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Restoration of Natural Forests After Severe Wind Disturbance in a Cold, Snowy Region With a Deer Population: Implications From 15 Years of Field Experiments












	 
	ORIGINAL RESEARCH
published: 05 July 2021
doi: 10.3389/ffgc.2021.675475





[image: image]

Restoration of Natural Forests After Severe Wind Disturbance in a Cold, Snowy Region With a Deer Population: Implications From 15 Years of Field Experiments

Junko Morimoto1*, Mio Sugiura1, Miho Morimoto2 and Futoshi Nakamura1

1Laboratory of Ecosystem Management, Graduate School of Agriculture, Hokkaido University, Sapporo, Japan

2Alaska Department of Natural Resources, Division of Forestry, Fairbanks, AK, United States

Edited by:
Barry Alan Gardiner, Institut Européen de la Forêt Cultivée (IEFC), France

Reviewed by:
Kaysandra Waldron, Canadian Forest Service, Canada
Golo Stadelmann, Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), Switzerland

*Correspondence: Junko Morimoto, jmo1219@for.agr.hokudai.ac.jp

Specialty section: This article was submitted to Forest Disturbance, a section of the journal Frontiers in Forests and Global Change

Received: 03 March 2021
Accepted: 09 June 2021
Published: 05 July 2021

Citation: Morimoto J, Sugiura M, Morimoto M and Nakamura F (2021) Restoration of Natural Forests After Severe Wind Disturbance in a Cold, Snowy Region With a Deer Population: Implications From 15 Years of Field Experiments. Front. For. Glob. Change 4:675475. doi: 10.3389/ffgc.2021.675475

Questions have been raised about the application of conventional post-windthrow forest practices such as salvage logging, site preparation, and afforestation in response to the increase in wind disturbance caused by climate change. In particular, it is necessary to identify effective forest management practices that consider the pressure from deer browsing in forests in cold, snowy regions because the population of ungulates is expected to increase. The impacts of legacy destruction, i.e., the destruction of advance regeneration, microsites, and soil structure, caused by conventional post-windthrow practices have rarely been assessed separately from the impacts of subsequent deer browsing on forest regeneration or evaluated based on sufficiently long monitoring periods to assess vegetation succession. This lack of studies is one reason that alternative forest management practices to salvaging and planting have not been proposed. We conducted a field experiment at a large-scale windthrow site with a deer population to (1) assess the impact of legacy destruction and deer browsing on vegetation biomass and species composition after 15 years and (2) identify the effects of legacy retention. The study design allowed us to distinguish between and measure the impact of legacy destruction and that of subsequent deer browsing during a 15-year period. The results revealed the following: (1) Salvage logging and site preparation suppressed the development of biomass of shrub and tree layers in forested areas where harvest residues were piled up and shifted the plant communities in these areas to herbaceous plant communities. (2) Subsequent deer browsing suppressed the development of the biomass of shrub and tree layers throughout the forested site and shifted herbaceous communities to ruderal communities dominated by alien species; and 3. Compared with salvaging and planting, legacy retention enabled the windthrow sites to more quickly develop into a stand with characteristics similar to that of a mature, natural forest. Forest management practices that consider the presence of deer are necessary. We propose a policy shift from planting trees after salvaging to leaving downed trees to regenerate natural forests, unless there is concern about insect damage to the remaining forestry land in the vicinity.
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INTRODUCTION

The frequency of intense tropical cyclones at the end of the twenty-first century (2075–99) was projected globally in the Intergovernmental Panel on Climate Change (IPCC) A1B scenario (Murakami et al., 2012). This scenario projects increasing amounts of severe damage to forests due to typhoons in East Asian countries with monsoon climates. It will be difficult to continue to implement conventional practices applied after windthrow, such as salvage logging, site preparation, and reforestation, in every stand because of limitations on available resources for forest management if the area of such disturbances increases (Thorn et al., 2018).

Recent research indicates that conventional post-windthrow practices may impede forest recovery (Thorn et al., 2018; Taeroe et al., 2019). First, salvage logging and site preparation for planting destroy windthrow legacies, including advance regeneration, various types of microsite, and soil structure (Tan et al., 2005; Peterson and Leach, 2008; Morimoto et al., 2011). Moreover, removing fallen logs facilitates deer foraging on planted and naturally regenerating saplings (Jonášová et al., 2010; Moriya et al., 2012; Götmark and Kiffer, 2014) because fallen logs prevent deer from accessing disturbed areas (de Chantal and Granström, 2007; Smit et al., 2012). These two impacts define the initial vegetation recovery process, which determines the future forest structure (Fischer and Fischer, 2012; Morimoto et al., 2019; Hotta et al., 2020).

