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Key Results: 
• High-resolution LiDAR is a robust remote sensing tool that can accurately model forest canopy vertical 

structure.  Additionally, LiDAR corresponds with some measures of forest health and productivity and 
arthropod and bird abundance and diversity but not others. 

• However, LiDAR’s accuracy is dependent on the congruity of spatial scales between LiDAR and 
ground based metrics, as well as the method used to classify the raw LiDAR data into meaningful 

structural categories. 
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• Rationale: Light Detection and Ranging (LiDAR) is an active remote sensing technique that directs 
pulses of light from an aerial sensor to the earth’s surface and records the timing and intensity of reflected 
pulses back to the sensor. The resulting LiDAR point cloud shows great promise in representing three 
dimensional canopy structure and complexity (Lefsky et al. 2002). High-resolution LiDAR data have not 
been used to assess arthropod and bird diversity and abundance despite spatial distributions of ecological 
parameters (i.e., variations in vegetation structure and composition) being fundamental in explaining 
patterns of biodiversity (MacArthur and MacArthur 1961, MacArthur and Horn 1969).  In addition, the use 
of LiDAR data to remotely assess crown features that relate more directly to forest health and productivity 
(e.g., crown density, vigor and dieback) is uncommon but shows promise (Reutebuch et al. 2005). 

• Methods: High-resolution LiDAR data (flown summer 2009) were acquired for the Hubbard Brook 
Experimental Forest (HBEF) in New Hampshire. LiDAR data were classified into four canopy structural 
categories. Ground-based measures of forest canopy structure (e.g., percent crown and understory closure, 
basal area, etc.), forest health and productivity (e.g., xylem increment growth, foliar nutrition, vigor and 
dieback, etc.), and arthropod and bird diversity and abundance (via canopy branch clippings and standard 
point counts, respectively) were collected on 36, 50m-radius plots throughout HBEF during summer of 
2012.  Statistical analyses were used to assess the relationships between LiDAR categories of forest canopy 
structure and ground based measures of forest structure, forest health and productivity, and arthropod and 
bird abundance and diversity. 

• Major findings: High-resolution LiDAR is a robust remote sensing tool that can accurately model 
forest canopy vertical structure.  Additionally,  LiDAR corresponds with some measures of forest health 
and productivity and arthropod and bird abundance and diversity but not others.  However, LiDAR’s 
accuracy is dependent on the congruity of spatial scales between LiDAR and ground based metrics, as well 
as the method used to classify the raw LiDAR data into meaningful structural categories. 

• Implications for the region: Results from this study have shown that high-resolution LiDAR data 
are useful in assessing forest structure, as well as biotic and abiotic components of the forest.  The above 
methods were applied to the HBEF, however, they could easily be applied to other areas of the northeastern 
forest to help quantify, conserve and manage biodiversity. 

Project Summary 
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Background and Justification 

Ecological studies have suggested that the spatial distributions of fundamental ecological parameters, 
including variations in vegetation structure and composition, are central in explaining patterns of 
biodiversity (MacArthur and MacArthur 1961, MacArthur and Horn 1969). In particular, forest canopies 
are important sources of nutrient and water uptake, and are drivers of net primary production that support 
and influence higher trophic levels. Quantifying the vertical structure and complexity of forest canopies 
has traditionally been limited in spatial extent, as well as limited to expensive and labor-intensive field 
based data collection (Lefsky et al. 2002, Vierling et al. 2008). Passive remote sensing techniques that are 
useful for assessing canopy structure and complexity at larger spatial scales have been limited by their 
two-dimensional nature (Lefsky et al. 2002, Koukoulas and Blackburn 2004, Vierling et al. 2008). Due to 
these limitations, and especially at larger spatial scales, canopy structure and complexity have not been 
fully analyzed and integrated as modulators of biodiversity. Recent advances in LiDAR have provided a 
new source of geospatial data that provides detailed information of the 3-D structure of forest canopies 
(Vierling et al. 2008). Coarse-scale LiDAR has already been used to estimate the vertical distribution and 
complexity of canopies in deciduous hardwood forests and relate these to one important indicator of 
biodiversity: bird species richness (Goetz et al. 2007, Goetz et al. 2010). However, improvements in 
habitat analysis and prediction afforded by the use of high-resolution LiDAR data have not been fully 
evaluated. In addition, the use of LiDAR data to remotely assess crown features that relate more directly 
to forest health and productivity (e.g., crown density, vigor and dieback) is uncommon but shows promise 
(Reutebuch et al. 2005). 
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Methods 
LiDAR Classification Schemes 

