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Impacts to forest recovery, biological legacies and biodiversity resulting from wind disturbance and salvage harvest in the Northern Forest
Abstract
Stand-replacing disturbances due to severe weather have historically been rare in the Northern Forest; however, the frequency of extreme storms in the region is expected to increase in the 21st century.  Forests in Chittenden County, Vermont sustained severe tree damage during a 2010 windstorm after which forest managers salvage harvested storm-impacted stands, removing trees blown over or otherwise injured.  I propose research to quantify differences in forest recovery and biodiversity among forests that have not experienced storm-related disturbance, forests that were impacted by the storm, and forests where salvage harvest followed the windstorm. In particular, I will quantify forest recovery by characterizing tree growth, regrowth and recruitment.   Data on forest succession will be suitable for parameterizing forest growth models predicting timber production after windstorm disturbance and salvage harvest.  I will also quantify biological legacies, the remnant living and dead trees that serve as habitat for establishing species, and the processes that provide a template for future ecosystem development, in order to sketch the path of forest recovery and the relationship between pre- and post-disturbance ecosystem attributes.  I will also compare biodiversity along the no disturbance- windstorm-salvage harvest gradient using plants and ground-dwelling insects as indicators of overall local diversity. These results will serve as a test of the intermediate disturbance hypothesis, which predicts that highest biodiversity results from moderate intensity or frequency ecosystem disruptions.  The products and outcomes of my proposed research include contributions to our understanding of ecosystem response to natural and human disturbances, inputs for regional forest productivity models, and practical guidance for salvage harvest in the Northern Forest.
Justification
Forest ecosystems have evolved adaptations to naturally occurring types, frequencies, and intensities of disturbance. However, salvage harvest after natural perturbations results in a second, immediate disturbance.  Together the cumulative severity of both the natural and human-induced disturbance may be outside the adaptive range of native species and ecosystems. These impacts can be framed as trade-offs between short-term benefits (e.g., the immediate value of salvaged timber, re-established recreation access) and the longer-term forest recovery.  Forest managers with a range of priorities would benefit from information about the trade-offs inherent in salvage harvest, currently poorly documented. 
During the 2010 windstorm forests in Chittenden, Lamoille and Franklin Counties, Vermont were subject to severe wind damage (“blowdown” hereafter) ranging from a few scattered trees to nearly 50 cumulative acres on a single parcel. Many blowdowns were salvage harvested without an understanding of either longer-term economic or ecological implications. In this proposed research, I will analyze the impact of salvage harvest post-windstorm on future forest development and biodiversity. 
Introduction
A December 2010 windstorm blew into Vermont from the southwest and swelled with gusts over 160 kmh across the high peaks of the Green Mountains.  In forests across Chittenden County patches of mature canopy as large as 20 hectares fell in the onslaught of wind.  Windstorms including derechos like this one, tornadoes and downbursts are major vectors of disturbance in the Northern Forest and are direct results of large-scale climate change (Dale et al. 2001).  Windstorms are important disturbance events in the Northern Forest, where stand-replacing events (e.g. forest fire, insect outbreak) are rare.  Resulting damage may include high mortality of mature trees, canopy gaps, reductions in tree density and size structure, and changes in local habitat conditions (Dale et al. 2001).  
Salvage logging differs from “green” logging in four important ways:  1) Plants and animals are likely already stressed prior to the salvage operation due the abnormal conditions that precipitated the logging operation (e.g. extremely saturated soils, burnt soils), 2) logging conditions are less than optimal for minimizing collateral damage during the operation, 3) salvage might include removal of trees that are uncommon in the landscape (e.g. hollow trunks, large piles of deadfall), and 4) salvage operations might not comply with normal Best Management Practices guidelines or silivicultural prescriptions (Lindenmayer et al. 2008).  