The population density of ungulates may increase in boreal forests in North America because of the decrease in snow accumulation projected under climate change (Fisher et al., 2020; Laurent et al., 2021). The population of sika deer (Cervus nippon) in Japan is negatively related to snow depth (Ueno et al., 2018), and the possibility of a rapid intensification of deer impact is projected (Ohashi et al., 2014). These facts imply that forest managers should be vigilant about the increase in wind disturbance and increase in deer browsing pressure. Post-windthrow forest management, especially in cold, snowy regions with deer populations, needs to be approached carefully.

However, the effects of salvage logging and deer browsing on forest structure have never been assessed separately, nor have they been evaluated on the basis of monitoring over a sufficiently long period to assess subsequent forest succession processes (refer to Royo et al. (2010) for an assessment of those effects separately after fire disturbance). Therefore, it is not possible to determine whether a certain forest structure has been determined by legacy disturbance or by subsequent deer browsing. This situation makes it difficult to propose alternatives to salvaging and planting.

A field experiment was conducted in a cold, snowy region with a deer population to determine appropriate practices for achieving natural forest regeneration after catastrophic wind disturbance. The objectives of the study were (1) to assess the impact of legacy destruction and deer browsing on vegetation biomass and species composition after 15 years and (2) to identify the effects of legacy retention. We discuss the processes and consequences of post-windthrow forest practices on species composition and biomass 15 years after windthrow and the importance of legacy retention.



MATERIALS AND METHODS


Study Area

Typhoon Songda hit Hokkaido Island (ca. 78,000 km2) in northern Japan in September 2004 and destroyed 399.6 km2 of forest (Tsushima et al., 2005). The study area was established in the national forest in Chitose city (Figure 1, 42°45′ N 141°30′ E; elevation of 150 m above sea level). In the study area, plantation patches of Abies sachalinensis planted in 1957 were completely destroyed by the typhoon, but no damage occurred in the natural old-growth mixed forests. The collapsed forest was an artificial forest, but the restoration goal was regeneration of the local natural forest in the windthrow area because the planned forest service in this area is conservation of biodiversity. The average annual temperature in the study area is 6.9°C, and the average annual precipitation is 1,649 mm (Lake Shikotsu, Japan Meteorological Agency [JMA], 2016). We established the experimental site in a damaged A. sachalinensis plantation (east–west (EW) 70 m × north–south (NS) 300 m) and the reference site (RF) in an undamaged mature, natural forest (ca. 4.5 km from the experimental site). The forest stand at the RF is more than 200 years old and is dominated by Picea jezoensis, A. sachalinensis, and Quercus crispula, all of which are original species in this region.
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FIGURE 1. Study area and design.


In the northern part of the experimental site (EW 70 m × NS 50 m), no manipulations were conducted, and all woody debris was left as it lay. In the southern part of the experimental site (EW 50 m × NS 150 m), salvage logging was conducted in September 2007 by bulldozers and harvesters with grapples. Thereafter, site preparation, flattening and clearing of a 4-m-wide row for tree planting were performed by backhoes. Woody debris scattered on the forest floor was piled along the sides of each planting row; these debris piles are referred to as residual rows. Approximately 10 cm of topsoil was removed from the site. Volcanic scoria ejected from Mount Tarumae (42°41′ N 141°22′ E; 1,041 m) emerged during site preparation. Seedlings of Q. crispula (∼60-cm height) were planted after the site preparation. This species was selected for planting to restore the mixed forest of Q. crispula and A. sachalinensis, which originally grew before manual forestation by humans. Deer fences (2 m in height) that enclose a part of the experimental site were installed in 2009.

The western and eastern sides of the experimental site were undamaged artificial Picea glehnii stands planted in 1979 and 1978. The forest that bordered the north side of the experimental site was natural mixed forest with minor damage. The forest that bordered the south side of the experimental site was A. sachalinensis plantations that were blown down by the typhoon; the downed trees were subsequently salvaged, and the area was planted with Q. crispula.

