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a b s t r a c t The role of disturbance in structuring vegetation is widely recognized; however, we are only beginning to understand the effects of multiple interacting disturbances on ecosystem recovery and development. Of particular interest is the impact of post-disturbance management interventions, particularly in light of the global controversy surrounding the effects of salvage logging on forest ecosystem recovery. Studies of salvage logging impacts have focused on the effects of post-disturbance salvage logging within the context of a single natural disturbance event. There have been no formal evaluations of how these effects may differ when followed in short sequence by a second, high severity natural disturbance. To evaluate the impact of this management practice within the context of multiple disturbances, we examined the structural and woody plant community responses of sub-boreal Pinus banksiana systems to a rapid sequence of disturbances. Speciﬁcally, we compared responses to Blowdown (B), Fire (F), Blowdown–Fire, and Blowdown–Salvage–Fire (BSF) and compared these to undisturbed control (C) stands. Comparisons between BF and BSF indicated that the primary effect of salvage logging was a decrease in the abundance of structural legacies, such as downed woody debris and snags. Both of these compound disturbance sequences (BF and BSF), resulted in similar woody plant communities, largely dominated by Populus tremuloides; however, there was greater homogeneity in community composition in salvage logged areas. Areas experiencing solely ﬁre (F stands) were dominated by P. banksiana regeneration, and blowdown areas (B stands) were largely characterized by regeneration from shade tolerant conifer species. Our results suggest that salvage logging impacts on woody plant communities are diminished when followed by a second high severity disturbance; however, impacts on structural legacies persist. Provisions for the retention of snags, downed logs, and surviving trees as part of salvage logging operations will minimize these structural impacts and may allow for greater ecosystem recovery following these disturbance combinations. Ó 2011 Elsevier B.V. All rights reserved.



1. Introduction Disturbances strongly inﬂuence ecosystem structural and successional development, as well as patterns of resource availability, effecting changes at both the site and landscape levels. Traditionally, research has focused on the effects of single disturbances or disturbance types, generating an important body of theory, concepts, and empirical data (e.g., Watt, 1947; Heinselman, 1973; Pickett and White, 1985; Turner et al., 1993; Attiwill, 1994), and producing metrics with which to characterize disturbance regimes (White et al., 1999). Recently, interest has shifted towards the
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effects of multiple interacting disturbances, such as windthrow, wildﬁre, and insect outbreaks (Paine et al., 1998; White et al., 1999; Bigler et al., 2005; Kulakowski and Veblen, 2007; Palik and Kastendick, 2009). This work suggests that multiple disturbances may interact synergistically, generating novel ecosystem responses and shifts not readily predicted from knowledge of single disturbances (Paine et al., 1998). Given that this is an emerging ﬁeld of research, much remains unknown regarding the effects of these interactions (Lindenmayer et al., 2010). One management activity increasingly being examined within the context of interactive disturbance effects is salvage logging (Lindenmayer et al., 2004), which is the removal of trees from forest stands affected by natural disturbance so as to recover economic value. Because salvage logging typically closely follows natural disturbance in time, the cumulative severity of these disturbances (sensu Peterson and Leach, 2008a) may create novel conditions for a given ecosystem (Paine et al., 1998). For example, several studies have suggested that post-ﬁre salvage logging



A.W. D’Amato et al. / Forest Ecology and Management 262 (2011) 2070–2078



creates conditions quite different from those found after ﬁre alone, resulting in increased susceptibility to subsequent disturbances (Donato et al., 2006; Thompson et al., 2007), shifts in tree regeneration and successional trajectories (Greene et al., 2006), and general declines in native biodiversity (Lindenmayer and Ough, 2006). In contrast, the impacts of salvage logging have been minimal following moderate severity blowdown due to the lower cumulative disturbance severity experienced by salvaged sites in these systems relative to those in which this practice is applied following more severe natural disturbances, such as ﬁre (Peterson and Leach, 2008a; Lang et al., 2009). Given the considerable debate worldwide regarding salvage logging (Dellasala et al., 2006; Lindenmayer, 2006), a better understanding of the conditions under which this management practice may compromise long-term ecosystem integrity is needed. Salvage logging typically occurs shortly (weeks to years) after a given natural disturbance. As such, it well represents the situation highlighted by Paine et al. (1998), in which multiple disturbances occurring within rapid succession, relative to a community’s recovery time, may shift the community to a dramatically changed state that may persist more or less indeﬁnitely. In some cases within ﬁre-prone ecosystems, salvaged areas experience wildﬁres within years to decades following salvage logging, further compounding these disturbance effects (e.g., Hansen, 1983; Thompson et al., 2007). Nonetheless, all of the work examining salvage logging impacts to date has focused on this management practice within the context of a single natural disturbance event, leaving key knowledge gaps regarding how these effects may differ when salvage logging is then in turn followed by an additional major natural disturbance. This issue has particular relevance given the predicted increases in disturbance frequency and intensity in response to climate change (Dale et al., 2001; Flannigan et al., 2009). A recent sequence of disturbances in northern Minnesota, USA, provide an ideal setting for examining how multiple disturbances, including blowdown, salvage logging, and wildﬁre occurring in rapid succession may affect ecosystem recovery. Speciﬁcally, in 1999 a severe windstorm affected over 200,000 ha of the Superior National Forest. Following the storm, the US Forest Service conducted salvage logging within a portion of the affected landscape to reduce fuel loads. Despite these efforts, in the spring of 2007, a wildﬁre burned ca. 14,700 ha throughout this same landscape (Fig. 1). Because these events created a patchwork of various disturbance combinations (blowdown, salvage logging, and wildﬁre and undisturbed controls; see Table 1), this landscape provides a unique opportunity to evaluate the effects of these disturbances individually and in combination. Using this framework, the objectives of this study were (1) to characterize the singular and interactive effects of wind and ﬁre on post-disturbance structure (living and dead trees, coarse woody debris), regeneration and woody plant communities in jack pine (Pinus banksiana [Ait.] Sudw) forests; and (2) to determine if the juxtaposition of salvage logging between two natural disturbances (wind and ﬁre) results in different successional trajectories and structural conditions than observed following the combination of wind and ﬁre.



