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Experimental downed woody debris-created microsites enhance tree survival and growth in extreme summer heat
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Introduction: Increasing temperatures associated with climate change can lead to more challenging conditions for tree seedlings, including greater soil surface temperatures and reduced growing season soil moisture. Downed woody debris (DWD) may provide microsite effects, such as shade, that moderate these conditions for seedlings. However, few studies have conducted fine-scale assessments of the strength of the microsite as a function of distance from DWD or how the microsite effect differs between species or across topographic gradients.

Methods: In this study, conducted in the Palouse region of eastern Washington State, we placed three large pieces of DWD (5 m length × 40–50 cm small-end diameter, oriented east–west) on each of three topographic facets (north-facing, flat ridge-top, and south-facing), and planted transects of seedlings of a xerophytic conifer (ponderosa pine, Pinus ponderosa) and a mesophytic conifer (Douglas-fir, Pseudotsuga menziesii) on both sides of the DWD at fixed distances (0, 0.25, 0.5, and 1.5 m). The 1.5 m distance was assumed to serve as a control, with no measurable influence from DWD. Seedling responses (stress rating, survival, basal diameter and height growth, and dark-adapted chlorophyll fluorescence) over two growing seasons were used to interpret the influence of DWD on seedling health and survival, especially during stressful episodes of extreme heat, such as occurred during July 2021, the first growing season of the experiment. Soil surface temperature and soil volumetric water content (10 cm depth) were measured at all seedling locations to understand biophysical contributors to seedling response.

Results: We found that seedlings of both conifers displayed lower stress ratings, higher survival, and greater height growth close to the north side of DWD, with this effect especially pronounced on the flat ridge-top and the south-facing slope. Soil surface temperature decreased greatly in the “shade zone” at 0.0 m and 0.25 m distances on the north side of DWD, and soil volumetric water content declined more quickly outside of the shaded microsite.

Discussion: These findings suggest that creating or retaining DWD on stressful sites may prove an important climate adaptive management strategy in ecosystem restoration or forest management, especially if extreme heat events continue to increase in frequency.
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1. Introduction

Achieving successful regeneration of trees is a main objective of forest management and many habitat restoration projects and is essential to maintaining forest cover at stand to landscape scales. Tree populations in many environments are controlled by the “demographic bottleneck” of the seedling stage, where browsing, climate extremes, repeat disturbances, and other stressors may kill substantial proportions of established seedlings (Urza et al., 2019).

This demographic bottleneck is becoming more prominent and problematic due to climate change and its associated disturbances, especially in dryland forests (Petrie et al., 2017). Many forest sites in the Pacific Northwest and other forests with pronounced dry seasons are on the cusp of conversion to non-forest cover types, especially when affected by high severity, large patch disturbances (Stevens-Rumann et al., 2018; Meigs et al., 2022). Additionally, annual moisture deficits are increasing, which will contribute to decreased seedling survival (Tepley et al., 2017; Stevens-Rumann et al., 2018), even at high latitudes (Boucher et al., 2020). Kemp et al. (2019) predict increasing failure of conifer regeneration in the northern Rockies due to increasing summer temperatures, especially during the critical post-disturbance stage when seedling establishment and survival is critical for determining future stand composition. Additional challenges to seedling survival and growth include the increasing frequency of extreme temperature events (Horton et al., 2016; Breshears et al., 2021), such as the 2021 “heat dome” event affecting the Pacific Northwest (Still et al., 2023; White et al., 2023).

Compositional shift in forest ecosystems often occurs during the stand establishment period or early seral period (Oliver, 1980; Kemp et al., 2019; Seidl and Turner, 2022). Therefore, it is crucial to understand factors operating in the early seral pre-forest stage that control the relative success of different plant species, especially trees, in establishment and growth.

Although tree regeneration is controlled at broad scales by top-down factors such as temperature and precipitation patterns, local-scale factors may influence survival through early stages of tree seedling and sapling development (Kuijper et al., 2010), and thus present feedbacks to forest dynamics at larger spatial scales. Down woody debris (DWD) is a common structural component of early seral pre-forest environments (Harmon et al., 1986; Swanson et al., 2011), as it is a biological legacy from the pre-disturbance stand (Franklin et al., 2000). It can provide a number of different functions that support higher seedling survival and growth in forest and woodland environments. In the closed forest environment, DWD can act as an elevated platform that enhances seedling regeneration (Harmon and Franklin, 1989; Takahashi et al., 2000; Heinemann and Kitzberger, 2006; Motta et al., 2006; Bolton and D’Amato, 2011). In arid or xeric environments, DWD can elevate soil moisture, provide shade, or otherwise enhance microsites in favor of successful tree regeneration (Goldin and Hutchinson, 2014, 2015). The importance of DWD-provided microsites may vary depending on factors influential at larger spatial scales, such as the interaction of topographic aspect and slope (Reely and Nelson, 2021). For example, the relative importance of a shaded, cool microsite for seedling survival may be lower on poleward slopes (e.g., north-facing slopes in northern hemisphere), but accentuated on topographic aspects with higher heat load (e.g., south- or southwest-facing slopes in the northern hemisphere).