A subspecies of Japanese sika deer (Cervus nippon yesoensis) inhabits Hokkaido Island. The size of the deer population was estimated to be approximately 500,000–600,000 in 2013–2016 (Agetsuma, 2018). Their habitat comprises landscape that consists of both forests and grassland. Their foods seasonally change: grass leaves, tree leaves and nuts in the non-snow season and Sasa leaves, twigs and bark of woody plants in the snow season (Yokoyama et al., 2000; Campos-Arceiz and Takatsuki, 2005).



Study Design

We prepared four treatments without deer fences in 2007 and three additional treatments with deer fences in 2009 (Figure 1).

The treatments included legacy retention (LR), in which the trees were not salvaged and woody debris remained after the blowdown; legacy retention with deer fencing (LR-fenced), which involved LR enclosed by a deer fence; residual rows (RR), in which woody debris was piled up in rows during salvage logging; residual rows with deer fence (RR-fenced), which involved RR enclosed by a deer fence; planting rows (PR), in which salvaging, site preparation, and planting with Q. crispula seedlings were carried out; PR with deer fence (PR-fenced), which involved PR enclosed by a deer fence; and a reference (RF), which consisted of mature, natural mixed forest.

The size and number of quadrats in each treatment are shown in Figure 1. The quadrat size was determined by the maximum height of emerging plants (Braun-Blanquet, 1964). For the survey of the RF environment and vegetation, five quadrats (20 m × 20 m; 400 m2) were established. We then established five microquadrats (2 m × 2 m; 4 m2) within each quadrat. The quadrats were placed at least 200 m apart. One of the five microquadrats was placed at the center of the quadrat, and the other four microquadrats were placed at the centers of four 10 m × 10 m divided squares in each quadrat. For the survey of the environment and vegetation at the experimental treatment sites, microquadrats were established at the intersection points of the 10 m × 10 m grid system. The microquadrats were 2 m × 2 m (4 m2) in size for the LR and LR-fenced sites and 1 m × 4 m (4 m2) in size for the RR, RR-fenced, PR, and PR-fenced sites.

According to Japanese governmental policy, salvage logging should be implemented within a few years of a windthrow event (Ministry of Agriculture Forestry and Fisheries [MAFF], 2019). Thus, we were able to leave only a small portion of the study area unsalvaged for this study. Additionally, we were able to establish only 16 microquadrats for the LR site and 5 microquadrats for the LR-fenced site to avoid edge effects from the surrounding forest roads and to avoid the occurrence of autocorrelation among the quadrats. The minimal distance between any quadrat and roads was 10 m.



Field Survey


Environmental Conditions

The following were measured once at four random points in the microquadrats in July–August of 2018: the surface relative photon flux density (PFD); soil water content; cover % of materials that covered the ground; and the height, cover% and decay level of coarse woody debris (CWD). CWD was observed only in the LR, LR-fenced, RR, and RR-fenced treatments. The decay level was classified according to the shape of the CWD and the depth of knife penetration (Heilmann-Clausen, 2001; Fukasawa, 2012) according to established criteria (Forestry and Forest Products Research Institute [FFPRI], 2016). A decay level of 3 or greater corresponds to the status of dead wood that can serve as a nursery bed for seedlings (Graham and Cromack, 1982). An average value of four points was used as the representative of each microquadrat for later analysis. We also calculated an indicator to represent the amount of CWD, which is the maximum CWD height (cm) multiplied by the cover ratio (%), for each microquadrat. The unit was cm3.

The PFD was simultaneously measured using two light sensors (LI-250A light sensor; LI-COR, Lincoln, NE, United States) at 10 cm above the ground at four random points in each microquadrat and at a position to detect light from the whole sky. The measurements were conducted on sunny days in mid-August 2018. The ratio of the PFD at 10 cm above the ground to that of the whole sky was calculated, and the average ratio for each microquadrat was used to determine the relative PFD value.

The soil water content was measured using time-domain reflectometry (TDR; HydroSense, Campbell Scientific, Inc., Logan, UT, United States) on selected sunny days that followed three continuous sunny days in mid-August 2018. The soil water content was measured at a depth of 5 cm at four random points in each microquadrat, and the average was used in the subsequent analysis.

The % cover values were determined for litter, soil, gravel, and moss and lichen in the microquadrats in August 2018. Litter included leaves and small branches. Soil and gravel were classified by grain-size diameter: the diameter of gravel was larger than 1 cm, and that of soil was less than 1 cm.