2. Methods 2.1. Study area The study area is located in northeastern Minnesota, USA, along the southern edge of the North American boreal forest ecotone within the Superior National Forest (Fig. 1). Glacial activity has largely shaped the landscape resulting in rolling topography and mostly shallow soils over a substrate of Precambrian bedrock (Heinselman, 1973). The area exhibits a continental climate of cold
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winters and short summers, with a mean temperature of 2 °C and mean July and January temperatures of 17 and 8 °C, respectively. Mean annual precipitation for the area is approximately 68 cm. On 4 July 1999, a massive storm produced straight-line winds affecting over 200,000 ha of the Superior National Forest (Woodall and Nagel, 2007). Following the storm, the US Forest Service began a sequence of salvage logging operations to reduce fuel loads within a portion of the Superior National Forest known as the Gunﬂint Corridor (Gilmore et al., 2003). Salvage logging occurred in the areas examined in this study between the fall of 1999 and fall of 2002. These areas were subsequently burned by a wildﬁre in the spring of 2007 (Fig. 1). To assess the effects of these interacting disturbances, we focused on mature P. banksiana communities, because of their regional ecological signiﬁcance and abundance. In particular, P. banksiana forests covered over 490,000 ha in northern Minnesota in the 1930s; however, the extent of this system has been greatly reduced (114,000 ha in 2009; estimate from USDA Forest Service Forest Inventory and Analysis database) due to ﬁre suppression and other land-use practices during the past century (Radeloff et al., 1999). As such, there is an urgent need to understand how natural and anthropogenic disturbances impact the regeneration dynamics in these systems. 2.2. Experimental design and vegetation measurements In 2009, six study sites were established within each of our ﬁve treatment types: Blowdown–Salvage–Fire (BSF), Blowdown–Fire (BF), Fire (F), Blowdown (B), and Control (C), for a total of 30 sites (Table 1). Eight of these sites were chosen due to preexisting (post1999 blowdown) data from another study (Gilmore et al., 2003), whereas the remaining 22 sites were selected using GIS to identify all potential sites for each treatment, followed by random selection within treatment combinations. Our analyses assume sites were fairly similar in structure and composition prior to the 1999 blowdown. Data from Johnson (2004), as well as archived US Forest Service GIS inventories (from 1976 to 1994), were available for a subset of sites within treatment types BSF, BF, F, and B. These data show a narrow range of stand origin dates (1903–1915), and similar basal areas (BSF at 29.6 m2/ha, N = 3 sites; BF at 27.6, N = 5; F at 28.7, N = 5; and B at 29.8, N = 4). Post-disturbance (2009) data for the treatment type C (control) show a higher mean basal area of 34.3 m2/ha, which might be expected given the later sampling date. Pre-disturbance deadwood pools were similar across plots with pre-existing data; however, our presented trends related to disturbance treatments and this structural attribute should be interpreted with caution given the lack of pre-disturbance deadwood data for most of our plots. Assessments of ﬁre severity based on crown scorch and tree mortality across burned treatments (i.e., BSF, BF, and F) indicated that ﬁre severity were similar across these treatments (Fraver et al., 2011). All blowdown and salvage logged areas burned in the 2007 ﬁre, so we lack an unburned control for salvage logging. There was no prior management of any stands prior to these disturbances. The heavily disturbed landscape at the west end of the Gunﬂint Corridor required that we search further aﬁeld to locate undisturbed controls (Fig. 1). Thus, by necessity, control sites are more dispersed than those of other treatments. However, given their pre-disturbance similarity in structure to the disturbed sites, we do not believe their dispersed locations had any meaningful inﬂuence on our ﬁndings. Depending on site size, 6–10 200-m2 circular plots were established at each site at 40-m intervals on a grid pattern originating from a randomly chosen starting point. Within each 200-m2 plot, all standing living and dead trees (diameter at breast height [dbh] P10 cm) were recorded by species and diameter. Saplings (stems of tree species P2.5 cm and 
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Fig. 1. Location of study sites and disturbance areas in Pinus banksiana forests of northeastern Minnesota, USA. j = Blowdown–Salvage–Fire, d = Blowdown–Fire, N = Fire, = Blowdown,  = Control. One site 22 km to the east of the study area shown above was excluded for convenience of presentation.



Table 1 Disturbance combinations (i.e., treatments) examined in the Superior National Forest, northern Minnesota, USA. Treatment



Blowdown (1999)



Salvage logging (1999–2002)



Wildﬁre (2007)



Blowdown–Salvage–Fire (BSF) Blowdown–Fire (BF) Fire (F) Blowdown (B) Control (C)



X



X



X



X – X –



– – – –



X X – –



were tallied by species. Stems of shrubs and tree seedlings (stems smaller than our sapling class) were tallied by species within one 10-m2 circular plot located within the center of each 200-m2 plot. Additional tree seedling data were collected from 10-m2 plots



located equidistant between each large plot for a total of 14–20 seedling plots in each site. In order to characterize the volume of coarse woody debris on each plot, we used the planar intersect method outlined by Brown (1974). For this purpose, we established one 32-m transect passing through the center of each 200-m2 plot and positioned by random azimuth. For each piece of downed woody debris >7.6 cm in diameter intercepted by this transect, we recorded diameter and decay class, using a ﬁve class system, with class 1 being least and class 5 most decayed (Sollins, 1982). Volumes of pieces in decay classes 4 and 5 were multiplied by cross-sectional height–width ratios (0.82 and 0.42, respectively, Fraver and Palik, in press) to account for their collapse during decay. 2.3. Statistical analyses The effect of each disturbance on stand structure (e.g., density and basal area of living and dead trees, volume of coarse woody
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debris, shrub density) and the densities of regeneration (seedlings and saplings) for common tree species were examined using separate mixed-model analyses of variance (ANOVA) in which disturbance type was treated as a ﬁxed effect and site as a random effect. The effects of disturbance on average species richness (number of species per plot) and diversity (Shannon–Wiener index, H0 ) of shrub species and tree regeneration were examined using the same procedure. In cases in which signiﬁcant disturbance effects were detected, post-hoc Tukey’s honest signiﬁcant difference tests were used for pairwise comparisons between disturbance types. Prior to ANOVA, data distributions were checked for normality and homogeneity of variances and transformed using natural logarithmic or square–root transformations as necessary. ANOVAs were conducted using SAS version 9.2 (SAS Institute Inc.). A P-value of 0.05 or less was deﬁned as statistically signiﬁcant. Multivariate tests for differences in the composition of shrub and tree regeneration between disturbance treatments were conducted using multi-response permutation procedures (MRPP) in PC-ORD version 5.0 (McCune and Mefford, 2006). MRPP is a nonparametric, randomization-based multivariate test of differences between groups that compares the plots within a priori groups to a random allocation of plots (McCune and Grace, 2002). Sørensen’s index was used to calculate average within-group distances for MRPP. Indicator species analysis (Dufrêne and Legendre, 1997) was used to describe how well certain shrub and tree species differentiated between each disturbance combination. Non-metric multidimensional scaling (NMS) was used to examine the variation in shrub and tree regeneration community
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composition (i.e., shrub and tree species) among disturbance treatments. NMS was performed using PC-ORD (McCune and Mefford, 2006), and optimal dimensionality for the ordination was based on the number of dimensions with the lowest stress (i.e., smallest departure from monotonicity in the relationship between distance in original space and distance in reduced ordination space, McCune and Grace, 2002). Dissimilarity was assessed by Sørensen’s index. For this study, the minimum stress conﬁguration included two axes (ﬁnal stress = 12.65, instability 


