significantly differed), we examined whether reorganized physical and biological structure exerted effects on canopy light interception and, as a result, primary production. We found leaf area and biological structure expressed as tree diversity, but not physical structure as canopy rugosity, were positively correlated with post-recovery primary production through their effects on fPAR. Leaf area index and combined (upper canopy and subcanopy) H’ were positively correlated with post-recovery wood NPP and fPAR, while canopy rugosity was not correlated with primary production or fPAR (Figure 4).



To evaluate whether the amount of canopy light intercepted, as fPAR, serves as a mechanistic linkage between post-recovery structure and primary production, we examined the relationship between wood NPP and fPAR. We found wood NPP increased linearly with fPAR (r2 = 0.38, p = 0.077; Figure 5), suggesting higher leaf area and Shannon’s Diversity indexes confer greater wood NPP through their positive effects on canopy light absorption.





4. Discussion


We have shown that three forest stands varying in pre-disturbance site quality and community composition exhibited similar patterns of wood NPP decline and recovery following moderate severity disturbance. Similar to other moderately disturbed forest stands [7,10,32], we observed an initial decline in production of 47% to 59%, with all stands recovering to pre-disturbance primary production values in less than a decade. The pattern we observed at the smaller 2-ha stand-scale, however, is notably different from larger landscape-scale observations at our site which showed high resistance to moderate disturbance, marked by no change in wood NPP following the girdling treatment [29]. Following the recovery of primary production and LAI in all stands, canopy light interception and net primary production were well-predicted by LAI and tree diversity, two forest structural features which are shaped by local site conditions and may be reshaped by disturbance. These findings show that the relative response of primary production to moderate severity disturbance over time can be similar among stands varying in productivity and composition, and that recovery of leaf area and tree diversity may influence primary production following disturbance recovery.



We attribute similarly paced patterns of primary production resilience across stands to rapid compensatory growth of surviving trees despite large differences in site quality, community composition, and tree mortality across stands. Our finding that resilience in primary production was partially supported by rapid growth of remaining dominant canopy trees is supported by many prior studies, including numerous forest thinning studies documenting the release of live trees following partial harvest [7,16,43,44,45,46]. Disturbance also stimulated the release of subcanopy trees, leading to three times more subcanopy contribution to total wood NPP following disturbance, which is consistent with prior studies of moderate severity disturbance at our site [30,31] and elsewhere [44,46,47]. More specific to our ecosystem and disturbance regime, our observation of rapid compensatory growth from later successional species as early successional species senesced from the dominant canopy position is consistent with long-standing theory and observations from other north temperate forests [48,49,50]. In contrast to syntheses showing variable primary production recovery patterns among geographically and ecologically disparate sites [7,10], our stands, distributed across a common forest landscape, exhibited parallel decline and recovery patterns following moderate severity disturbance, suggesting factors other than local site fertility and community composition determine the timing of resilience. Though beyond the scope and design of our study, differences affecting the timing of resilience may include disturbance severity and source, community composition, and climate [5,10,11,21].



Biological structure expressed as tree diversity was maintained in the MED and HIGH, but not in the LOW stand following disturbance, suggesting that this low fertility site with a poorly developed subcanopy was more vulnerable to tree diversity losses. Tree diversity loss in the LOW stand was associated with an underdeveloped and less diverse subcanopy and greater loss of upper canopy diversity compared to MED and HIGH stands. Although all stands had similar combined (upper canopy and subcanopy) tree diversity values (Figure 3A) prior to the disturbance, the LOW stand had lower subcanopy diversity (Figure 3C) than the MED or HIGH stands and significantly fewer subcanopy stems in the 4–7.9 cm DBH class (Table 1). The positive correlation between diversity and production found here, and by others [51,52], suggests that the loss of tree diversity may explain some of the stunted post-recovery production response in the LOW stand. Our findings are consistent with ecological theory and observations that material legacies, including diversity and advanced regeneration of the subcanopy, shape resilience patterns [53].