HBEF LiDAR classification schemes: a) 4-Ha plots and original classification routine (OR), b) 4-Ha plots with no crown 
refinement (NCR), c) 50m plots and original classification routine, and d) 50m plots with no crown refinement. 
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HBEF LiDAR Classification schemes: a) 4-Ha plots and original classification routine (OR), b) 4-Ha plots with no crown refinement (NCR), c) 50m plots and original classification routine, and d) 50m plots with no crown refinement.Raw LiDAR point cloud data were processed into a digital elevation model (DEM), a normalized digital surface model (nDSM – also known as a canopy height model), and a 0.5-10m above ground level (AGL) surface model.HBEF LiDAR data were originally classified into 4-Hectare sampling blocks using the above surface models and eCognition (an object-oriented segmentation software – Trimble Geospatial, Inc.).  Additional classifications (see above) were done once it was realized that assessments of LiDAR to ground based metrics may be dependent on the scale at which the LiDAR was classified (i.e., 50m radius plots vs. 4-hectare blocks), as well as the specific details of the classification routine used within eCognition (i.e., refinement of what is considered a canopy gap – for example, canopy gaps that were ~ 2m2 were not considered as so in the original classification routine, whereas all canopy gaps, regardless of size, were considered as such in the routine with “no crown refinement”).Based on the distribution of understory and crown closure categories determined using the original 4-Ha classification scheme, nine replications of the four combined understory and crown closure categories were established throughout HBEF for a total of 36 plots.  Nearby plots from each of the four LiDAR categories were grouped into “blocks” to assess the spatial consistency of data.



Methods Study Site: 
Hubbard Brook Experimental Forest  

West Thornton, NH 

 
 

LiDAR Ground Truthing 
 
• % Crown and Understory Closure 

 

• Basal Area 
 
 

Abiotic Measures 
 

• Temperature and Relative Humidity 
 

• Soil Moisture 
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Study Site:  Hubbard Brook Experimental Forest (HBEF), West Thornton, NH.  Thirty-six plots, based on the forest inventory and analysis (FIA) protocol, were established throughout the HBEF valley.  FIA Plot Design was taken from Bechtold & Scott (2005).To quantify crown and understory closure, a measuring staff was used to visually assess the presence/absence of vegetation from 0.5 – 10 meters in height and > 10 meters in height at five meter intervals along three 50m transects (located at azimuths 360°, 120°, and 240° from plot center and a total of 31 points) on each plot.Diameter at breast height (DBH) was measured on all trees > 5” on subplots and on all trees 1” – 4.9” on micro-plots and then used to calculated basal area (m2/Ha).A soil moisture meter (Field Scout TDR 100, Spectrum Technologies, Inc.) was used to take an average of three readings at five meter intervals along the three transects (mentioned above) within each of the 36 plots.  Air temperature and relative humidity readings were also obtained by placing HOBO data loggers (HOBO U23 Pro v2, Onset Computer Corporation, Inc.) within ten meters of plot center on each of the 36 plots.  Readings were taken daily for roughly 100 days (mid June to early October).Bechtold, W. A. and C. T. Scott. 2005. The forest inventory and analysis plot design. The enhanced forest inventory and analysis program-national sampling design and estimation procedures. US Department of Agriculture Forest Service, Asheville, NC:27-42.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Forest Health and Productivity 

• Foliage Samples 
 

• Crown Vigor and Dieback 
 

• Xylem Increment Cores 
o 2-cores per tree 
o Annual increment measured 
o Growth assessed as basal area 

increment (BAI) 