Fig. 2. (a) Tree basal area, (b) density of living and dead trees (P10 cm DBH), and (c) volume of downed coarse woody debris associated with Blowdown–Salvage– Fire (BSF), Blowdown–Fire (BF), Fire (F), Blowdown (B) and Control (C) treatments. Error bars represent 5th and 95th percentiles, and values with different letters are signiﬁcantly different at P < 0.05.



Post-disturbance composition of tree seedling and sapling communities differed signiﬁcantly among disturbance combinations (Fig. 4). Overall, densities of disturbance-dependent, shade-intolerant species were greatest within the BSF, BF and F treatments compared to the B and C treatments (Fig. 4). For example, Populus tremuloides Michx. seedling densities were greatest within the BSF, BF and F treatments with little to no regeneration of this species within the B and C treatments (Fig. 4a). Similarly, Pinus banksiana seedling densities were greatest within the F treatment, followed by the BF and BSF treatments (Fig. 4a). In contrast, seedling densities for the shade-tolerant Abies balsamea (L.) Mill. were greatest in the B and C treatments, with few seedlings of this species in the other treatments (Fig. 4a). Seedlings of Acer rubrum L. were found at low densities across all treatments (10–20 seedlings hectare1) except the BF treatment, where this species averaged 1210 seedlings per hectare (range 0–5625; Fig. 4a). As mentioned above, overall sapling densities were quite low within the BSF, BF and F treatments (owing to ﬁre-induced mortality) relative to the B and C treatments, resulting in pronounced differences in sapling species composition between these two treatment groups (Fig. 4b). Species making up the sapling layers of the B and C treatments were largely shade-tolerant conifers, including A. balsamea, Thuja occidentalis L. and Picea mariana (Mill.) B.S.P. (Fig. 4b), which commonly establish as advance regeneration in these systems. In addition, sapling densities of Betula papyrifera Marsh. and P. banksiana (both shade intolerant) were also higher
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indicators (per Indicator Species Analysis; P < 0.05), driving the distinction between disturbance combinations. Speciﬁcally, Alnus rugosa (L.) Moench, P. tremuloides, Rosa spp. and Salix spp. characterized the BSF treatment, whereas Acer rubrum and Diervilla lonicera Mill. were indicators for the BF treatment, and P. banksiana was an indicator for the F treatment. Indicators for the B and C treatments were P. mariana and A. balsamea and T. occidentalis, respectively. The diversity of woody species did not differ between treatments (P = 0.098); however, woody species richness was signiﬁcantly lower in the C treatment compared to the remaining treatments, which did not differ from each other (Table 2). 4. Discussion



Fig. 3. Average total (a) seedling, (b) sapling and (c) shrub densities within Blowdown–Salvage–Fire (BSF), Blowdown–Fire (BF), Fire (F), Blowdown (B) and Control (C) treatments. Error bars represent 5th and 95th percentiles, and values with different letters are signiﬁcantly different at P < 0.05.



within the B and C treatments relative to the other treatments. Of these species, the C treatment had signiﬁcantly greater densities of P. banksiana than the B treatment (Fig. 4b). Overall, the post-disturbance composition of shrub and tree regeneration (both seedlings and saplings) communities was distinct between treatments (MRPP A = 0.19, P < 0.05). Pairwise comparisons of species composition between treatments indicated that the BSF treatment differed from all others (Table 2). There was no difference in composition between the BF and F treatments or B and C treatments, respectively; however, composition signiﬁcantly differed between these treatment pairs (Table 2). Within-community dissimilarity, an inverse measure of how similar sites within treatments are to each other based on species composition, showed the BSF sites to have the lowest dissimilarity (i.e., highest site-to-site similarity), followed by the C, BF, B and F treatments (Table 2). This result is also evident in the NMS ordination of these same data, where the BSF sites form a tight cluster, largely distinct from others (Fig. 5). Several species were identiﬁed as signiﬁcant



The role of disturbance in structuring vegetation and inﬂuencing community dynamics is widely recognized; however, we are just beginning to understand the effects of multiple interacting disturbances on community recovery and development (Paine et al., 1998; Lindenmayer et al., 2010). Of growing international interest is the extent to which management interventions following natural disturbance shape post-disturbance communities, particularly given the controversies associated with salvage logging following disturbance (Dellasala et al., 2006). This study represents, to our knowledge, the ﬁrst examination of the impacts of salvage logging on community composition and successional trajectories when juxtaposed between two natural disturbances (blowdown and wildﬁre). Our ﬁndings suggest that salvage logging impacts within this context are largely restricted to structural changes, as there were very few differences in the composition of tree seedling and shrub communities between areas experiencing blowdown followed by wildﬁre (BF treatment) and those in which salvage logging occurred between these two disturbance events (BSF treatment). Nonetheless, these structural differences may have a lasting inﬂuence on ecosystem recovery and biodiversity (Lindenmayer and Noss, 2006; Macdonald, 2007; Palik and Kastendick, 2009) and should be considered when evaluating post-disturbance management decisions in ﬁre-prone ecosystems. The concept of cumulative disturbance severity (sensu Peterson and Leach, 2008a), which assesses the combined effects of multiple disturbances on community structure, is useful for estimating the relative severity of disturbance combinations in this study. Although we did not have data on the amount of material removed during salvage logging to fully calculate cumulative severity, as presented in Peterson and Leach (2008a), the collective patterns in living and dead tree basal area serve as a useful surrogate for comparing relative severity observed across disturbance combinations (Fig. 2). Based on these measures, cumulative severity decreased in the order Blowdown–Salvage–Fire > Blowdown– Fire > Fire > Blowdown > Control. The impacts of these differences in cumulative severity on ecosystem structure, woody species composition and successional trajectories are discussed within the following sections. 4.1. Disturbance effects on ecosystem structure Major disturbances, such as those examined in this study, play a central role in forest structural development through the creation of long-lasting biological legacies, including logs, snags and surviving trees (Spies, 1998; Tinker and Knight, 2000; Franklin et al., 2007). The distribution of these structural legacies across our treatments was largely a function of disturbance type and associated cumulative severity. Sites experiencing solely ﬁre had the greatest abundance of snags, whereas downed woody debris pools in these sites were similar to those in the controls. These patterns are consistent with those found in post-ﬁre P. banksiana forests of northwestern
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Fig. 4. Average (a) seedling and (b) sapling densities and associated 5th and 95th percentile values, by species, for common tree species occurring within the Blowdown– Salvage–Fire (BSF), Blowdown–Fire (BF), Fire (F), Blowdown (B) and Control (C) treatments. Values for a given species with different letters are signiﬁcantly different at P < 0.05.