Our results show that tree species diversity and leaf area, but not physical structure as canopy rugosity, are related to wood primary production after recovery. Plot LAI, a well-known driver of NPP, exhibited the strongest positive relationship with primary production [17,54]. Tree species diversity is also broadly linked to primary production following disturbance [55,56], with diverse forest canopies at our site [33] and elsewhere [57,58] exhibiting higher rates of primary production. Though our study was not designed to reveal the mechanisms underlying a positive relationship between tree diversity and production, resource complementarity, in which functionally distinct species utilize resources uniquely in space and time, is hypothesized and supported by empirical evidence [50,59,60,61,62]. A more functionally diverse complement of species, each operating optimally in different microclimates, may support higher canopy functioning (e.g., photosynthesis) under a broader array of conditions by more thoroughly and efficiently using growth-limiting resources to power production [21,59,63]. However, contrary to undisturbed stands in our forested landscape [19,26], canopy physical structure, expressed as rugosity, was not correlated with wood NPP following disturbance recovery. Though the cause of this discrepancy is not known, disturbances that rearrange vegetation may temporarily decouple NPP from canopy physical structure as canopy elements slowly reorganize to exploit redistributed and newly available resources such as light [37,63].



Following recovery, we observed significantly greater primary production in the HIGH stand, providing initial support for the hypothesis that moderate disturbance may enhance long-term primary production under some conditions. Moderate severity or intermediate disturbances are hypothesized [64,65] and, in some cases, counterintuitively observed to increase biological diversity and physical structural complexity [66,67], which in turn may augment primary production [27,34,45,68]. However, we found no evidence that disturbance-related increases in physical or biological complexity drove primary production upward, as physical structure exhibited no relationship with NPP and tree diversity remained stable in the HIGH stand. Even so, our measures of physical and biological structure—as canopy rugosity and Shannon’s Index—include only a subset of measures describing forest stand structure [24,25,26,39,41] and may not represent functionally meaningful changes in stand structure prompted by disturbance.



Though our study offers insight into the primary production trajectories of forest stands through disturbance, several study limitations are noted. First, across stands and over time, several variables that could shape and explain differences in primary production are intertwined and co-vary, limiting the present study’s ability to ascribe observed differences solely to specific biotic and abiotic parameters. For example, climate-driven interannual variability in primary production of roughly 100% at our site [34] is similar in magnitude to apparent disturbance-related variation in the present study. Moreover, disturbance severity (i.e., as tree mortality), site quality, community composition, and microclimatic variation across stands are autocorrelated and not independent of the stand structural parameters we examined, and therefore their effects on primary production are impossible to disentangle. An additional limitation of our ecosystem scale experiment is that true replication of disturbance in stands possessing similar biotic and abiotic site characteristics was not practical, limiting the inference of our results to the local landscape. Similarly, inconsistent sampling intensities and distributions over our 20-year sampling period resulted in an unbalanced statistical design and, for some years, a limited sample size and stand means with varying precision. The cumulative limitations above underscore a need to advance mechanistic knowledge of the variable effects of disturbance on long-term forest C cycling trajectories [3,4,5,36,56,67].




5. Conclusions


We conclude that pre-disturbance stand conditions, including site quality and community composition, minimally altered generalized patterns of forest primary production decline and recovery following moderate disturbance, though stand-specific shifts in tree diversity suggest potential changes in long-term trajectories among stands. We found leaf area and tree species diversity were significant predictors of wood primary production after disturbance through their effects on canopy light interception. Questions remain regarding why canopy physical structure, a primary driver of production in nearby undisturbed sites, was not correlated with primary production in our moderately disturbed sites. Our findings have wide-ranging implications for forest carbon and timber management, indicating that compositionally different stands nested within local landscapes can be similarly resilient and, therefore, may not require separate mitigation strategies to sustain or restore forest growth after disturbance. A better understanding of how disturbances affect diverse forest assemblages is critical moving forward as land managers and ecologists aim to improve forecasts of forest disturbance impacts on ecosystem functioning in a world with increasing disturbance frequency and extent.
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Table A1. Full factorial two-way analysis of variance (ANOVA) results testing for the effects stand, ecological period (seen in Figure 2), and the stand × ecological period had on both LAI (dimensionless) and net primary production (NPP) (Mg C ha−1 year-1). Significant differences are in bold.