The impacts of salvage logging on biota are variable; researchers have reported negative and positive responses of microbial assemblages, plants, birds, and mammals to salvage harvest across a range of forest types, and disturbance frequencies and intensities (Lindenmayer et al. 2008).  Removing standing and fallen trees may have important implications for stand regeneration and the likelihood of post-disturbance fire (Donato et al. 2006, Lindenmayer et al. 2008).  In the face of increasingly frequent and/or intense forest disturbances, managers will benefit from scenario planning and decision support tools that explicitly factor in such changes in disturbance history (Lindenmayer et al. 2008).  
In the Northern Forest land managers (hereafter, managers) balance multiple potentially competing, non-compatible goals for their woodlands.  For example, optimizing carbon sequestration and biodiversity may preclude simultaneous management for maximizing timber production (see Schwenk et al. 2012).  Frequently, these trade-offs are implicit or informal, and are not accompanied by data collection to capture their magnitude, direction, or ultimate impact on forest functions such as carbon sequestration, primary productivity, and aesthetic value.  
Research to date has not recorded the preferences of managers (Markowski-Lindsay et al. 2012), but rather has focused on the outcomes of management in terms of changes in forest production (D’Amato et al. 2011).  While these data illustrate how policy and decisions impact ecological functions, they do not inform the decision-making process or clearly connect the priorities and actions of managers with outcomes that impact human wellbeing at meaningful scales. 
In the absence of external forces, forest ecosystems achieve equilibrium, a stable state of low species diversity, maintained by species characteristics that limit or prevent the establishment of other species (Connell 1978).  However, observed high levels of biodiversity in ecosystems that are not subject to frequent or intense disturbances seem to belie this model.  The intermediate disturbance hypothesis (IDH) is one attempt to reconcile persistent high biodiversity with the competitive exclusion theory.  The IDH suggests that high biodiversity is the result of either infrequent, severely damaging disturbances (e.g. wildfire) or frequent less-severe disturbances (e.g. grazing) (Grime 1973).  When disturbances are infrequent or not severe species that are highly competitive will achieve dense populations that exclude less competitive species (Grime 1973).  If disturbances are of moderate frequency or intensity, the vigor of highly competitive species is reduced, resources become available to less competitive species, and biodiversity reaches a maximum (Grime 1973).  At high levels of disturbance frequency or intensity, biodiversity is low, as fewer species have adapted characteristics to survive or quickly colonize resources post-disturbance (Grime 1973).
Ecosystem disturbances that follow in quick succession may result in compounded impacts when disrupted processes fail to recover from one event before the next occurs (Dale et al. 2001).  These compounded impacts may cause an ecosystem to enter a new long-term state (Dale et al. 2001).  The pathway of recovery from severe disturbance to stable condition has not been widely documented in the Northern Forest.
Everham and Brokaw (1996) outline four potential pathways for forest recovery following wind disturbance:  Regrowth, recruitment, release, or repression. Trees that survive a disturbance and continue to grow contribute to regrowth (Everham and Brokaw 1996).  This type of recovery includes stump sprouting, growth of remaining canopy trees (damaged or undamaged), and encroachment of neighboring trees established pre-disturbance.  Everham and Brokaw (1996) define recruitment as the establishment of seedlings, particularly of early successional, shade-intolerant species within disturbed patches.  Release is the rapid growth of understory trees, whether of dominant canopy or sub canopy species, remaining following the elimination of the overstory by the disturbance event (Everham and Brokaw 1996).  Forests disturbed by wind events may also undergo a period of repression when herbaceous plants (e.g. vines) or heavy litter suppress tree regrowth and recruitment (Everham and Brokaw 1996). I will characterize recovery in forest stands disturbed by the windstorm and salvage harvest, as described below.