Table 2 Woody species richness and diversity within disturbance treatments. Values represent means with 5th and 95th percentiles in parentheses, and values with different letters are signiﬁcantly different at P < 0.05. Treatment Blowdown–Salvage–Fire (BSF) Blowdown–Fire (BF) Fire (F) Blowdown (B) Control (C) a b c



Species richnessa 16.17 15.80 17.17 16.17 10.50



a



(11, 19) (13, 20)ab (15, 19)a (10, 22)a (8, 16)b



Species diversityb 2.17 1.91 2.00 1.66 1.68



(2.04, (1.23, (1.74, (0.89, (1.11,



a



2.29) 2.15)a 2.19)a 2.42)a 1.94)a



Community dissimilarityc 0.462 0.677 0.710 0.685 0.626



(0.212, (0.626, (0.460, (0.560, (0.248,



0.712)a 0.707)b 0.888)b 0.833)c 0.876)c



# of species/plot. Shannon–Wiener index of diversity (H0 ). Sørensen’s index of dissimilarity; letters indicate signiﬁcant differences based on multi-response permutation procedures (MRPP).



Quebec (Brais et al., 2005) and reﬂect a relatively low level of combustion of pre-ﬁre downed woody debris and widespread snag creation due to mortality of canopy trees (cf. Tinker and Knight, 2000). In contrast, in sites experiencing solely blowdown, much of the predisturbance standing volume was converted to downed woody debris pools, resulting in debris volumes over four times those found in control sites (Fig. 2). By comparison, the lower downed woody



debris volumes in sites experiencing a combination of blowdown and wildﬁre suggest that a portion of these downed logs was subsequently consumed by ﬁre (Stephens et al., 2009). Salvage logging strongly inﬂuenced post-ﬁre forest structure, resulting in a lower abundance of standing dead trees and downed woody debris. These ﬁndings are not surprising given that the general objective of this practice is to remove much of this material;
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Fig. 5. Non-metric multidimensional scaling (NMS) ordination of woody species composition across disturbance treatments. Species locations in ordination space are based on weighted averaging and codes are deﬁned in Appendix A (available online). See Appendix B (available online) for species correlations with NMS axes 1 and 2.



however, the ecological implications of these reductions should not be overlooked. For example, several studies have demonstrated the beneﬁts of retaining structural legacies, such as snags and downed logs, for ameliorating extreme post-salvage environmental conditions on the forest ﬂoor, thus enhancing vegetation recovery (Macdonald, 2007; Palik and Kastendick, 2009). Moreover, the loss of these habitat features, particularly standing dead trees, from salvage logged areas has been suggested as a primary mechanism for the declines in biodiversity observed following the application of this management practice (Lindenmayer and Ough, 2006; Lain et al., 2008; Cahall and Hayes, 2009). Although we did not explicitly examine microenvironmental conditions or populations of deadwood-wood dependent organisms, these and other ecosystem properties are likely to be dramatically impacted by the lower abundance of deadwood legacies in salvaged areas (Spies, 1998; Lindenmayer et al., 2008). Moreover, the lower abundance of these legacies may also affect long-term forest successional dynamics, as the establishment of several tree genera in these systems is linked to downed woody debris (e.g., Betula, Picea, and Thuja) (Cornett et al., 2001; Caspersen and Saprunoff, 2005; Marx and Walters, 2008).



4.2. Disturbance effects on woody plant communities Although there was little evidence that the juxtaposition of salvage logging between blowdown and ﬁre altered tree regeneration over that observed following the combination of blowdown and ﬁre (see Section 4.3 below), salvage logging did tend to homogenize the post-ﬁre woody plant communities. That is, site-to-site variability in these communities was lowest in the Blowdown–Salvage–Fire treatment (Table 2), which was also reﬂected in the tight clustering of these sites in ordination space (Fig. 5). These patterns are consistent with the ﬁndings of Purdon et al. (2004) who documented a general homogenization of understory vegetation within burned areas experiencing salvage logging relative to areas solely experiencing high-severity ﬁres. Possible explanations for these patterns include a reduction in microsite variability and higher soil temperatures due to the removal of downed logs by salvage logging (Purdon et al., 2004; Peterson and Leach, 2008b), as well as greater mortality and greater damage to reproductive tissues



stemming from the higher cumulative disturbance severity within salvaged sites (Lindenmayer and Ough, 2006). To this end, work comparing ﬁre severity between the salvaged and unsalvaged areas used in this study suggest that ﬁre damage to upper soil layers was greater on sites experiencing salvage logging (Fraver et al., 2011). This greater cumulative severity likely favored those species with reproductive tissues in deeper soil horizons (e.g., P. tremuloides and Alnus rugosa; Rowe, 1983; Brown and DeByle, 1987; Frey et al., 2003) or with seed stored on site in soil seedbanks (e.g., Salix spp.; Whittle et al., 1997). Consistent with the ﬁndings of several other studies, we did not observe lower woody species richness, diversity, or cover (as measured by woody plant density) in areas experiencing salvage logging relative to other disturbance types (Peterson and Leach, 2008a; Lang et al., 2009). Overall, woody species richness and diversity and shrub densities were generally greater in disturbed sites relative to undisturbed controls (Fig 3, Table 2), a pattern consistent with the ﬁndings of other work examining vegetation dynamics following wildﬁre and windthrow in P. banksiana communities (Lain et al., 2008; Smirnova et al., 2008). The lack of differences between disturbance types, despite the considerable gradient in cumulative disturbance severity from Blowdown to Blowdown–Salvage–Fire treatments, suggests that the reproductive mechanisms of woody species in these systems are adapted to even the high cumulative disturbance severity experienced within Blowdown–Salvage–Fire treatments (Rowe, 1983; Roberts, 2004).