Vegetation

The vascular plant species in each vegetation layer were surveyed once from late July to August in 2008 and 2018 in the experimental sites (LR, LR-fenced, PR, PR-fenced, RR, RR-fenced) and once from August to September in 2019 in the reference site (RF). Tree-layer species (≥10 m in height) were recorded only at the reference site because the vegetation at the experimental site had not yet reached the tree layer. The species in the tree layer in the quadrats and the species in the shrub (1.5–10 m) and herbaceous (<1.5 m) layers in the microquadrats were recorded. The % cover and maximum height of plants above and below the deer line (1.5 m) were measured at the experimental site in August 2018 and at the reference site in August 2019.



Analyses

The environmental and vegetation data were tabulated by microquadrat for the experimental treatment sites (LR, LR-fenced, PR, PR-fenced, RR, and RR-fenced) and by quadrat for the reference site (RF). To determine the representative value of each quadrat, we used the average value of the five microquadrats in the quadrat.

The Kruskal-Wallis test followed by the permutation test (P < 0.05) was used to examine the differences in soil water content, relative PFD,% cover of the various materials, and amounts of total CWD and CWD with a ≥ 3 decay level among the treatments (R version 3.5.1, package: rcompanion). The amount of CWD was analyzed only among the LR, LR-fenced, RR, and RR-fenced treatments because CWD was not observed in the other treatments.

An indicator of the vegetation biomass was calculated: the% cover of plants was separately multiplied by the maximum height (m) of the plants in the tree and shrub layers in each quadrat. We applied this indicator to express the volume of vegetation in the tree and shrub layers. The unit of the indicator was m3. Kruskal-Wallis test followed by the permutation test (P < 0.05) was used to examine the differences in vegetation biomass among the treatments.

A detrended correspondence analysis (DCA; Hill and Gauch, 1980) was used to examine the similarity between the species compositions in the windthrow treatments and those at the reference site. The DCA was also used to monitor the vegetation transit from 2008 to 2018 or 2019. The presence–absence data of each species were used for the analysis (R Core Team, 2018; R version 3.5.1, package: vegan). Any species present in fewer than two quadrats was excluded from the analysis. In total, 144 species were analyzed, including 47 woody, 84 herbaceous, and 13 fern species. We included all kinds of treatments for the analysis to determine which treatments would make the windfall site most similar to the target natural mixed forest.



RESULTS


Environmental Conditions

Significant differences between certain treatments were observed for all environmental variables (Table 1).


TABLE 1. Environmental conditions (mean ± SE) in each treatment in 2018.
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To assess the impact of legacy destruction, we first compared the treatments with deer fences (LR-fenced, PR-fenced, RR-fenced) to the RF site. Most environmental variables at the planted sites (PR-fenced and RR-fenced) were significantly different from those at the RF site. In contrast, most environmental variables at the LR-fenced site were equivalent to those at the RF site.

Next, to assess the impact of deer browsing, we compared the treatments with and without deer fences (LR vs. LR-fenced, PR vs. PR-fenced, RR vs. RR-fenced). The installation of deer fences around the legacy retention sites (LR vs. LR-fenced) did not result in any differences in environmental variables. However, deer fence installation around the planted sites (PR vs. PR-fenced and RR vs. RR-fenced) resulted in differences in litter and moss cover. When the vegetation did not experience deer browsing, the litter cover increased, and the moss cover decreased.



Vegetation Biomass

The vegetation biomass in the shrub and tree layers, i.e., the vegetation biomass above the deer line, was significantly different among the different treatments (Figure 2). In contrast, the vegetation biomass in the herbaceous layer, i.e., the vegetation biomass below the deer line, varied only slightly among the treatments (Figure 3).
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FIGURE 2. Boxplot of vegetation biomass above the deer line in each treatment after windthrow and in the mature, natural mixed forest. Significant differences according to a permutation test (p < 0.05) are indicated by different letters. LR, legacy retention; LR-fenced, LR enclosed by a deer fence; RR, residual rows; RR-fenced, RR enclosed by a deer fence; PR, planting rows; PR-fenced, PR enclosed by a deer fence; and RF, mature, natural mixed forest (reference site).
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FIGURE 3. Boxplot of vegetation biomass below the deer line in each treatment after windthrow and in the mature, natural mixed forest. Significant differences according to a permutation test (p < 0.05) are indicated by different letters. LR, legacy retention; LR-fenced, LR enclosed by a deer fence; RR, residual rows; RR-fenced, RR enclosed by a deer fence; PR, planting rows; PR-fenced, PR enclosed by a deer fence; and RF, mature, natural mixed forest (reference site).