I will employ bioindicator monitoring as defined by McGeoch (1998):  the use of information about populations of observable taxa, termed “bioindicators”, selected for their sensitivity to abiotic and biotic environmental change, their propensity to reflect impacts of environmental change, and their tendency to track with the diversity of the larger biological community (McGeoch 1998).  In particular, bioindicators in my study will be chosen in order to elucidate the impacts of windstorms and salvage harvesting on biota, and to predict biodiversity disturbance intensity (sensu McGeoch 1998).  
Previous research on salvage harvesting has been criticized for failing to include disturbed, un-salvaged and undisturbed, unsalvaged control sites, a lack of pre-disturbance data for salvaged sites, limited replication, failure to quantify the severity of the disturbance or document conditions between the time of disturbance and salvage harvest (Lindenmayer et al. 2008). The results and impacts of salvage logging post-fire have been studied (Beschta et al. 1995, 2004, McIver and Starr 2000, 2001, Kotliar et al. 2002, Karr et al. 2004), but remain an area of investigation and debate.  Less research has focused on salvage harvesting following windstorms (Lindenmayer et al. 2008).  
The purpose of this study is to quantify differences in (a) undamaged forest stands (hereafter control sites) (b) stands damaged by the windstorm (hereafter blowdown sites), and (c) blowdown and a range of salvage harvest intensities (hereafter harvested sites).  Specifically, the study will quantify differences among these three site types in terms of forest recovery and biodiversity.  
Methods
Fifteen forested properties in Chittenden County, Vermont will provide study 20 field sites ranging from seven to 50 acres, and have sustained varying intensities of windstorm damage and salvage harvest (Figure 1).  Research began in the fall of 2012 and is expected to conclude in the spring on 2015 (Table 1).  The expected total budget for the project is $XX (Table 2).
Site characteristics
Windstorm damage is known to vary with not only storm intensity, but also site characteristics including silviculture history and tree root depth (Dale et al. 2001). Certain stand characteristics may be causal factors in stand susceptibility to wind damage, and subsequent forest recovery and biodiversity.  I will characterize each blowdown and harvested study site by measuring the area disturbed and the length of the boundary between the disturbed area and surrounding unaffected forest, by quantifying the degree of spatio-temporal isolation, and mapping the shape and location of the area using GIS (see Didham 1997 in Rainio and Niemelä 2003).  
In addition, I will document available silvicultural history, as prior management (e.g. selective thinning) may have predisposed sites to wind damage and may explain variation in forest recovery, biological legacies and biodiversity.  For salvage-harvested sites, I will also document dates of salvage harvest, and equipment used in logging (e.g. skidder vs. forwarder, feller-buncher vs. sawyers).  
I will also document differences among sites in terms of their surficial geology, which may impact both susceptibility to windstorm damage and subsequent forest ecosystem compositional change.  Control sites will be strategically located in stands similar in area and near blowdown and harvested sites.
I will monitor hourly temperature at the center of each site using two sets of two iButtons (Dallas Semiconductor Corporation – model DS1921G) (Fig. 2).  I will seal the iButtons in plastic bags and attach them to posts, one pair at ground level and the other at one meter above ground level.  Every six months I will collect the iButtons and bring them to the Forest Ecosystem Health Laboratory at UVM, download the data, repair them as needed, and re-deploy them. 
I will establish field-sampling plots similarly across all sites (Fig. 2).  Using GPS units I will map four transects at each site, two along the longest axis of the blowdown/salvage harvest area, and meeting at the estimated center of the site.  Two transects will span the width of the blowdown, oriented at a 90 degree angle and originating from the estimated center of the site (Fig. 2).  Field flagging will mark sampling points (Fig. 2).  
Disturbance index
In order to compare the outcomes of windstorm disturbance and salvage harvest among sites that have experienced these disturbances to varying intensities, I will develop an index factoring in the percent canopy closure within the blowdown, relative to that of neighboring stands, the season of the salvage harvest, the time elapsed between the windstorm and harvest, the harvest equipment used, the total length of skid trails and haul roads, and the proportions of recent cut and broken stumps.
Forest Recovery