4.3. Disturbance effects on successional trajectories Despite the general similarities in tree seedling composition present within the burned treatments (BSF, BF and F), the differential abundance of a given species and hence future successional trajectories varied as a function of cumulative disturbance severity. Post-disturbance regeneration within Fire treatments were consistent with the patterns observed following high-severity crown ﬁres in P. banksiana systems in other portions of the upper Great Lakes region and indicated future dominance by P. banksiana and to a lesser extent by P. tremuloides and B. papyrifera (Heinselman, 1981; Greene et al., 2004; Jayen et al., 2006). In contrast, the
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treatments experiencing compound disturbances (i.e., Blowdown– Salvage–Fire and Blowdown–Fire) were largely dominated by P. tremuloides, a ﬁnding consistent with Frelich’s (2002) predictions regarding the impacts of high cumulative disturbance severities on the successional trajectory of sub-boreal P. banksiana systems. The dominance of P. tremuloides within these areas likely reﬂected the rapid sequence in which these disturbances occurred following the initial blowdown disturbance (cf. Paine et al., 1998). As a consequence, the vegetatively reproducing P. tremuloides was favored over P. banksiana, which had not reached sexual maturity by the time of the 2007 Fire. The greater, yet highly variable abundance of Acer rubrum regeneration in the BF treatments was likely due to seed dispersed from a few surviving adult A. rubrum stems encountered near a few of our sites (Fraver, personal observation). Collectively, the differences between the BSF, BF, and F treatments in regeneration patterns underscore the ability of multiple, interacting disturbance events to alter successional trajectories relative to a single disturbance event. The dominance of shade-tolerant tree seedlings and saplings in sites solely experiencing blowdown is consistent with the ﬁndings of other work examining regeneration patterns after the 1999 blowdown in northern Minnesota (Rich et al., 2007). Moreover, these patterns are consistent with those found globally in systems where mortality of shade-intolerant canopy species produces a shift towards shade-tolerant species that existed as pre-disturbance advance regeneration (e.g., Spurr, 1956; Astrup et al., 2008; Ilisson and Chen, 2009). Although we lacked an unburned control for salvage logging, ﬁndings from other studies examining post-blowdown salvage logging suggests these treatments would have increased the abundance of early successional tree species, particularly P. tremuloides, relative to areas experiencing solely blowdown (Lain et al., 2008; Lang et al., 2009; Palik and Kastendick, 2009). It is important to note that regeneration communities within Blowdown treatments were sampled 10 years post-disturbance versus the 2 years post-disturbance for the burned treatments. Nevertheless, other studies examining regeneration patterns 2 years following the 1999 blowdown within another portion of the Superior National Forest documented a similar pattern to those we documented for Blowdown treatments in this study (Rich et al., 2007; Lain et al., 2008). As such, the differences we detected in regeneration communities between these areas and burned treatments likely represent differential disturbance effects as opposed to successional effects.



5. Conclusions and management implications The general similarities we documented in successional trajectories between sites experiencing blowdown followed by wildﬁre and those in which salvage logging occurred between these two disturbances suggest that salvage logging impacts on regeneration are diminished when followed by a second major disturbance. Overall, the primary impact of salvage logging on woody plant communities within this context was a homogenization of woody plant composition. More broadly, the trend towards greater Populus dominance within the sites experiencing multiple disturbance events, relative to those solely experiencing ﬁre suggest that these compound disturbances may generate strong community differences relative to burned stands later in succession. Nonetheless, our ﬁndings should be interpreted with caution, as they represent woody plant communities only 2 years post-ﬁre and may not reﬂect long-term community dynamics. While post-blowdown salvage logging clearly reduces fuel loads (a consideration in ﬁre-prone areas), it also has long-lasting impacts on the structure of post-ﬁre communities, including a
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reduction in snags and downed woody debris. Given the importance of these structural legacies in aiding ecosystem recovery following disturbance, the retention of these features during post-disturbance management should receive greater consideration. Currently, very few regions have formal guidelines for retaining post-disturbance structural legacies, despite the demonstrated beneﬁts of these features in ameliorating salvage logging impacts on vegetation communities (e.g., Macdonald, 2007). Planning and guideline development pertaining to the retention of post-disturbance legacies should strive to create a mosaic of salvaged and unsalvaged areas, thereby reducing ﬁre spread through the landscape while also emulating the historic spatial variation in disturbance severity experienced by these systems. Of additional importance within the context of sub-boreal and boreal P. banksiana systems is the retention of living trees and cone-bearing slash as seed sources for post-disturbance establishment of P. banksiana. The documented low abundance of this P. banksiana relative to Populus within areas experiencing compound disturbances highlights the possible need for the use of direct seeding or planting if management objectives include the maintenance of this ecologically important forest type within areas experiencing these compound disturbance sequences. Acknowledgments We thank Dan Gilmore and John Zasada for establishing the initial study plots and Sonya Erlandson, Samantha Jones, Doug Kastendick, Josh Kragthorpe, Amy Milo, Zachary Patty, and Jeff Smith for assistance with ﬁeld measurements. Funding was provided by the Joint Fire Science Program (Project 08-1-5-04) and the Northern Research Station, US Forest Service. Appendix A. Supplementary data Supplementary data associated with this article can be found, in the online version, at doi:10.1016/j.foreco.2011.09.003. References Astrup, R., Coates, K.D., Hall, E., 2008. Recruitment limitation in forests: lessons from an unprecedented mountain pine beetle epidemic. Forest Ecology and Management 256, 1743–1750. Attiwill, P.M., 1994. The disturbance of forest ecosystems – the ecological basis for conservative management. Forest Ecology and Management 63, 247–300. Bigler, C., Kulakowski, D., Veblen, T.T., 2005. Multiple disturbance interactions and drought inﬂuence ﬁre severity in rocky mountain subalpine forests. Ecology 86, 3018–3029. Brais, S., Sadi, F., Bergeron, Y., Grenier, Y., 2005. Coarse woody debris dynamics in a post-ﬁre jack pine chronosequence and its relation with site productivity. Forest Ecology and Management 220, 216–226. Brown, J.K., 1974. Handbook for inventorying downed woody material. USDA Forest Service General Technical Report INT-129. Brown, J.K., DeByle, N.V., 1987. Fire damage, mortality, and suckering in aspen. Canadian Journal of Forest Research 17, 1100–1109. Cahall, R.E., Hayes, J.P., 2009. Inﬂuences of postﬁre salvage logging on forest birds in the Eastern Cascades, Oregon, USA. Forest Ecology and Management 257, 1119– 1128. Caspersen, J.P., Saprunoff, M., 2005. Seedling recruitment in a northern temperate forest: the relative importance of supply and establishment limitation. Canadian Journal of Forest Research 35, 978–989. Cornett, M.W., Puettmann, K.J., Frelich, L.E., Reich, P.B., 2001. Comparing the importance of seedbed and canopy type in the restoration of upland Thuja occidentalis forests of northeastern Minnesota. Restoration Ecology 9, 386–396. Dale, V.H., Joyce, L.A., McNulty, S., Neilson, R.P., Ayres, M.P., Flannigan, M.D., Hanson, P.J., Irland, L.C., Lugo, A.E., Peterson, C.J., Simberloff, D., Swanson, F.J., Stocks, B.J., Wotton, B.M., 2001. Climate change and forest disturbances. Bioscience 51, 723–734. Dellasala, D.A., Karr, J.R., Schoennagel, T., Perry, D., Noss, R.F., Lindenmayer, D., Beschta, R., Hutto, R.L., Swanson, M.E., Evans, J., 2006. Post-ﬁre logging debate ignores many issues. Science 314, 51–52. Donato, D.C., Fontaine, J.B., Campbell, J.L., Robinson, W.D., Kauffman, J.B., Law, B.E., 2006. Post-wildﬁre logging hinders regeneration and increases ﬁre risk. Science 311, 352.