To enhance survival of planted stock, foresters have long advocated planting in beneficial microsites, such as in the shade of logs, stumps, and snags (Mitchell et al., 1990; Fitzgerald, 2008). In many ecosystems, this practice is still anecdotal. Early literature on planting frequently ignored the importance of microsites provided by DWD (e.g., Goor and Barney, 1968), likely because much of this literature focused on afforestation on intensively managed sites where DWD would be rare. However, a number of studies have examined the role of DWD and other physical structures in creating beneficial microsites for tree regeneration. Flint and Childs (1987) found a positive effect of shade cards on growth of conifer seedlings, although the greatest effects on growth were due to control of competing vegetation and mulching around seedling locations. Seedlings of temperate coniferous tree species in experimental gaps in the Pacific Northwest were facilitated by protective shading from woody debris, showing that structural microsites may be important even in high rainfall areas and with some degree of shade from adjacent closed-canopy forest (Gray and Spies, 1997). Heinemann and Kitzberger (2006) examined Nothofagus seedling survival in Patagonian forests, assessing DWD as a substrate that can retain water through the relatively dry growing season. Bailey et al. (2012), working in post-fire forests of the Tasmanian Midlands, found that close proximity to shading woody debris or rock increased the probability of seedling presence. Marsh et al. (2022) found it difficult to differentiate between shrub-created and woody debris-created microclimate but noted the limited extent of woody debris in the system they examined. Marcolin et al. (2019) contrasted a number of post-disturbance strategies, concluding that retention or recruitment of DWD (by falling standing snags) increased the availability of microsites favorable for seedling establishment and survival. Most recently, Marangon et al. (2022) found that windthrown trees in a site in the southern Italian Alps were important sheltering elements from both climate stressors and browsing ungulates. They employed planted seedlings both in proximity to woody debris and in control sites without woody debris. However, the woody debris was generated by natural disturbance, and orientation and location of the woody debris were determined by the action of disturbance, and not placed in an experimental setting. Similarly, Marzano et al. (2013) found that seedlings were more likely to be found in proximity to woody debris, and that the relationship was anisotropic, with seedlings more likely to be found on the shady side of sheltering elements.

Despite work that has examined DWD as a factor in forest regeneration processes, few studies have quantitatively assessed the microsite-creation role of DWD with a design involving deliberate planting of trees at a range of specified distances from sheltering structures such as DWD. In this experiment, we evaluate the influence of deliberately placed and oriented DWD on soil volumetric water content (VWC) and soil surface temperature (SST) and on the survival and growth responses of two regionally important conifers, ponderosa pine (Pinus ponderosa Douglas ex C. Lawson) and Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco var. glauca (Mayr) Franco), nested within three topographic settings. Ponderosa pine (hereafter PP) is a xerophytic, heat-tolerant conifer that is characteristic of ecotonal sites between forest and arid non-forest communities, while Douglas-fir (hereafter DF) is a relatively mesophytic conifer that is most common in mid-elevation sites in interior western North America (Franklin and Dyrness, 1988). Both are broadly geographically distributed in western North America (Burns and Honkala, 1990) and are important both ecologically and to the regional timber economy. There is concern that tree species like these that comprise ecotonal woodlands or forests in the inland Northwest may be unable to maintain adequate regeneration in the face of climate change and altered disturbance regimes (Meigs et al., 2022). Using planting of seedlings at specified distances from placed DWD, we seek to quantify the spatial domain of protective microsite effects, and furthermore assess species-specific responses to these microsite effects. With this study, we intended to test the following hypotheses:

1. Seedlings closer to protective DWD will display greater survival and growth.

2. Seedlings on north side of DWD will display greater survival and growth.

3. Seedlings on a northern topographic aspect will display greater survival and growth.

4. The mesophytic DF will benefit more from DWD microsite protection than the xerophytic PP.



2. Materials and methods


2.1. Site description

The study site was located on the 18-ha E.H. Steffen Center in Whitman County, WA, USA (46.7083 N, −117.1263 W), which is managed by Washington State University for wildlife and forestry conservation, research, and demonstration. Mean elevation at the Steffen Center is 795 m.a.s.l (meters above sea level) and mean annual precipitation is 517 mm, with the majority falling as winter snow. The climate is a marine modified continental climate with high seasonal temperature variation—July mean high and low temperatures are 28°C and 10°C, respectively; January mean high and low temperatures are 2°C and −5°C, respectively (U.S. Climate Data, 2023). Soils are loess-derived Palouse-Thatuna silt loams, consistent with much of the greater Palouse Prairie ecoregion, and overlie flood basalts of the Columbia River Basalt Group (Donaldson, 1980). Topography is defined by moderate north and south facing slopes, 10 degrees in maximum slope, and a flat ridge (~10 m in width, oriented east–west) through the middle of the site. The planting location had no overstory trees within 10 m (nearest trees, ~10 m in height, were north and west of the planting site and provided no shade to the site). The site had little natural tree regeneration and a very uniform grass/forb stratum dominated by smooth brome (Bromus inermis) and sheep fescue (Festuca ovina). Surrounding areas are dominated by uneven-aged PP forest and woodland, with areas of chiefly non-native grasses and other herbaceous vegetation.