Table A1. Full factorial two-way analysis of variance (ANOVA) results testing for the effects stand, ecological period (seen in Figure 2), and the stand × ecological period had on both LAI (dimensionless) and net primary production (NPP) (Mg C ha−1 year-1). Significant differences are in bold.





	
Term

	
Degrees of Freedom (DF)

	
Litter Trap LAI

	
NPP




	
Sums of Squares

	
F-Value

	
p-Value

	
Sums of Squares

	
F-Value

	
p-Value






	
Stand

	
2

	
0.17

	
3.40

	
0.0449

	
7646786

	
14.63

	
0.0004




	
Time/Ecological Period

	
3

	
0.51

	
6.86

	
0.0009

	
11348383

	
14.47

	
0.0001




	
Stand × Time/Ecological Period

	
6

	
0.31

	
2.07

	
0.0820

	
1369897

	
0.87

	
0.5381




	
Disturbance Severity (covariate)

	
1

	
0.02

	
0.79

	
0.3817

	
291892

	
1.12

	
0.3085
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Table A2. Full factorial three-way ANOVA results for stem density (stems ha−1) and wood mass (Mg C ha−1). We tested for the effect of time (before and after disturbance), different stands, DBH classes, and all interaction terms. Analyses were performed on log-transformed values. Significant differences are in bold.






Table A2. Full factorial three-way ANOVA results for stem density (stems ha−1) and wood mass (Mg C ha−1). We tested for the effect of time (before and after disturbance), different stands, DBH classes, and all interaction terms. Analyses were performed on log-transformed values. Significant differences are in bold.





	

	
Stem Density (Stems ha−1)

	
Wood Mass (Mg C ha−1)




	
Term

	
DF

	
Sums of Squares

	
F-Value

	
p-Value

	
Sums of Squares

	
F-Value

	
p-Value






	
Time

	
1

	
4.78

	
15.21

	
0.0003

	
6.02

	
20.72

	
<0.0001




	
Stand

	
2

	
11.93

	
18.98

	
<0.0001

	
21.62

	
37.23

	
<0.0001




	
DBH Class

	
4

	
90.67

	
72.11

	
<0.0001

	
377.91

	
325.35

	
<0.0001




	
Time × Stand

	
2

	
0.54

	
0.87

	
0.4265

	
0.82

	
01.40

	
0.2539




	
Time × DBH Class

	
4

	
4.24

	
3.37

	
0.0153

	
8.91

	
7.67

	
<0.0001




	
Stand × DBH Class

	
8

	
6.19

	
2.46

	
0.0230

	
11.37

	
4.90

	
0.0001




	
Time × Stand × DBH Class

	
8

	
0.81

	
0.32

	
0.9540

	
0.78

	
0.33

	
0.9490
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Table A3. Full factorial two-way ANOVA testing for differences between stands, and the effect that time (before and after disturbance) or time × stand had on Shannon’s Diversity Index (H’) for the subcanopy, canopy, and combined (subcanopy and canopy) strata. Significant differences are in bold.






Table A3. Full factorial two-way ANOVA testing for differences between stands, and the effect that time (before and after disturbance) or time × stand had on Shannon’s Diversity Index (H’) for the subcanopy, canopy, and combined (subcanopy and canopy) strata. Significant differences are in bold.