2078



A.W. D’Amato et al. / Forest Ecology and Management 262 (2011) 2070–2078



Dufrêne, M., Legendre, P., 1997. Species assemblages and indicator species: the need for a ﬂexible asymmetrical approach. Ecological Monographs 67, 345–366. Flannigan, M.D., Krawchuk, M.A., de Groot, W.J., Wotton, B.M., Gowman, L.M., 2009. Implications of changing climate for global wildland ﬁre. International Journal of Wildland Fire 18, 483–507. Franklin, J.F., Mitchell, R.J., Palik, B., 2007. Natural disturbance and stand development principles for ecological forestry. USDA Forest Service General Technical Report NRS-19. Fraver, S., Jain, T., Bradford, J., D’Amato, A.W., Kastendick, D., Palik, B., Shinneman, D., Stanovick, J., 2011. The efﬁcacy of salvage logging in reducing subsequent ﬁre severity in conifer-dominated forests of Minnesota, USA. Ecological Applications 21, 1895–1901. Fraver, S., Palik, B., in press. Stand and cohort structures of old-growth Pinus resinosa dominated forests of northern Minnesota. Journal of Vegetation Science. Frelich, L.E., 2002. Forest Dynamics and Disturbance Regimes. Cambridge University Press, New York, NY. Frey, B.R., Lieffers, V.J., Landhausser, S.M., Comeau, P.G., Greenway, K.J., 2003. An analysis of sucker regeneration of trembling aspen. Canadian Journal of Forest Research 33, 1169–1179. Gilmore, D.W., Kastendick, D., Zasada, J.C., Anderson, P.J., 2003. Alternative fuel reduction treatments in the Gunﬂint Corridor of the Superior National Forest: second year results and sampling recommendations. USDA Forest Service Research Note NC-381. Greene, D.F., Gauthier, S., Noel, J., Rousseau, M., Bergeron, Y., 2006. A ﬁeld experiment to determine the effect of post-ﬁre salvage on seedbeds and tree regeneration. Frontiers in Ecology and the Environment 4, 69–74. Greene, D.F., Noel, J., Bergeron, Y., Rousseau, M., Gauthier, S., 2004. Recruitment of Picea mariana, Pinus banksiana, and Populus tremuloides across a burn severity gradient following wildﬁre in the southern boreal forest of Quebec. Canadian Journal of Forest Research 34, 1845–1857. Hansen, S.B., 1983. The effects of the Baxter Park Fire on the vegetation and soils of several coniferous stands. In: Department of Botany and Plant Pathology, University of Maine, Orono, ME, p. 155. Heinselman, M.L., 1973. Fire in the virgin forests of the Boundary Waters Canoe Area, Minnesota. Quarternary Research 3, 239–382. Heinselman, M.L., 1981. Fire and succession in the conifer forests of North America. In: West, D.C., Shugart, H.H., Botkin, D.B. (Eds.), Forest succession, concepts and applications. Springer-Verlag, New York, pp. 374–405. Ilisson, T., Chen, H.Y.H., 2009. Response of six boreal tree species to stand replacing ﬁre and clearcutting. Ecosystems 12, 820–829. Jayen, K., Leduc, A., Bergeron, Y., 2006. Effect of ﬁre severity on regeneration success in the boreal forest of northwest Quebec, Canada. Ecoscience 13, 143–151. Johnson, H.P., 2004. Shrub layer resistance following fuel-reduction treatments in comparison to unsalvaged windthrow in two forest cover-types of northeastern Minnesota. In: Department of Forest Resources, University of Minnesota, St. Paul. Kulakowski, D., Veblen, T.T., 2007. Effect of prior disturbances on the extent and severity of wildﬁre in Colorado subalpine forests. Ecology 88, 759–769. Lain, E.J., Haney, A., Burris, J.M., Burton, J., 2008. Response of vegetation and birds to severe wind disturbance and salvage logging in a southern boreal forest. Forest Ecology and Management 256, 863–871. Lang, K.D., Schulte, L.A., Guntenspergen, G.R., 2009. Windthrow and salvage logging in an old-growth hemlock-northern hardwoods forest. Forest Ecology and Management 259, 56–64. Lindenmayer, D., 2006. Salvage harvesting – past lessons and future issues. Forestry Chronicle 82, 48–53. Lindenmayer, D.B., Burton, P.J., Franklin, J.F., 2008. Salvage logging and its ecological consequences. Island Press, Washington, DC. Lindenmayer, D.B., Foster, D.R., Franklin, J.F., Hunter, M.L., Noss, R.F., Schmiegelow, F.A., Perry, D., 2004. Salvage harvesting policies after natural disturbance. Science 303, 1303. Lindenmayer, D.B., Likens, G.E., Franklin, J.F., 2010. Rapid responses to facilitate ecological discoveries from major disturbances. Frontiers in Ecology and the Environment 8, 527–532. Lindenmayer, D.B., Noss, R.F., 2006. Salvage logging, ecosystem processes, and biodiversity conservation. Conservation Biology 20, 949–958. Lindenmayer, D.B., Ough, K., 2006. Salvage logging in the montane ash eucalypt forests of the Central Highlands of Victoria and its potential impacts on biodiversity. Conservation Biology 20, 1005–1015. Macdonald, S.E., 2007. Effects of partial post-ﬁre salvage harvesting on vegetation communities in the boreal mixedwood forest region of northeastern Alberta, Canada. Forest Ecology and Management 239, 21–31.