To assess the impact of legacy destruction, we first compared the treatments with deer fences (LR-fenced, PR-fenced, RR-fenced) to the RF site. Only at the LR-fenced site did the vegetation biomass in the shrub layer grow to a level comparable to that at the RF site. The vegetation biomass in the shrub layer was largest at the PR-fenced site, followed by that at the LR-fenced site, and that at the RR-fenced site was the lowest.

Next, to assess the impact of deer browsing, we compared the treatments with and without deer fences (LR vs. LR-fenced; PR vs. PR-fenced, RR vs. RR-fenced). In all comparisons, the vegetation biomass in the shrub and tree layers in the treatment that was free from deer browsing was significantly higher than that in the treatment exposed to deer browsing.



Species Richness and Composition

Immediately after the windthrow event in 2008, the planted sites (PR and RR) had higher species richness than the legacy retention site (LR) (Table 2). The planted sites (PR and RR) were dominated by shade-intolerant herbaceous and pioneer woody species, whereas shade-tolerant herbaceous and woody species dominated the legacy retention sites (LR) (Figure 4). The difference in species richness among the treatments at the windthrow experimental site disappeared by 2018 (Table 2). The species composition in LR and LR-fenced approached that in the mature natural forest (RF) over the studied decade. In contrast, the vegetation at the PR, PR-fenced, RR, and RR-fenced sites did not show any indications of a transition to RF vegetation.


TABLE 2. Plant species richness in each treatment after windthrow and in the mature, natural mixed forest.
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FIGURE 4. Biplot of species composition according to DCA. (A) Quadrat distribution, (B) Woody species with quadrat distribution, (C) Herbaceous species with quadrat distribution. LR, legacy retention; LR-fenced, LR enclosed by a deer fence; RR, residual rows; RR-fenced, RR enclosed by a deer fence; PR, planting rows; PR-fenced, PR enclosed by a deer fence; and RF, mature, natural mixed forest (reference site). The subscripts 2008 and 2018 indicate the year of the investigation. The 90% confidence interval of the quadrat distribution for each treatment is shown as an ellipse.


To assess the impact of legacy destruction, we compared the treatments with deer fences (LR-fenced, PR-fenced, RR-fenced) to the RF site. There was little difference in species richness among the treatments in the windthrow experimental site (LR-fenced, PR-fenced, RR-fenced), and all treatments had smaller species richness to the RF forest. The species composition in the LR-fenced forest was the closest to that in the RF forest and was characterized by shade-tolerant woody species and ferns. The species composition in the PR-fenced forest was the farthest from that in the RF forest and was characterized by shade-intolerant and alien herbaceous species like Solidago gigantea Aiton, Plantago asiatica L., and Chrysanthemum leucanthemum L (see Supplementary Table 1).

Next, we compared the treatments with and without deer fences (LR vs. LR-fenced; PR vs. PR-fenced, RR vs. RR-fenced) to assess the impact of deer browsing. The presence or absence of deer fences had no effect on the number of species (Table 2). We found slight differences in species composition between LR- and LR-fenced plants and between PR- and PR-fenced plants, but no difference was observed between RR- and RR-fenced plants.



DISCUSSION

It is difficult to extrapolate a universal principle from an experiment conducted at a single windthrow site. However, having the same environmental conditions for the quadrats, including weather, topography, seed dispersal, and deer density, allowed us to make precise comparisons between treatments.


The Impact of Legacy Destruction and Deer Browsing on Vegetation Biomass

Legacy destruction suppressed the development of shrub- and tree-layer biomass only in the RR treatments. However, subsequent deer foraging suppressed the development of shrub- and tree-layer biomass in the unfenced RR and PR treatments. Shrub- and tree-layer biomass equivalent to that at the RF site developed only in the LR-fenced treatment.

Salvage logging and planting drastically changed the environmental conditions, including the soil water content, relative photon flux, cover of gravel, soil, and litter, immediately after the practice (Morimoto et al., 2011), and the effect remained even after 15 years. This result is compatible with a report (Lang et al., 2009) on the long-term (25 years) effect of salvage logging on soil in an old-growth hemlock northern hardwood forest. They also noted the importance of biological legacies that remained after salvage logging, such as root suckers and stump sprouts.