I will measure impacts to forest by measuring structural damage and compositional change (Everham and Brokaw 1996).  Structural damage will be quantified as the difference between pre- and post-windstorm/salvage harvest basal area (m2/ha) (Everham and Brokaw 1996), based on live tree diameter at breast height (DBH, 1.4 m above ground surface) measured according to convention.  Compositional change will be measured as percent mortality or the change in the number of live trees (trees/ha by species) pre- and post-windstorm/salvage harvest (Everham and Brokaw 1996).  Pre-windstorm/salvage harvest basal area and composition will be estimated based on remaining stumps (Quigley 1954).  I will exhaustively inventory post-windstorm/salvage harvest basal area and composition of live standing trees (DBH>10 cm) and saplings (2.5 cm>DBH<10 cm) in the field. I will employ the point-quarter method to sample uprooted or snapped off trees (Mueller-Dombois and Ellenberg 1974).
I will measure tree regeneration (i.e. seedlings), shrub and herbaceous plant diversity and invasive plant prevalence by estimating the percent of vegetation ground cover attributable to each species present within eight one meter-diameter circular plots.  At one-quarter and three-quarters of the distance of each transect from the blowdown edge to the approximated center from each sampling plot, I will temporarily establish a vegetation survey plot by tossing a one-meter diameter hoop three to five meters from the transect in random directions (similar to Palik and Kastendick 2009).  
Biological legacies
In addition to standing live and dead trees, I will quantify coarse woody debris (CWD), including fallen boles, branches, tops, and natural and cut stumps, at four 10-meter radius sample plots per site, centered at the mid point of each transect.  For every piece I will record species (when recognizable), decal class (Table 3), and origin (as in Goodburn and Lorimer 1998).   I will calculate CWD volume by summing the volume of each piece greater than five cm in diameter, using models described by previous researchers (Fraver et al. 2007); I will determine which model most accurately describes my field conditions.  Hollow portions of logs and stumps will be subtracted using similar measurements (Goodburn and Lorimer 1998). 
Biodiversity
Terrestrial insects have been widely used as bioindicators (McGeoch 1998).  Carabids have been shown to accurately reflect diversity of other species and be sensitive to local environmental changes in forests (Rainio and Niemelä 2003).  I will census ground invertebrates in each site using pitfall traps and leaf litter.  My methods for invertebrate pitfall traps will follow those described in Werner and Raffa (2000) and Refseth (1980). At every site, I will install eight pitfall traps, two at the midpoint of each transect at a distance of five meters perpendicular to the transect, at random orientations (Fig. 2).  I will construct the pitfall traps of two stacked pairs of plastic 625ml cups connected by a 15 x 100cm barrier of plastic garden edging laid over the ground to direct invertebrates toward the cups.  I will sink the cups in the ground so that the top edge of the outer cup is level with the soil surface.  I will fill per each cup a third full of a soap and water mixture to prevent escape and deter predation of captured invertebrates (Latty et al. 2006).  In order to minimize disturbance to the trap I will remove only the inner cup to collect insect samples. In order to prevent rainwater from flooding the cups or diluting the soapy water, I will install a metal flashing “roof” over the cups (sensu Refseth 1980).  Traps will be left in place through out the growing season, but securely covered when not active.
Leaf litter collection methods will follow Ingwell et al. (2012).  I will collect leaf litter within a 0.25- x 0.25-m area randomly located within each 10-x 10-m plot during each sampling period (Ingwell et al. 2012).  Each leaf litter sample will be placed in a paper bag in the field, and sorted in the laboratory within five days of litter collection (Ingwell et al. 2012).  Upon return the laboratory, I will separate invertebrates from leaf litter using Burlese funnels and hand sorting.
I will census the invertebrate community collections once per month, immediately after snowmelt in the spring through the collection of one entirely empty trapping (i.e. no insects captured).  Pitfall traps at each site will be active for three consecutive days, once every four weeks.  This high frequency, short duration trapping schedule will produce clean, fresh catches while maximizing the seasonal coverage of the trapping period.  Leaf litter collection will coincide with the pitfall trap schedule.  All invertebrates collected will be preserved in ethyl alcohol and/or mounted using standard methods (Methven et al. 1995) and identified at least to family, when possible to genus and species, in the laboratory.