Marx, L., Walters, M.B., 2008. Survival of tree seedlings on different species of decaying wood maintains tree distribution in Michigan hemlock-hardwood forests. Journal of Ecology 96, 505–513. McCune, B., Grace, J., 2002. Analysis of ecological communities. MjM Software Design, Gleneden Beach, OR. McCune, B., Mefford, M.J., 2006. Multivariate analysis of ecological data, Version 5.10. MjM Software Design, Gleneden Beach, Oregon. Paine, R.T., Tegner, M.J., Johnson, E.A., 1998. Compounded perturbations yield ecological surprises. Ecosystems 1, 535–545. Palik, B., Kastendick, D., 2009. Woody plant regeneration after blowdown, salvage logging, and prescribed ﬁre in a northern Minnesota forest. Forest Ecology and Management 258, 1323–1330. Peterson, C.J., Leach, A.D., 2008a. Limited salvage logging effects on forest regeneration after moderate–severity windthrow. Ecological Applications 18, 407–420. Peterson, C.J., Leach, A.D., 2008b. Salvage logging after windthrow alters microsite diversity, abundance and environment, but not vegetation. Forestry 81, 361– 376. Pickett, S.T.A., White, P.S., 1985. The ecology of natural disturbance and patch dynamics. Academic Press Inc., San Diego, CA. Purdon, M., Brais, S., Bergeron, Y., 2004. Initial response of understorey vegetation to ﬁre severity and salvage–logging in the southern boreal forest of Quebec. Applied Vegetation Science 7, 49–60. Radeloff, V.C., Mladenoff, D.J., He, H.S., Boyce, M.S., 1999. Forest landscape change in the northwestern Wisconsin Pine Barrens from pre-European settlement to the present. Canadian Journal of Forest Research 29, 1649–1659. Rich, R.L., Frelich, L.E., Reich, P.B., 2007. Wind-throw mortality in the southern boreal forest: effects of species, diameter and stand age. Journal of Ecology 95, 1261–1273. Roberts, M.R., 2004. Response of the herbaceous layer to natural disturbance in North American forests. Canadian Journal of Botany 82, 1273–1283. Rowe, J.S., 1983. Concepts of ﬁre effects on plant individuals and species. In: Wein, R.W., MacLean, D.A. (Eds.), The Role of Fire in Northern Circumpolar Ecosystems. John Wiley and Sons Ltd., New York, NY, pp. 135–153. Smirnova, E., Bergeron, Y., Brais, S., 2008. Inﬂuence of ﬁre intensity on structure and composition of jack pine stands in the boreal forest of Quebec: live trees, understory vegetation and dead wood dynamics. Forest Ecology and Management 255, 2916–2927. Sollins, P., 1982. Input and decay of coarse woody debris in coniferous stands in western Oregon and Washington. Canadian Journal of Forest Research 12, 18–28. Spies, T.A., 1998. Forest structure: a key to the ecosystem. Northwest Science 72, 34–39. Spurr, S.H., 1956. Natural restocking of forests following the 1938 hurricane in central New England. Ecology 37, 443–451. Stephens, S.L., Moghaddas, J.J., Hartsough, B.R., Moghaddas, E.E.Y., Clinton, N.E., 2009. Fuel treatment effects on stand-level carbon pools, treatment-related emissions, and ﬁre risk in a Sierra Nevada mixed-conifer forest. Canadian Journal of Forest Research 39, 1538–1547. Thompson, J.R., Spies, T.A., Ganio, L.M., 2007. Reburn severity in managed and unmanaged vegetation in a large wildﬁre. In: Proceedings of the National Academy of Sciences of the United States of America 104, 10743–10748. Tinker, D.B., Knight, D.H., 2000. Coarse woody debris following ﬁre and logging in Wyoming lodgepole pine forests. Ecosystems 3, 472–483. Turner, M.G., Romme, W.H., Gardner, R.H., O’Neil, R.V., Kratz, T.K., 1993. A revised concept of landscape equilibrium: disturbance and stability on scaled landscapes. Landscape Ecology 8, 213–227. Watt, A.S., 1947. Pattern and process in the plant community. Journal of Ecology 35, 1–22. White, P.S., Harrod, J., Romme, W.H., Betancourt, J., 1999. Disturbance and temporal dynamics. In: Sexton, W.T., Johnson, N.C., Malk, A.J. (Eds.), Ecological Stewardship: A Common Reference for Ecosystem Management. Elsevier Science Ltd., Oxford, UK, pp. 281–312. Whittle, C.A., Duchesne, L.C., Needham, T., 1997. The impact of broadcast burning and ﬁre severity on species composition and abundance of surface vegetation in a jack pine (Pinus banksiana) clear-cut. Forest Ecology and Management 94, 141–148. Woodall, C.W., Nagel, L.M., 2007. Downed woody fuel loading dynamics of a largescale blowdown in northern Minnesota, USA. Forest Ecology and Management 247, 194–199.



























[image: Additive and Interactive Effects of Stimulus ... - Semantic Scholar]
Additive and Interactive Effects of Stimulus ... - Semantic Scholar












[image: Additive and Interactive Effects of Stimulus ... - Semantic Scholar]
Additive and Interactive Effects of Stimulus ... - Semantic Scholar












[image: Additive and Interactive Effects of Stimulus ... - Semantic Scholar]
Additive and Interactive Effects of Stimulus ... - Semantic Scholar












[image: Interactive effects of introduced herbivores and post ...]
Interactive effects of introduced herbivores and post ...












[image: Limited evidence of interactive disturbance and nutrient effects on the ...]
Limited evidence of interactive disturbance and nutrient effects on the ...












[image: Effects of Interactive Physical-Activity Videogame Training on Physical ...]
Effects of Interactive Physical-Activity Videogame Training on Physical ...












[image: Effects of Interactive Physical-Activity Videogame Training on Physical ...]
Effects of Interactive Physical-Activity Videogame Training on Physical ...












[image: Download Audiology Business and Practice Management (Singular ...]
Download Audiology Business and Practice Management (Singular ...