2.2. Experimental design

In May 2021, a John Deere 5,310 tractor was used to translocate nine hand-felled ponderosa pine DWD segments (logs) to the site of the experiment. DWD segments were sourced from ponderosa pine stands belonging to the Steffen Center and were each cut 5 meters in length (a typical log length for timber harvest in the region), had a minimum diameter of 40 cm at the small end of the section, and had been in place for a year prior to planting seedling stock. DWD segments were oriented east–west (90°–270° true compass azimuth) and placed in a 3 × 3 grid; three logs each on the southern, ridge, and northern facing aspects (Figure 1), at positions 5 m apart in three columns: west, center, and east. Planting stock consisted of one-year-old PP and DF seedlings grown in 315B Styroblock containers (root volume 90 mL, top diameter 30 mm, depth 151 mm, with 160 seedlings per Styroblock). Seedlings were planted on the north and south sides of each DWD segment, in three transects- east (1.0 meters from east end of DWD), central (center of the DWD, 2.5 meters) and west (1.0 meters from west end of DWD)- and at four distances- 0 meters (directly on drip-line of the DWD), 0.25 m, 0.5 m, and 1.5 m (Figure 1). No efforts were made to control competing vegetation. Distance is analyzed as a continuous independent variable in all models, instead of as a factor or categorical variable. The 1.5 m distance on each transect is intended to serve as an experimental control, as it is sufficiently distant from the DWD to not experience microclimatic or soil-related influences. A total of 24 seedlings of each species surrounded each DWD segment, 216 seedlings total per species (432 total seedlings for the study). The overall experimental design is a split-split plot design, with topographic aspect and DWD aspect as split factors.
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FIGURE 1
 Study layout, with example of transects placed at each DWD showing placement of Douglas-fir (DF) and ponderosa pine (PP) seedlings planted at fixed distances along transects on north and south sides of the DWD, which are placed on three topographic positions: north-facing slope, flat ridgeline, or south-facing slope.




2.3. Plant specific measurements

After planting in May 2021, we took baseline measurements of stress rating, height, and basal diameter for all 432 seedlings. We measured seedling height (cm) from soil-stem interface to shoot apical meristem, and basal diameter (mm) 3 cm above ground level to avoid soil and root bulges. Initial seedling height and basal diameter were used in calculating seedling growth over the first and second growing seasons, by subtracting the initial height and basal diameter of each seedling upon planting from the height and basal diameter at the end of the 2021 and 2022 growing seasons. We classified stress rating according to an ordinal scale where stress rating 1 = healthy seedling, little to no damage or red needles; stress rating 2 = slightly unhealthy, evidence of needle damage but a majority of green needles; stress rating 3 = further evidence of damage, seedling alive but nearing death; stress rating 4 = dead seedling (Figure 2). Seedling measurements were repeated monthly over the first growing season (May–September 2021) and twice during the second growing season (July and September 2022). Dead seedlings were visually assessed to identify a likely cause of mortality. Mortality due to girdling by voles (Microtus spp.) was assigned to those dead seedlings that had 50% or greater girdling of the main stem as a binary variable (0 = alive or dead, but not killed by vole, and 1 = killed by vole herbivory).

[image: Figure 2]

FIGURE 2
 Photo showing typical results on north side of DWD (in this case, on flat ridgetop) for ponderosa pine (PP) and Douglas-fir (DF) seedlings. Codes indicate stress rating: V1 = stress rating 1, V2 = stress rating 2, V3 = stress rating 3, V4 = stress rating 4.


We also measured dark-adapted chlorophyll fluorescence of seedlings twice during the first growing season (June and September 2021). Specifically, we measured Fv/Fm, the ratio of maximum to minimum fluorescence, which quantifies the maximum quantum efficiency of Photosystem II (Kitajima and Butler, 1975), using an OS-30p + chlorophyll fluorometer (Opti-Sciences, Hudson, NH). Measurements were taken at least one hour after sunset to ensure dark adaptation of each seedling and avoid influence of actinic light on Fv/Fm values. We applied a one-second, saturating light pulse to an arbitrarily selected cluster of fascicles on each seedling to excite photosystem II. The corresponding Fv/Fm value represented overall photosynthetic capacity of the seedling. Fv/Fm values between 0.790 and 0.840 indicated relatively high photosynthetic capacity (Cavender-Bares and Bazzaz, 2004), and values below 0.250 can indicate dead or dying plants, including conifers (Guadagno et al., 2017). While all these plant measurements were taken repeatedly throughout the growing seasons, analyses were conducted only on the final measures of each growing season as these were most informative to capture seedling health and survival and to calculate growth.



2.4. Abiotic site measurements

We measured soil volumetric water content (VWC) and soil surface temperature (SST) during the first growing season (May 12, 2021 and September 15, 2021 respectively). To avoid shading from seedlings, we measured these variables at a point 5 cm west of each seedling. We recorded VWC to the nearest 0.1% with a HydroSense hand-held soil moisture sensor (Campbell Scientific, Logan, UT) and SST to the nearest 0.1°C with a hand-held infrared (IR) thermometer 1,080 (Etekcity, Vesync Company, Anaheim, CA). To capture the daily temperature maximum, we measured SST between 14:00 and 16:00 PST.

During the first growing season of the experiment, extreme heat conditions occurred, with near-surface air temperatures approximately 12–14°C above normal in late June 2021 in the area of the experiment [extrapolated from map data presented in White et al. (2023)]. Figure 3 presents local weather station data for monthly mean temperatures, including separate traces for high temperature averages, for 1990–2020 and for 2021 and 2022 individually.1

[image: Figure 3]

FIGURE 3
 Comparison of monthly temperature patterns over the periods 1990–2020, 2021, and 2022. Temperature data taken from the National Weather Service with source Pullman 2 NW, co-op station 456,789. Solid lines represent monthly averages, and dashed lines represent maximum values.