Methods 

o Yellow birch and sugar maple 
o Dominant and co-dominant 
o 5-trees per species per plot 
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Foliage samples were collected on each of five dominant and co-dominant sugar maple and yellow birch trees to look at foliar nutrition/foliar cations.  Samples were oven dried at 55°C for two weeks and ground using a Wiley mill.  Ground foliage was run through a series of nitric acid and hydrogen peroxide digestions according to the methods of Jones and Case (1990).  Cation concentrations (Al, Ca, K, Fe, Mn, and Mg) were measured from the digested foliage using inductively coupled plasma atomic emission spectrometry (ICPAES) (Perkin-Elmer Optima DV 3000; Perkin-Elmer, Norwalk, CT, USA) and expressed as mg/g.  Peach leaf standards and blanks were also processed for analytical comparison.  Additionally, percent carbon and nitrogen were measured using a C/N analyzer. Crown vigor and dieback assessments were obtained using the methods of Cooke et al. (1996), which employs a 1-5 scale where (1) represents highly vigorous crowns with little or no major branch dieback and less than 10% branch or twig mortality, (2) light decline with branch or twig mortality present and between 10 – 25%, (3) moderate decline with 25 – 50% branch and twig mortality, (4) severe decline with >50% branch and twig mortality, and (5) dead. xylem increment cores (180° from one another and perpendicular to the dominant slope) were collected for each of the selected dominant and co-dominant sugar maple and yellow birch trees in order to determine tree age and annual growth.  The methods of Stokes and Smiley (1968) were used to mount, sand, and microscopically measure (using a Velmex sliding stage unit [Velmex Inc., Bloomfield, NY] with MeasureJ2X software [VoorTech Consulting, Holderness, NH]) annual xylem increments to 0.001 mm resolution for each core collected.  Increment cores were then cross-dated visually using the methods of Yamaguchi (1991) and corrected for locally absent and false rings using the program COFECHA (Holmes 1983).  Once corrected, mean annual increment (i.e., ring width) was calculated and converted to basal area increment (BAI – a standardized measure of growth relative to basal area) according to the methods of Cook and Kairiukstis (1990).Cook, E. R. and L. A. Kairiukstis. 1990. Methods of dendrochronology: applications in the environmental sciences. Kluwer Academic Publishers, Dordrecht.Cooke, R., B. Pendrel, C. Barnett, and D. Allen. 1996. North American Maple Project Cooperative Field Manual. USDA Forest Service Northwestern Area, State and Private Forestry, Durham, NH.Holmes, R. L. 1983. Computer-assisted quality control in tree-ring dating and measurement. Tree-ring bulletin 43:69-78.Jones, J. B. and V. W. Case. 1990. Sampling, handling and analyzing plant tissue samples. Ed. 3 edition. Soil Science Society of America, Madison, WI.Stokes, M. A. and T. L. Smiley. 1968. An introduction to tree-ring dating. University of Chicago Press, Chicago, IL.Wigley, T., K. Briffa, and P. Jones. 1984. On the average value of correlated time series, with applications in dendroclimatology and hydrometeorology. Journal of Climate and Applied Meteorology 23:201-213.Yamaguchi, D. K. 1991. A simple method for cross-dating increment cores from living trees. Canadian Journal of Forest Research 21:414-416.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Arthropod Abundance  
and Diversity 

• Branch Clippings - Max Height of 10 
meters 

 

• Two Trees Per Species (Yellow Birch 
& Sugar Maple) Per Plot 

 

• Arthropods Counted and Identified to 
Order 

Methods 

• 50m – Fixed Radius Point Counts 
 
• Ten Minute Surveys – Three 3-

Min 20-Sec Intervals 
 
• Two Observers Visited Each Plot 

Twice 

Bird Abundance 
 and Diversity 
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Understory and mid-story branch clippings were obtained according to the methods of Johnson (2000) and on two sugar maple and two yellow birch trees per plot.  Arthropods were counted and identified to order on each branch clipping.  Length-mass regression equations (Strong et al. 2004) were used to calculated and quantify arthropod mass by order as well as total arthropod mass.Bird abundance and diversity was quantified using 50m fixed-radius point count surveys at plot center on all 36 plots and repeated four times during the height of the breeding season (i.e., late May through mid June).  Standard ten-minute point counts were divided into three 3-min 20-sec intervals to provide estimates of detection probability (Ralph et al. 1995).  Point count surveysl begin by 05:30, conclude by 10:30, and were only conducted on days with little or no rain or wind. Johnson, M. D. 2000. Evaluation of an Arthropod Sampling Technique for Measuring Food Availability for Forest Insectivorous Birds (Evaluación de una Técnica para Muestrear Artrópodos para Medir la Disponibilidad de Alimento para Aves de Bosque Insectívoras). Journal of Field Ornithology 71:88-109.Ralph, C. J., S. Droege, and J. R. Sauer. 1995. Managing and Monitoring Birds Using Point Counts: Standards and Applications. General Technical Report, USDA Forest Service, Albany, CA.Strong, A. M., C. C. Rimmer, K. P. McFarland, and M. Murphy. 2004. Effect of prey biomass on reproductive success and mating strategy of Bicknell's Thrush (Catharus bicknelli), a polygynandrous songbird. The Auk 121:446-451.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Significant Results Overview 

LiDAR Ground Truthing 
• % Crown Closure 
• % Understory Closure 
• Basal Area (m2/Ha) 
 

Abiotic Measures 
• Volumetric Soil Moisture (%) 
• Temperature (oF) 
• Relative Humidity (%) 
 