Because the residual row sites were densely piled with remaining woody debris and volcanic scoria after salvaging, many of the advanced seedlings were likely killed or damaged, and there was limited space available for the dispersal of new seeds. Therefore, the vegetation biomass in the RR-fenced treatment was much lower than that in the LR-fenced treatment, where developed seedlings and newly dispersed seeds regenerated, and in the PR-fenced treatment, where planted Q. crispula grew. The growth of advanced seedlings in the residual row was expected in the initial stages of regeneration (Morimoto et al., 2011), but they only slightly contributed to the vegetation biomass due to their low density.

The PR site had the lowest vegetation biomass probably due to the planting of Q. crispula, which is a species that deer preferentially consume. To develop stands of broadleaved tree species that are preferred by deer in areas with deer populations, creative planting methods are required, such as adjusting the size of the saplings and planting density and mixing broadleaved species with coniferous species (Borkowski et al., 2017).

One reason why the impact of deer browsing noticeably affected the vegetation biomass of the shrub and tree layers is that deer visit open stands more frequently than closed stands to forage for saplings (Kuijper et al., 2009). Deer frequented the sunny windthrow area and repeatedly foraged on Q. crispula saplings for 15 years, which probably suppressed tree growth and leaf development and thereby limited biomass development in the shrub and tree layers.

Although there are many reports speculating that deer browsing after salvaging suppresses the regeneration of broadleaved trees (e.g., in the early stage, Jonášová et al., 2010; 40 years after windthrow, Götmark and Kiffer, 2014), these studies were not designed to clearly distinguish the effects of deer browsing from the impacts of legacy destruction. Our study design allowed us to successfully quantify the effects of deer browsing and demonstrate that vegetation biomass of the shrub and tree layers was suppressed by deer browsing across the planted sites.



Impact of Legacy Destruction and Deer Browsing on Species Composition

Legacy destruction resulted in greater species richness, and the species composition was dominated by herbaceous, shade-intolerant species immediately after windthrow. Subsequent deer browsing did not alter the species richness but shifted the herbaceous community toward a community comprising more ruderal and alien species. The species richness in the LR treatment increased to the equivalent level of that in other treatments at the windthrow site, and the species composition approached the target species composition in the RF site during the 15 years, whereas the RR and PR sites maintained their herb-dominated species composition.

In the initial stages of regeneration after extreme forest management practices, such as scarification and site preparation with salvage logging, fern species decrease in abundance (Haeussler et al., 1999), herbaceous species dominate (Rumbaitis del Rio, 2006), and pioneer tree species establish among the herbaceous species (Morimoto et al., 2013). We found that these initial trends of regeneration were sustained even 15 years after the windthrow event. However, the effects of salvage logging on species richness were short lived, and the difference among treatments at the windthrow experimental site diminished during the 15 years. These findings correspond to those of a report in which the effects of wind disturbance and salvage logging on the diversity parameters were evaluated over 6 years (Oldfield and Peterson, 2019), stating that those disturbances altered the tree and sapling species compositions but not the alpha diversity, e.g., the species richness and Shannon diversity.

Conventional forestry practices shifted the plant community at the windthrow sites toward an herbaceous one, while legacy retention brought the community at the windthrow sites closer to the target mature natural forest community. The main reason for these opposite outcomes was the destruction of legacy forest remnants by heavy equipment rather than deer browsing. The impact of human disturbances on species composition may last even longer because they leave only a limited amount of decayed CWD that can serve as a substrate for seedling germination and growth in the forested area (Table 1). In particular, the regeneration of typical conifer tree species in boreal Picea forests is known to be dependent on the presence of well-decayed fallen logs 30–60 years after tree death (Zielonka, 2006). Therefore, Picea species are lost from the next generation of forests in forested areas. A statistical analysis showing that the impact of salvaging, site preparation, and planting on species diversity lasts for at least 50–80 years (Takafumi and Hiura, 2009) supports our inference.

During the 5 years between the windthrow event and the installation of the deer fence, the entire experimental site was in an open environment for deer to invade. In particular, deer were more likely to forage while walking at planting sites where windthrow trees had been removed. Therefore, the effect of deer foraging on the biomass and species composition in the PR-fenced and RR-fenced sites may be stronger than that if deer fences had been installed immediately after the windthrow event.