2.5. Data analysis

All data analyses were performed in the R statistical programming environment, version 4.2.2 (R Core Team, 2022). We used linear mixed-effect models (Neter et al., 1996) (R-package ‘lme4’) with a split-plot design (Quinn and Keough, 2002) to evaluate the response of SST and VWC to topographic aspect, DWD aspect, and distance from DWD. DWD aspect was considered a split-plot factor, with three replicate transects within each side of the log. Fixed effects variables included distance from DWD, DWD aspect (north vs. south side of a log), topographic aspect (south-facing, flat ridge-top, and north-facing), and an interaction between distance and DWD aspect, with response variables SST and VWC. We did not incorporate ‘year’ (2021 vs. 2022) as a variable in the models, but modeled each year separately (Table 1).

The influence of topographic aspect, DWD aspect, distance from DWD, and seedling species (PP vs. DF) on seedling height growth, basal diameter growth, and photosystem II fluorescence were assessed using linear mixed-effects models (lmer) with seedling species, distance from DWD, DWD aspect, topographic aspect, and an interaction term between distance from DWD and DWD aspect included as predictor variables. We ran two lmer models each for height growth that occurred during the first and second growing seasons, and also for basal diameter growth that occurred during the first and second growing seasons. Seedlings that were dead at the end of each growing season were removed from the height and basal growth analyses (n = 209 for 2021 growing season; n = 159 for the 2022 growing season). Additionally, we fit two linear mixed-effects models with log-transformed fluorescence values taken mid-season and end of season. Seedlings dead at the time of measurement were removed from the fluorescence analysis as they have a fluorescence value of zero that would skew the model (n = 293 for mid-season 2021; n = 215 for end of season 2021).

To assess the influence of microsite on the stress rating of the PP and DF, we applied a cumulative link mixed model (CLMM) with the R package ‘Ordinal’ (Christensen, 2022). The cumulative link mixed model is a special case of the generalized linear mixed model that accepts an ordinal response variable. In this case the response variable was stress rating (1–4), converted to an ordered factor for use with the ‘Ordinal’ package. Predictor variables included species (DF or PP), DWD aspect (north or south side of a piece of DWD), distance from DWD (0, 0.25, 0.5, 1.5) and topographic aspect (north, ridge, south), and the interaction between DWD aspect and distance from DWD. Overall survival and vole mortality were analyzed with a generalized linear mixed model (R package ‘lme4’) specifying a binomial distribution and logit link. Seedlings that died because of damage from voles were removed from the dataset prior to survival and stress rating analysis in order to isolate mortalities caused by physical conditions (n = 414).

In all linear mixed-effects models and generalized linear mixed models, we estimated a random effect for ‘location’ (east, center, and west blocks, or N-S columns within our 3×3 experimental layout) to explore variance among these positions within the study layouts as a block effect. This random effect was removed if inclusion led to singular model fits or the variance was estimated as zero, as occurred in several models. Significance of random effects were evaluated with the package ‘lmerTest’ (Kuznetsova et al., 2017). Due to the limitations of the ‘clmm’ function in the Ordinal package, we could not replicate the same random effects structure as in the other models. For this model, individual DWD and location were implemented as separate random effects.

We attempted to include a random effect for transects within one DWD aspect (north side or south side of an individual piece of DWD) to explore possible autocorrelation of observations within transects. This random effect, however, could not be incorporated, as inclusion of this effect led to singular model fits.

In all models, interactions between all predictor variables were tested but were removed if they were not statistically significant. Coefficients, standard errors, and value of ps were reported for all main effects, whether significant at the α = 0.05 level or not (Table 1).



TABLE 1 Response variables, treatment variables, and random effects included in all models.
[image: Table1]




3. Results


3.1. Stress rating

At the end of the first growing season, 209 of 432 seedlings were alive (48.4% overall survival), 58 DF (26.9% survival of that species) and 151 PP (70% survival of that species). Of the 209 surviving seedlings, 61 were stress rating 1, 116 were stress rating 2, and 32 were stress rating 3. Stress rating 1 seedlings of both species were primarily located at the 0.0 and 0.25 m distances (Figure 2 illustrates typical results), with stress rating 1 DF occurring mostly on the north side at these locations, and stress rating 1 PP on both DWD aspects. DF seedlings had largely separated into stress rating 1 and stress rating 4 (dead), with few individuals of stress rating 2 and stress rating 3. PP seedlings were more evenly distributed across the four stress ratings, exhibiting lower overall mortality at all locations (Figure 4).
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FIGURE 4
 Stress rating distribution at the end of the first growing season. Data are shown for Douglas-fir (DF) and ponderosa pine (PP) seedlings planted at 0, 0.25, 0.5, and 1.5 m distance from DWD on the north (N) or south (S) sides of the DWD. Data are pooled among DWD on north-facing, ridgeline, or south-facing positions (i.e., topographic aspect not represented in this graph).


The mixed-effects model results indicate that species, DWD aspect, distance to DWD, and topographic aspect were significant predictors of stress rating for both growing seasons (Table 2). Independent of location, PP had overall lower stress ratings compared to DF (p < 0.0001). Stress rating values were greater on the south side of the DWD compared to the north side (p < 0.0001). Stress ratings increased with increasing distance from the log (p < 0.0001). Across the three slope aspects (south-facing, flat ridgetop, and north-facing), stress ratings were lowest on the north slope, with significant increases in stress rating associated with seedlings on the ridgetop (p = 0.0005) but not the south aspect (p = 0.1039). The interaction between DWD aspect and distance from DWD was not significant.