	
Term

	
DF

	
H’ Combined

	
H’ Canopy

	
H’ Subcanopy




	
Sums of Squares

	
F-Value

	
p-Value

	
Sums of Squares

	
F-Value

	
p-Value

	
Sums of Squares

	
F-Value

	
p-Value






	
Time

	
1

	
0.11

	
2.26

	
0.1588

	
0.22

	
3.31

	
0.0939

	
0.01

	
0.16

	
0.6961




	
Stand

	
2

	
0.42

	
4.18

	
0.0419

	
0.26

	
1.94

	
0.1865

	
2.18

	
16.02

	
0.0004




	
Time × Stand

	
2

	
0.08

	
0.87

	
0.4446

	
0.08

	
0.60

	
0.5668

	
0.02

	
0.14

	
0.8699
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Figure 1. (A) Leaf area indices (LAI) and (B) wood net primary productivity (wood NPP) for the three 2-ha treatment stands over time. Shaded areas correspond with ecological time periods along the bottom X-axis. When multiple observations were available, values shown represent mean ± SE. 
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Figure 2. Tree stem density (trees per hectare) (A–C) and wood mass (D–F) (mean ± SE) distributions across stem diameter classes before (2001 or 2006) and following the recovery (2016) of experimental disturbance. 
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Figure 3. Shannon’s diversity index (H’; mean ± SE), combined (A) and for canopy (B) and subcanopy (C) strata before (2001 or 2006) and following recovery (2016) for each treatment stand. 
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Figure 4. Post-recovery (2016) relationships of physical and biological structural metrics and their effects on wood net primary production and the fraction of absorbed photosynthetically active radiation (fPAR). Relationships shown are for leaf area index (A,D); and canopy rugosity (B,E); and tree diversity as Shannon’s Diversity Index (C,F). Data points are for individual plots. 
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Figure 5. The post-recovery (2016) relationship between the fraction of photosynthetically absorbed radiation (fPAR) and wood net primary production (Wood NPP). Data points are for individual plots. 
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Table 1. Pre-disturbance aboveground wood net primary production (Wood NPP; 1997/1998–2001), wood mass (2001/2006), aspen and birch wood mass (% of total), basal area (BA; 2001/2006), aspen and birch BA (% of total), leaf area index (LAI; 2007), aspen and birch LAI (% of total) for each stand, sapling stem density of trees with a diameter at breast height (DBH) between 4–7.9 cm, and the five most dominant species (based on % basal area; 2001/206). Years cited in parentheses above reference the inventory year from which data were supplied. Mean ± SE.






Table 1. Pre-disturbance aboveground wood net primary production (Wood NPP; 1997/1998–2001), wood mass (2001/2006), aspen and birch wood mass (% of total), basal area (BA; 2001/2006), aspen and birch BA (% of total), leaf area index (LAI; 2007), aspen and birch LAI (% of total) for each stand, sapling stem density of trees with a diameter at breast height (DBH) between 4–7.9 cm, and the five most dominant species (based on % basal area; 2001/206). Years cited in parentheses above reference the inventory year from which data were supplied. Mean ± SE.





	
Stand

	
Wood NPP

(Mg C ha−1 year−1)

	
Canopy Wood Mass

	
Canopy Basal Area

	
LAI

	

	




	
Total

(Mg C ha−1)

	
Aspen and Birch (%)

	
Total

(m2 ha−1)

	
Aspen and Birch

/Mortality (%)

	
Total

	
Aspen and Birch (%)

	
Sapling Stem Density (stems ha−1)

	
Dominant Canopy Species

(% BA contribution)






	
HIGH

	
3.22

	
94.0 ± 8.3

	
74.1 ± 8.1

	
31.1 ± 2.5

	
64.6 ± 8.9

	
5.86

	
36.0

	
425 ± 151

	
1. Populus tremuloides (50%)

2. Acer rubrum (24%)

3. Populus grandidentata (14%)

4. Acer saccharum (7%)

5. Prunus serotina (1%)




	
MED

	
2.14

	
79.3 ± 15.4

	
75.4 ± 2.7

	
27.4 ± 4.1

	
68.4 ± 3.5

	
4.58

	
38.5

	
454 ± 174

	
1. Populus grandidentata (56%)

2. Acer rubrum (26%)

3. Betula papyrifera (11%)

4. Quercus rubra (4%)

5. Fagus grandifolia (2%)




	
LOW

	
1.76

	
76.6 ± 10.6

	
33.2 ± 9.0

	
25.1 ± 3.8

	
36.1 ± 9.7

	
3.37

	
29.5

	
71 ± 4

	
1. Quercus rubra (48%)

2. Populus grandidentata (32%)

3. Acer rubrum (13%)

4. Betula papyrifera (6%)

5. Pinus strobus (1%)
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