Statistical analysis 
The experimental design for the project is a hierarchical regression at the site level.  Variation within-site at the plot will be analyzed by spatially repeated measures analysis of variance (ANOVA).  The study sites are of varying sizes, and the proposed sampling scheme remains the same among them (e.g., eight pit-fall traps, eight herbaceous vegetation plots, four CWD plots); I will standardize each measured variable across the sites by site area (ha).  I will analyze biodiversity of herbaceous vegetation, ground-dwelling insects and leaf litter isopods using cluster analysis in the statistical software R.
Expected Results
Site characteristics
The study sites are in close geographic proximity, and most were stands dominated by white pine (Pinus strobus) prior to the windstorm.  These stands all have histories of timber harvest, and some may have been marginal agricultural fields prior to tree re-establishment.  Surficial geography and soil types are likely similar, although soil depth may vary.  The area disturbed and the blowdown boundary length will likely be variable, as these characteristics are influenced by local topography, tree root depth, and exposure to storm winds.  At higher elevation sites, and blowdowns with more biological legacies temperatures both at ground surface level and at one meter may be more stable through the seasons due to shading and insulation by standing and fallen trees.
Disturbance index
While all blowdowns in this study resulted from the same windstorm event, subsequent salvage harvest proceeded differently at each site.  The forester, logger, timing of harvest, equipment used, and haul road length will likely be variable.  Hence, the disturbance index is unlikely to be identical for two or more sites.
Forest Recovery
Previous research on salvage harvest in other forest types suggests that blowdown sites with the least intense salvage harvest will recover more quickly than sites that have been more heavily salvage harvested (D’Amato et al. 2011).  Such a result would be indicated by blowdown/salvage harvest basal area similar to control sites, high densities of seedlings and saplings in the vegetation plots, as well as populations of herbaceous plants most often found in established forest.
Biological legacies
	Biological legacies in the form of live and dead mature trees and CWD will likely be most abundant on sites with the lowest disturbance index scores.  This result would indicate a pattern of continuity between pre- and post-disturbance ecosystem components and processes.
Biodiversity
According to IDH, blowdown/salvage harvested areas in the middle range of disturbance intensity will have the highest biodiversity (Fig. 3).  However, results that do not fit this pattern may indicate that other ecological mechanisms are more important than disturbance intensity in determining biodiversity outcomes.
Products and outcomes
This research will yield statistical relationships between wind disturbance and salvaging on regeneration of forests in Vermont.  I will prepare at least three manuscripts for publication in peer-reviewed journals on the following topics:  Impacts of windstorm and salvage harvest on forest recovery, the role of biological legacies in post-disturbance ecosystem development, and impacts of natural and human disturbances on biodiversity.
Additionally, data on forest recovery will be suitable for parameterizing economic models of forest timber and non-timber commodity production.  Policymakers and managers to optimize forest provisioning currently use such models.  Providing real world data will facilitate accurate model results while facilitating communication among ecologists, forest managers, economists, social scientists and policymakers/regulators.
I will also share the results of this research publicly through two one-day workshops at study sites to bring together researchers, land managers, loggers, pulp and roundwood buyers, county foresters and the general public.  This research will provide a scientific basis for improving current best management practices (BMP) and sustainable forestry certification standards (FSC and SFI) in light of predicted increases in natural and human forest ecosystem disturbance.  The workshops will also foster landowner and public awareness of relationships between forest ecosystems and human well-being.
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Table 1:  Research Timeline.
	Calendar Year
	Time frame
	Tasks