TABLE 2 Cumulative link mixed model output with end of growing season stress rating in 2021 and end of growing season stress rating 2022 as dependent variables.
[image: Table2]

At the end of the second growing season, only 159 of 432 seedlings remained alive (37% overall survival), 30 DF (13.8% survival of that species) and 129 PP (59.7% survival of that species). The distribution of stress ratings shifted from the end of the first growing season, with 135 of the remaining seedlings rated as stress rating 1, 22 rated as stress rating 2, and only two seedlings rated as stress rating 3 (Figure 5). PP seedlings experienced lowest stress ratings at the end of two growing seasons on the north side of DWD at the 0.0 and 0.25 m distances. PP seedlings experienced moderate success at other distances, having separated into low stress and dead individuals, with few individuals of stress ratings 2 and 3. Few DF seedlings with stress rating 1 remained in locations other than the 0.0 m distance on the north side of DWD.

[image: Figure 5]

FIGURE 5
 Stress rating distribution at the end of the second growing season. Data are shown for Douglas-fir (DF) and ponderosa pine (PP) seedlings planted at 0, 0.25, 0.5, and 1.5 m distance from DWD on the north (N) or south (S) sides of the DWD. Data are pooled among DWD on north-facing, ridgeline, or south-facing positions (i.e., topographic aspect not represented in this graph).


Independent of location, PP had overall lower stress ratings compared to DF (p < 0.0001). Stress ratings were greater on the south side of the woody debris compared to the north side (p = 0.0002) and increased with increasing distance from the DWD (p = 0.0004). Stress ratings were lowest on the north slope and increased significantly on the ridge (p = 0.0043) and south facing slopes (p = 0.0002). Interaction between DWD aspect and distance from DWD was not significant (Table 2). The estimates of variance associated with random effect were small compared to coefficients for fixed effects, suggesting that variation in seedling vigor response among logs was low.



3.2. Survival

DF experienced greatest survival on the north side of DWD, and at the 0.0 and 0.25 m distances (Figure 6). Both PP and DF experienced a greater range of outcomes on the south-facing slope, with the greatest distinction between the protected shade zone of the immediate north side of the DWD and relatively unprotected positions. DF fared poorly on the flat ridge-top but experienced its highest survival rates at the ridge-top location at the 0.0 m distance on the north side of the DWD (Figure 6).

[image: Figure 6]

FIGURE 6
 Percent survival over two growing seasons, with individual traces representing combinations of side of DWD (north vs. south) and distance from the DWD. Dashed lines with open points represent the south DWD aspect while solid lines with colored in points represent the north DWD aspect. Each color is representative of a distance: black = 0.0 m, red = 0.25 m, blue = 0.5 m, green = 1.5 m. Each panel represents a combination of species (DF, PP) and topographic setting (north-facing slope, flat ridge-top, south-facing slope).


Survival at the end of both growing seasons was clearly conditioned by species, DWD aspect, distance from DWD, and topographic position (Table 3). At the end of the first growing season, survival was higher for PP compared to DF (p < 0.0001). Overall survival was lower on the south DWD aspect (p < 0.0001) and decreased as distance from DWD increased (p = 0.0338). In addition, the interaction term between distance from DWD and location on the south aspect was significant (p = 0.0044). Survival was significantly lower on the south topographic aspect (p = 0.0485) and the ridge (p = 0.0018) compared to the north topographic aspect. Interaction between DWD aspect and distance from DWD was not significant.



TABLE 3 Generalized linear mixed model (binomial dependent variable) output for models with 2021 survival and 2022 survival as dependent variables (0 = dead, 1 = alive).
[image: Table3]

Survival was greater for PP than for DF (p < 0.0001) during the second growing season (Table 3). For both species, survival was lower on the south DWD aspect compared to the north DWD aspect (p = 0.0001) and survival decreased as distance from DWD increased (p = 0.0010). Survival was significantly lower on the ridge (p = 0.0043) and south topographic aspects (p = 0.0004) compared to the north topographic aspect. Interaction between DWD aspect and distance from DWD was not significant. Random effects associated with individual DWD, DWD aspect within individual DWD, and location were small compared to coefficients for fixed effects, suggesting that variability of response among replicate logs was not considerable.



3.3. Basal diameter growth

At the end of the first growing season, basal diameter exhibited no significant changes with seedling species, distance from DWD, DWD aspect, topographic aspect, or the interaction between DWD aspect and distance from DWD (Table 4). By the end of the second growing season, PP exhibited significantly higher basal diameter growth compared to DF (p < 0.0001), and basal diameter growth decreased with distance from DWD (p = 0.0153) There is marginal evidence (p = 0.0927) for lower basal diameter growth on the south topographic aspect compared to the north. Otherwise, basal diameter growth was not significantly different as a function of DWD aspect or the interaction between DWD aspect and distance from DWD (Table 4). Random effects were not significant, suggesting that basal diameter growth did not vary as a function of location within the experiment.



TABLE 4 Linear mixed model output for models with basal diameter growth 2021 and basal diameter growth 2022 as dependent variables.
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3.4. Height growth

During the first growing season, PP exhibited greater height growth than did DF (p < 0.0001), but end of growing season heights were not significantly different between species (Student’s t-test, p = 0.545). Height growth for both species decreased with distance from DWD (p = 0.0029) (Table 5). Seedlings exhibited highest height growth on the north side of DWD and on the north topographic aspect, compared to DWD south and the ridge and south topographic aspects respectively, although these differences were not significant. The interaction between DWD aspect and distance from DWD was not significant. Random effects for individual DWD and location were not significant, suggesting fairly uniform response over the extent of the experiment.