[image: Singular justice and software piracy]
Singular justice and software piracy












[image: singular and plural nouns.pdf]
singular and plural nouns.pdf












[image: singular and plural nouns.pdf]
singular and plural nouns.pdf












[image: singular and plural nouns.pdf]
singular and plural nouns.pdf












[image: C.V. GASPAR SALVAGE & LIGHTERAGE CORP.pdf]
C.V. GASPAR SALVAGE & LIGHTERAGE CORP.pdf












[image: Design and implementation of Interactive ...]
Design and implementation of Interactive ...












[image: Decay of the smallest singular values of submatrices]
Decay of the smallest singular values of submatrices












[image: man-155\yanmar-salvage-yard.pdf]
man-155\yanmar-salvage-yard.pdf












[image: Singular e plural.pdf]
Singular e plural.pdf












[image: Decay of the smallest singular values of submatrices]
Decay of the smallest singular values of submatrices












[image: EFFECTS OF LOW pH AND ALUMINUM]
EFFECTS OF LOW pH AND ALUMINUM












[image: Singular perturbation and homogenization problems in ...]
Singular perturbation and homogenization problems in ...












[image: Regular and singular Fermi-liquid fixed points in ...]
Regular and singular Fermi-liquid fixed points in ...















Singular and interactive effects of blowdown, salvage ...






+1 612 625 3733; fax: +1 612 625 5212. E-mail addresses: [email protected] ...... The impact of broadcast burning and fire severity on species composition and ... 






 Download PDF 



















 935KB Sizes
 2 Downloads
 160 Views








 Report























Recommend Documents







[image: alt]





Additive and Interactive Effects of Stimulus ... - Semantic Scholar 

S. O'Malley and D. Besner (2008) showed that additive effects of stimulus degradation and word frequency in reading aloud occur in the presence of nonwords but not in pure word lists. They argued that this dissociation presents a major challenge to i














[image: alt]





Additive and Interactive Effects of Stimulus ... - Semantic Scholar 

and Social Sciences, Swinburne University of Technology, Melbourne,. Victoria, Australia ... network gives a â€œwordâ€� response to a nonword). More generally, ..... adaptation would be a modeling enterprise in its own right and is clearly beyond ...














[image: alt]





Additive and Interactive Effects of Stimulus ... - Semantic Scholar 

manipulation of a single parameter (i.e., feature-to-letter activa- tion). ..... ences between the joint effects of stimulus quality and word frequency in reading aloud ...














[image: alt]





Interactive effects of introduced herbivores and post ... 

RÃo Negro, Argentina; E-mail [email protected];. 2Department of Geography ..... Overall, livestock browsing resulted in more effective inhibition of tree ...














[image: alt]





Limited evidence of interactive disturbance and nutrient effects on the ... 

Numerous theories have been developed ... competitive and adaptive capacities of the existing ..... Primer Software Version 5.0) based on multi-species data.














[image: alt]





Effects of Interactive Physical-Activity Videogame Training on Physical ... 

Oct 1, 2012 - Achtman, R.L., Green, C.S., & Bavelier, D. (2008). Video games as a tool to ..... Movement Time: Choice RT (ms). 21.84 57.16. -42.75. 67.24.














[image: alt]





Effects of Interactive Physical-Activity Videogame Training on Physical ... 

Oct 1, 2012 - cognitive performance in older adults are reliable, with one review reporting an effect size .... assesses current (past-year) physical activity for different activity categories practiced at least ..... extraordinary finger speed and a














[image: alt]





Download Audiology Business and Practice Management (Singular ... 

Download Audiology Business and Practice. Management (Singular Publishing Group. Audiology Series) Full Books. Books detail. Title : Download Audiology ...














[image: alt]





Singular justice and software piracy 

Business Ethics: A European Review. Volume 16 Number 3 July ..... justice] unless there is a 'fresh judgement'. .... citing or summons before a court or a binding.














[image: alt]





singular and plural nouns.pdf 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. singular and ...














[image: alt]





singular and plural nouns.pdf 

Plural Nouns: more than one. Singular Nouns: just one. Color and cut out sorting ... Page 2 of 2. Main menu. Displaying singular and plural nouns.pdf. Page 1 of ...














[image: alt]





singular and plural nouns.pdf 

singular and plural nouns.pdf. singular and plural nouns.pdf. Open. Extract. Open with. Sign In. Main menu. Displaying singular and plural nouns.pdf. Page 1 of ...














[image: alt]





C.V. GASPAR SALVAGE & LIGHTERAGE CORP.pdf 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. C.V. GASPAR ...














[image: alt]





Design and implementation of Interactive ... 

Processing can be deployed within the development environment, in Java projects, as well as in HTML/JSP pages in tags. For web pages integration, processing.js extension is needed. Its main purpose is to translate the whole sketch into the Javascrip














[image: alt]





Decay of the smallest singular values of submatrices 

a technique from integral geometry and from the perspective of combinatorial geometry, we show ... Key words and phrases. matrix analysis, duality, singular values, combinatorial geometry. 1 ...... Cognitive Networked Sensing and Big Data.














[image: alt]





man-155\yanmar-salvage-yard.pdf 

Sign in. Loadingâ€¦ Whoops! There was a problem loading more pages. Retrying... Whoops! There was a problem previewing this document. Retrying.














[image: alt]





Singular e plural.pdf 

Sign in. Loadingâ€¦ Whoops! There was a problem loading more pages. Retrying... Whoops! There was a problem previewing this document. Retrying.














[image: alt]





Decay of the smallest singular values of submatrices 

subset is not too large, relative to the cardinality of the set. In the numeral or computational ... matrices whose minimal smallest singular values by the order of a power of the size with some negative exponent. ...... Performance Computer Center (














[image: alt]





EFFECTS OF LOW pH AND ALUMINUM 

Department of Environmental Sciences, Allegheny College, Meadville, Pennsylvania 16335, USA,. *Department .... and permanent ponds have remained aquatic for at least the past 50 years. ..... Nevada lakes of California: implications of the.














[image: alt]





Singular perturbation and homogenization problems in ... 

tale dell'equazione di Laplace, e introduciamo potenziali di strato e di volume periodici per l' ...... periodicity, but we can recover it by adding a suitable function.














[image: alt]





Regular and singular Fermi-liquid fixed points in ... 

Condens. Matter. 3, 9687 1991; P. D. Sacramento and P. Schlottmann, Phys. Rev. B 40, 431 1989. 6 P. Coleman and C. Pepin, Phys. Rev. B 68, 220405R 2003.


























×
Report Singular and interactive effects of blowdown, salvage ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