The Effect of Legacy Retention

The vegetation biomass and species composition of the LR treatment were similar to those of RF than those of the other treatments, and this trend was apparent during the first 15 years of succession. The LR treatment retained the advance regeneration of shade-tolerant species and fern species. The heterogeneous microsites retained at the LR sites also provided optimal conditions for the establishment of new seedlings. Moreover, the fallen logs at these sites acted as barriers to deer access and minimized browsing.

In the initial stages of recovery, the advance regeneration of shade-tolerant species and fern species that prefer various microsites characterizes legacy retention areas (Morimoto et al., 2011), in which the vegetation biomass and species composition become similar to those in mature natural forests (Morimoto et al., 2013). We found that these initial trends persisted even 15 years after the windthrow event.

Regeneration mortality and species composition are initially controlled by exogenous factors that are linked to storm severity and microsite heterogeneity and generate a degree of spatial partitioning within a microsite; gradually, species life-history traits and competition predominate, controlling forest dynamics (Vodde et al., 2015). Various types of structural legacies (e.g., downed trunks, branches, canopies, pits, and mounds) that create heterogeneous conditions on the ground (Rydgren et al., 1998; Ulanova, 2000) protect the propagule legacies of advance regeneration seedlings and saplings from deer browsing (Smit et al., 2012) and allow recruitment from newly dispersed seeds (Peterson and Pickett, 1995) as well as competition among them (Vodde et al., 2015). In the present study, these processes defined the species composition and biomass 15 years after the windthrow event.

Many studies have shown that fallen trees prevent deer from foraging on regenerating vegetation in the years immediately following a windthrow event. Our experimental design demonstrated that this is indeed the case. On the other hand, the vegetation biomass in the shrub and tree layers at the LR-fenced site was greater than that at the unfenced LR site, and the species composition at the LR-fenced site was slightly different from that at the unfenced LR site. These findings suggest that downed trees do not completely prevent deer from browsing. In fact, at our experimental site, the average height of CWD decreased significantly, from 0.98 m (0.00–2.15 m; Morimoto et al., 2011) in 2008 to 0.38 m (0.00–1.24 m) in 2018, because of the decay of downed logs. This suggests that the deer-excluding effect of fallen trees on legacy retention decreases over time. The consequences of these findings for future vegetation succession need to be considered.

We have shown the physical impact of fallen trees acting as barriers to deer access in this study; however, it is expected that deadwood also plays as a key role in the conservation of local biodiversity because deadwood provides an essential habitat for deadwood-dependent species such as saproxylic beetles, foraging woodpeckers, and fungi (Doerfler et al., 2020; Dufour-Pelletier et al., 2020).



IMPLICATIONS

The following suggestions are provided based on the analysis of the surveys conducted immediately after windfall and in the 15th year after windfall: after catastrophic wind disturbance in cold, snowy regions, leaving fallen trees is a more reasonable method to promote natural forest regeneration than conventional forest practices, which include salvaging, site preparation, and planting. However, in areas with high deer-browsing pressure, the stagnation of vegetative succession due to the decreasing deer-excluding effect of fallen trees over time must be taken into account.

In monsoon Asia, legacy retention has not been put into practical use due to the fear of bark beetles damaging the surrounding plantation trees, as these beetles inhabit the fallen trees that remain after windthrow. However, in the case of large-scale windfall disasters, it takes several years to completely remove fallen trees, and insect outbreaks are inevitable. Furthermore, vegetation recovery after salvage logging remains an issue (Morimoto et al., 2019). Hence, it is recommended to implement salvage logging only if there is a forestation area in the vicinity. The selection of species to plant is also an important issue since saplings planted to supplement destroyed advance regeneration may become food for deer in regions with a high deer density. Therefore, it is better to select tree species that are not preferred to be eaten by deer and plant those species after salvaging if it is not possible to protect them with deer fences.

Management practices must be considered on the basis of the presence of deer because the forest structure does not immediately recover from disturbance, even if the deer population is reduced and the browsing pressure decreases (Tanentzap et al., 2011). It is necessary to consider changing the reforestation policy of removing all downed trees to a policy of leaving downed trees to allow the regeneration of natural forests, unless there is a concern about insect damage to the remaining forestry land in the vicinity.
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level of 3 or higher (cm®)

CWD, Coarse Woody Debris.

Significant differences according to the permutation test (p < 0.05) after the Kruskal-Wallis test indicated by different letters.
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