At the end of the second growing season, PP still exhibited greater height growth than did DF (p < 0.0001), and PP seedlings were taller on average compared to DF with a mean height of 31.9 cm compared to 28.5 cm (Student’s t-test, p = 0.0084). For seedlings of both species, height growth declined as distance from DWD increased (p = 0.0005). Seedlings exhibited marginally lower height growth on the south DWD aspect (p = 0.0515). Height growth in the second growing season did not appear to be affected by topographic aspect. The interaction between DWD aspect and distance from DWD was not significant (Table 5). The random effect for individual DWD was significant (p = 0.0182), suggesting some variability of height response between pieces of woody debris, but not for the location variable.



TABLE 5 Linear mixed model output with 2021 height growth and 2022 height growth as dependent variables.
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3.5. Chlorophyll fluorescence

The average mid-season measure of Fv/Fm was 0.581. Independent of planting location, Fv/Fm values were significantly higher for PP seedlings than for DF seedlings (p < 0.0001). Fv/Fm values were greater on the north DWD aspect compared to the south DWD aspect (p < 0.0001) and decreased with increasing distance from DWD (p < 0.0001). Fv/Fm values were greatest on the north facing slope, exhibiting significant declines on the ridge (p = 0.0367) and on the south-facing slope (p = 0.0177; Figure 7; Table 6).

[image: Figure 7]

FIGURE 7
 Dark-adapted chlorophyll fluorescence (Fv/Fm) for Douglas-fir (DF) and ponderosa pine (PP) seedlings planted at 0, 0.25, 0.5, and 1.5 m distance from DWD on the north (N) or south (S) sides of DWD on a north-facing slope (N), flat ridgeline (R), or south-facing slope (S). Measurements were made in June 2021, during the middle of the first growing season (n = 275). Note that dead seedlings (Fv/Fm value = 0) are excluded. Lines indicate linear trends estimated from the data.




TABLE 6 Linear mixed model output for mid-season and end of season fluorescence (2021 growing season).
[image: Table6]

The average Fv/Fm value increased to 0.739 by the end of the first growing season. Fv/Fm values remained greater for PP compared to DF (p < 0.0001), and were significantly greater on the north DWD aspect compared to the south DWD aspect (p = 0.0419). The relationship between Fv/Fm values and distance to DWD was no longer statistically significant (p = 0.2914). Additionally, slope aspect influenced Fv/Fm values, with highest values observed on the north facing slope and significantly lower values on the south slope (p = 0.0252). The ridge top did not differ from the north slope (p = 0.1046). The interaction between DWD aspect and distance from DWD was not significant in models of either mid-season fluorescence or end of season fluorescence (Table 6). The random effects associated with specific log for models of both growing seasons were not significant, and the size of the coefficients was small, suggesting low variability in response between logs.



3.6. Mechanisms- soil surface temperature and volumetric water content

SST observations were lowest on the north facing slope, increasing on the ridge (p = 0.0021), and highest on the south facing slope (p < 0.0001) (Figure 8). SST increased as distance from DWD increased, peaking at the 1.5 m distance (p < 0.0001). Additionally, SST was greater on the south DWD aspect compared to the north DWD aspect (p < 0.0001). The interaction term between DWD aspect and distance was significant (p < 0.0001). On the south side of DWD, SST does not increase at the same rate with distance from DWD as it would on the north side of DWD (Table 7). However, at the 1.5 m distance there is little to no difference between SST on the north and south DWD aspects (Figure 8). The random effects for replicate log and location were small and not statistically significant, indicating little variation in response across the experiment.

[image: Figure 8]

FIGURE 8
 Soil surface temperature (SST) as a function of topographic aspect, distance to DWD, and DWD aspect (blue vs. orange symbols), September 25, 2021. Lines indicate linear trends estimated from the data.




TABLE 7 Linear mixed model output for soil surface temperature (SST) and volumetric water content (VWC), both continuous numeric dependent variables.
[image: Table7]

VWC exhibited inverse trends to that of SST. On the site scale, VWC was greatest on the north facing slope, decreasing on the ridge (p = 0.0227) and reaching the lowest values on the south facing slope (p = 0.0080). VWC decreased with distance from DWD (p < 0.0001) and was higher on the north side of DWD compared to the south side (p < 0.001). VWC exhibited a smaller decline with increasing distance from DWD on the south DWD aspect than it does on the north (p < 0.0001) (Table 7). At the 1.5 m distance the difference in VWC between the north and south aspects of the DWD becomes negligible (Figure 9). The random effect for location could not be fit, as it resulted in model singularity. The random effect for replicate log was statistically significant, but small in magnitude, indicating some correlation in VWC within the neighborhood of the log.

[image: Figure 9]

FIGURE 9
 Soil volumetric water content (VWC) as a function of topographic aspect, distance to DWD, and DWD aspect (blue vs. orange symbols), May 12th, 2021. Lines indicate linear trends estimated from the data.




3.7. Vole mortality

Girdling by voles was one of few other sources of recognizable mortality. Vole girdling mortality was largely restricted to the zone proximate to DWD (Figure 10), with strong declines in vole caused mortality as distance from DWD increased (p < 0.0001, Table 8). Vole girdling mortality was also higher on the south side of logs (p = 0.0374). This mortality, however, was insufficient to change the general results of the models relating seedling survival and stress ratings to distance to DWD and DWD aspect. Vole damage did not significantly change with species or topographic aspect (Table 8).