	2012
	Fall semester

	· Visited potential research sites
· Met with Wallin, Erickson and Keith Thompson, Chittenden County Forester
· Met with Alan Howard at the Stat

	2013
	Spring semester
	· Visited potential research sites
· Developed an undergraduate research project with S. Smits (funding awarded by the Simons Family Grant)

	
	Field season 

	· Mapped 15 blowdown/salvage harvested sites
· Installed transects, insect pitfall traps and iButtons
· Collected insects once a month- June, July, August
· Completed vegetation surveys, August

	
	Fall semester

	· Present and defend dissertation proposal
· Submission to committee by October 31, 2013
· Presentation and defense by November 15, 2013
· Final proposal by December 1, 2013
· Fieldwork:
· Sent update letter to landowners hosting research and Keith Thompson
· Collect insects from pitfall traps in September, October and November
· Identify insects collected to date (C. Limback, S. Smits, H. Aronowitz, and E. Loftis)
· Develop proposal for lab-based experiment
· Statistically analyze herbaceous vegetation and insect biodiversity data

	2014
	Spring semester

	· Comprehensive exams (written and oral) January 2014 
· Develop research/funding proposals with undergraduates
· R. Zevlin:  to be determined
· J. Van Clief:  to be determined
· Conduct lab-based experiment, subject to be determined
· Fieldwork:
· Establish five control sites (undisturbed) in close proximity to the 15 blowdown/salvage harvested sites
· Exhaustively survey remnant live canopy trees at all sites, January-February
· Collect insects from pitfall traps in March, April and May
· Complete CWD surveys (March-April), double checking sites surveyed in 2013

	
	Field season

	· Complete vegetation surveys in June
· Collect insects from pitfall traps June, July and August
· Collect invertebrates from leaf litter via Burlese traps June, July and August
· Conduct bird and/or herptile habitat use surveys

	
	Fall semester

	· Collect insects from pitfall traps September and October
· Collect invertebrates from leaf litter via Burlese traps September and October
· Identify insects collected in 2014 
· Conduct lab-based experiment, subject to be determined
· Data analysis
· Preparation of journal articles/dissertation

	2015
	Spring semester
	· Dissertation Seminar/Defense January 2015
· Two one-day public workshops at study sites
· Revise dissertation per committee edits
· Submit manuscripts to peer-reviewed journals
· Graduation May 2015


Table 2: Project Budget.
	Item
	Quantity
	Price per unit
	Total price
	Source

	625ml plastic cups

	2200
	
	
	Big Lots

	Plastic garden edging

	1090 m
	
	
	Lowes

	Bulb planter
	2
	
	
	Schaberg lab

	Garden trowels
	
	
	
	Schaberg lab

	Collection bottles (6 oz.)

	9800
	
	
	Amazon

	Isopropyl alcohol 95%

	100 L
	
	
	Wallin lab

	Insect specimen bottles

	200
	
	
	Amazon

	Insect mounting pins
	2000
	
	
	Amazon

	iButtons
	130
	
	
	

	Stakes
	40
	
	
	Lowes

	Tree calipers
	2
	
	
	Ben Meadows

	DBH tape (metric)
	2
	
	
	Ben Meadows

	Compass

	1
	
	
	Outdoor Gear Exchange

	GPS unit (Garmin)

	2
	
	
	Amazon

	0.25- x 0.25-m litter collection frame
	2
	
	
	Lowes

	Herbaceous vegetation survey hoop
	4
	
	
	Lowes

	Fieldwork technicians
	4
	
	
	3 mo. each

	Flagging tape (pink/orange)
	10 rolls
	
	
	Forestry Suppliers





Table 2: Coarse woody debris decay classification (Goodburn and Lorimer 1998), modified using biomass multipliers (Kueppers et al. 2004).
	Decay class
	Biomass multiplier (Kueppers et al. 2004)
	Description

	I
	0.96
	Tight bark, no visual decay

	II
	0.83
	Some bark slippage with incipient decay in sapwood

	III
	0.72
	Decay obvious in the outer layers, metal probe  (0.5 cm-dia.) penetrates more than half the radius

	IV
	0.54
	Some of the outer xylem layer missing, decay extending well towards the core, metal rod penetrates clear through the bole

	V
	0.33
	Organic debris collapsed to ground level and mixing with soil, little structural integrity







Figure 1:  Field Sites Photographs.  Forest stands disturbed to varying degrees by blowdown and salvage harvest in Chittenden County, VT two years after the initial disturbance, a derecho windstorm.

[image: ]A.  Blowdown/salvage harvest area with canopy trees remaining.


[image: ]B.  Blowdown/salvage harvest area with no canopy trees retained.
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C.  Blowdown/salvage harvest area viewed from the log landing.

Fig. 3:  Field plot scheme (not drawn to scale).  In forests where blowdown and salvage harvest occurred I will measure differences across disturbance intensity in forest recovery, forest legacies, and biodiversity.  Survey plots will be established along transects forming a crosshair; the longest transect will be parallel to the longest axis of the blowdown/salvage harvest area.
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Figure 2:  Intermediate Disturbance Hypothesis (adapted from Connell 1978).  The arrows represent the potential range of conditions at each site type.  I aim to quantify the extent of overlap among site types.
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