[image: Figure 10]

FIGURE 10
 Total vole mortality for both the 2021 and 2022 growing seasons, pooled among species for the north and south sides of the DWD. Y-axis represents total number of seedlings with dark gray representing vole mortality, lighter gray representing mortality from other causes, and lightest gray representing alive seedlings.




TABLE 8 Generalized linear mixed model (binomial dependent variable) output for vole mortality (0 = killed by voles, 1 = not killed by voles).
[image: Table8]




4. Discussion


4.1. Seedling responses to microsite effect and topography

The mesophyte DF was far more reliant on DWD-created microsites and the cooler, moister conditions found within the influence of the microsite on the north side of logs within 0.25 m of the log. The xerophyte PP seemed to respond to the higher soil moisture level found adjacent to the DWD on both north and south sides. This suggests that moisture availability, not temperature, was limiting to PP, while the mesophytic DF was sensitive to both temperature and moisture availability. Snow tended to drift against the DWD on both south and north sides during the winter months (unpublished data). This would then translate to increased soil moisture adjacent to the DWD in the spring months, an effect which would persist into the growing season. Rainwater may also be shed from the superior surfaces of woody debris onto the area beneath the dripline, or outer margin of the woody debris, also increasing available moisture within a short distance of the log. Further research is needed to investigate the role of DWD on redistribution of both snow and rain forms of precipitation.

At low elevations in the Palouse and foothills of adjacent mountains, first year survival of planted ponderosa pine and Douglas-fir seedlings may be expected to be 30–50% and 20–30%, respectively, without control of competing vegetation (R. Schaefer IV, Alpha Services, pers. comm.). Survival of our planted stock on the immediate north side of DWD exceeded these general survival probabilities, emphasizing the facilitative role of reduced SST and increased soil VWC.

A number of individuals surviving to season 2 of the experiment “recovered” to a lower stress rating, following an increase in stress during the first growing season. This reflects the stressful initial phase of seedling establishment, which is crucial as a filter on tree species persistence in marginal environments (Clark-Wolf et al., 2022).

Both SST and VWC were strongly modified by DWD, despite the pieces of DWD having been placed just one year prior to the planting of the monitored seedlings. These variables have been shown to be of primary importance in tree seedling survival and growth (Hill and Ex, 2020; Wooten et al., 2022). This work demonstrates that even recently placed DWD can have a relatively immediate effect on biophysical conditions on a site. These moderating effects can operate even during extremes of climate, such as the “Heat Dome” event of the summer of 2021. As such events increase in frequency (Horton et al., 2016), the presence of DWD may become even more important to maintain conifer regeneration on dry sites or sites with high solar heat load (e.g., south-facing slopes). VWC, which we measured at 10 cm depth in this study, may have decreased in importance as a predictor of survival or vigor, since 2nd year seedlings will have increased the depth of their taproots, and are accessing deeper soil moisture persisting later into the growing season (Daubenmire, 1968). Future work should examine the effect of DWD on deeper soil moisture, if any. SST, however, was still a significant predictor of stress in the second growing season, as above-ground portions of seedlings are still subjected to temperature extremes.

Topographic aspect was a significant independent variable for the majority of either biophysical or plant-level responses, suggesting topographic setting is a crucial top-down constraint on the importance of DWD-associated microsites. The nearly exclusive association of conifer stress ratings with the immediate north side of the DWD seen on the south-facing and ridge-top settings was relaxed considerably on the relatively mesic north-facing slope. This suggests that DWD-associated microsite protection is less critical as a component of reforestation or restoration efforts on north or northeast aspects, but much more important on flat surfaces or warm slopes (e.g., south or southwest aspects). This, of course, may become less important with increasing elevation, or in more mesic plant communities, since the importance of microsite effects may vary with elevation (Callaway, 1998; García-Camacho et al., 2010). The effects of topographic aspect, and the relative influence of woody debris-created microsites, may therefore be even stronger on steeper slopes than those studied in this work, since heat load is a function of both aspect and slope (McCune and Keon, 2002).



4.2. Discussion of methods

Herbivory by rodents (primarily voles, Microtus spp.) was tightly associated with the placed DWD. This suggests the potential for a countervailing influence of DWD presence that may reduce, or act in opposition to, the benefit of DWD to tree seedlings survival. In our study, observed mortality from voles was not sufficient to obscure the primary patterns of survival and growth. The vole mortality observed in this study did not change regression model coefficients, whether included in model generation or removed from the data set. However, rodent-associated mortality has the potential to substantially alter conifer seedling survival, especially during peaks of rodent population cycles (Sullivan and Sullivan, 2018). Due to rodent use of DWD as a protective element against predation, girdling mortality may reach higher levels in the immediate vicinity of DWD, potentially counteracting the beneficial functions of microsite protection.

Although not reported in this paper, competing vegetation increased dramatically next to the logs. Tall forbs such as prickly lettuce (Lactuca serriola) and tall annual willowherb (Epilobium brachycarpum, syn. E. paniculatum) appeared in profusion on both sides of the logs, regardless of topographic aspect, and were absent 0.5 m from the logs. These doubtless competed with seedlings for nutrients and moisture, but there seemed to be no negative effect on the conifer seedlings, even those overtopped by these vigorous forbs. It may be that the additional shading from the crowns of these forbs even adds to the benefit of the log-created microsite.

Another effect that became apparent during the course of research, but did not proceed to a level where it affected outcomes of growth or survival, was the sloughing of bark from sections of several DWD pieces. Decorticating bark has the potential to displace, crush, or shade seedlings and may heighten the variability of benefit obtained by seedlings within the optimal microsite zone under natural post-disturbance conditions (Harmon, 1989).

Size, species, compass orientation, and decay class of DWD (Sollins, 1982) was held constant in this research. However, future research might address how larger or more decayed DWD might influence the results observed here, with changes in color (and thus reflectance/absorption of light, and dependent heat load), moisture content, or physical stability possibly providing different outcomes for seedlings. One effect that seems important for further work is the zone underneath the overhang of the DWD, where shade is maximal, but moisture input might be reduced. Our measurements at the 0.0 m distance were taken at the “dripline” or outer edge of the DWD, and thus did not necessarily reflect conditions under the DWD.

Seedling stock type is an important consideration in forest regeneration operations. We used containerized seedlings for this research, which have been shown to have greater survival and growth in dry or low elevation sites than bare-root seedlings (Stein and Owston, 1977; McDonald, 1991). Future research should investigate the response of different stock types to microsite facilitation by DWD.



4.3. Implications for management and restoration

Davis et al. (2019) clearly demonstrate increasing challenges to successful tree regeneration in western North America, highlighting the role of increasing soil temperature, increasing vapor pressure deficit, and decreasing soil moisture. This work, in combination with our findings, suggests that amelioration of growing conditions at the microsite scale may be a key adaptive strategy for management of tree regeneration in post-disturbance ecosystems. Relatively warm dry settings could benefit from either retention or importation of woody elements (Marcolin et al., 2019). DWD may or may not be abundant in early seral pre-forest (Harmon et al., 1986; Roccaforte et al., 2012) lending stochasticity to the availability of microsites that favor tree regeneration. In addition, salvage logging, when conducted exhaustively, can reduce DWD available for influencing ecological processes (Lindenmayer et al., 2012). Our work agrees with that of Marangon et al. (2022), in that we found that north-facing microsites are characterized by significantly lower soil temperatures and higher volumetric water content. Our work differs from theirs in that we analyzed a greater number of distances of planted stock to explore the dimensions of the microsite effect to a greater degree; in addition, our work involved the experimental placement of DWD, while their investigation utilized naturally windthrown elements.

Disturbed sites may benefit from the presence of DWD with respect to enhanced conifer regeneration, especially permitting mesophytic conifer species to survive on a site. Managers frequently decide to remove large DWD due to perceived contribution to fire hazard, for economic reasons, or to expose more surface area for planting species that require root contact with mineral soil (Spies and Cline, 1988). This research suggests that retention of at least some percentage of post-harvest or post-disturbance DWD may be advisable to provide protective microsites, in addition to the other recognized functions of DWD such as provision of wildlife habitat (Maser et al., 1979; Harmon et al., 1986). Given our finding of greater survival of seedlings in all planting positions relative to DWD on the north-facing slope, the need for planting to occur on the north side of DWD may be less critical in cooler topographic aspects or settings.

In fire-prone environments, trees that began as seedlings in a DWD-created microsite may be at greater risk of mortality from fire effects (Dr. Robert Keefe, University of Idaho Experimental Forest, personal communication; see also Brown et al., 2003). Monsanto and Agee (2008), working in post-fire conifer forests of the east Washington Cascades, determined that fire-caused lethal temperatures occur in close proximity to woody debris both above- and belowground. These factors may limit the utility of DWD-created microsites if prescribed fire (particularly fall burns, when woody debris has minimum fuel moisture) is anticipated as a part of early stand management. Further research to understand the magnitude of this issue is warranted. In situations where mesophytic conifer regeneration is not desired by managers, who may wish to reduce future stand-level fuel loading or tailor stand composition to anticipated drier, warmer conditions, it may be advisable to avoid the creation of additional woody debris-associated microsites.

Alternatives to DWD for provision of shading and other microsite effects do exist, where DWD is inaccessible, economically infeasible to import, or where financial or fuel bed-related concerns preclude its use. Shrubs generally are regarded as competitors for soil moisture (e.g., Plamboeck et al., 2008), but may also act as a ‘nurse plant’, decreasing direct solar radiation and temperature, and increasing relative humidity around seedlings (Conard and Radosevich, 1982; Castro et al., 2004; Legras et al., 2010). Traditional silvicultural approaches such as shelterwood harvesting can decrease direct radiation and soil temperatures on droughty or warm sites, enhancing regeneration (Childs and Flint, 1987; Tesch and Mann, 1991). Shade cards, although costly, may reduce soil surface temperature and temperatures at the base of seedling stems, but they do not provide reductions in soil temperatures throughout the depth of the soil profile, as do shelterwood treatments (Childs and Flint, 1987). However, on many sites, DWD will be a reasonable option already present on site.

Allowing some trees within a stand to achieve greater age and larger diameter may increase their eventual value as DWD, since a larger tree will likely create a larger shaded microsite. While we held DWD diameter and length relatively constant to ensure a uniform experiment, we recommend that future research investigate the role of DWD dimensions in creating beneficial microsite conditions.



4.4. Conclusion

Studies such as this one should be repeated to understand the functioning of DWD more fully, especially with respect to variables such as species and diameter of the DWD and response of volunteer non-target vegetation and across the major forest or woodland types of North America. It is clear that DWD can exert a powerful influence on physical characteristics of a site and associated effects on tree demography. However, deeper understanding of such phenomena, and their spatial and temporal behaviors, could prove useful to successful incorporation of DWD into useful strategies for climate-adapted tree regeneration.
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