Forest Health & Productivity 
• Crown Vigor (1-4 scale) & Dieback (0-100%) 
• Foliar Nutrition (mg kg-1) 
• Xylem Increment Growth (BAI – cm2) 
 

Bird Abundance and Diversity 
• Shannon-Wiener Diversity Index  
• Ecological Species Diversity Index 
 

Plot means were calculated for all ground-based measures and 
an analysis of variance (ANOVA) was used for each measure 
to assess its relationships to the LiDAR categories.  Significant 
results were found in the follow measures in at least one of the 
classification schemes:  
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In addition to using ANOVA, linear regression was used to look at how well continuous values of LiDAR percent crown and understory closure correlate to ground based measures of crown and understory.  Linear regression was also used to evaluate the relationships between various response variables (i.e., ground-based measures).Occupancy and abundance modeling (via maximum likelihood estimation and multinomial probability) were also attempted for the bird data.  However, due to small sample sizes and presumably a lack of variation within species’ encounter histories, all models failed to pass goodness of fit testing.  In place of this, species richness, Shannon-Wiener Diversity, and Ecological Species Diversity Indices were calculated for the bird data to evaluate their relationship to the LiDAR categories.Due to space limitations, not all significant results are presented in this report, however, all significant findings can be obtained upon request.  All of the findings for LiDAR ground truthing, and one from each of the other components (i.e., abiotic measures, forest health and productivity, and bird abundance and diversity) are presented in the following slides.  No significant results for Insect abundance and diversity in terms of LiDAR classification/categories were found and are therefore not presented in this report.



Means (±1S.E.) for ground-based crown closure by LiDAR category and for different classification 
schemes. Means without common letters differed significantly at P ≤ 0.05 based on ANOVA tests. 

Results/Project Outcomes - LiDAR Ground Truthing 
 

Ground-based Crown Closure 
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Means (±1S.E.) of ground-based crown closure by LiDAR category for HBEF plots.  Means without common letters differed significantly at P ≤ 0.05 based on ANOVA tests.  Means of ground-based crown closure by LiDAR category were tested with four different LiDAR classification schemes: 1) 4-Ha plots and original classification routine, 2) 4-Ha plots with no crown refinement, 3) 50m plots with original classification routine, and 4) 50m plots with no crown refinement.There were no significant results for any of the classification schemes except for the “50m plot and no crown refinement” scheme.  Within this classification scheme there were significant differences between HL and LH LiDAR categories.  Error within the ground-based measure of crown closure could be one possible reason for the lack of more significant results.  In addition, LiDAR crown closure for all classification schemes had a break point of ≤ 94% for low crown closure and > 94% for high crown closure.  The lack of variation in this highly closed canopy forest might be another explanation for the lack of significance between LiDAR categories and ground based measures of crown closure.



Results/Project Outcomes - LiDAR Ground Truthing 
 

LiDAR Continuous Crown Closure & Ground-based Crown Closure 
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When just looking at the continuous values from which the LiDAR categories were derived, we see the same relationship (except for without the understory categories) between LiDAR crown closure and ground-based crown closure.  Again, the classification scheme “50m plots and no crown refinement” is the only one that is significant (p-value = 0.0032, r2 = 0.2285).



Results/Project Outcomes - LiDAR Ground Truthing 
 

Ground-based Understory Closure 

Means (±1S.E.) of ground-based understory closure by LiDAR category and for different classification 
schemes. Means without common letters differed significantly at P ≤ 0.05 based on ANOVA tests. 
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Ground-based crown closure, in contrast, showed significant results between LiDAR categories in all classification schemes except for the “50m plots and no crown refinement” scheme.  Both classification schemes at the 4-Ha scale showed significantly higher ground-based understory closure in high understory LiDAR categories as compared to LiDAR categories with low understory closure.



Results/Project Outcomes – LiDAR Ground Truthing 
Mean Basal Area (m2/Ha) for Dominant,  

Co-dominant & Intermediate Trees 

Means (±1S.E.) of basal area (m2/Ha) by LiDAR category for HBEF plots.  Means 
without common letters differed significantly at P ≤ 0.05 based on ANOVA tests.  

Significantly greater 
basal area on plots with 
greater crown closure, as 
modeled by LiDAR 
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Mean basal area (dominant, co-dominant and intermediate trees) was also used as a measure of LiDAR ground-truthing.  The original 4-Ha classification scheme showed significant results between HL – LH and HL – LL LiDAR categories.  In addition, the overall trend was higher mean basal area in LiDAR categories with higher crown closure.



Results/Project Outcomes – Abiotic Measures 
Minimum June Temperature 

Significantly higher minimum 
June temperatures on plots with 
lower LiDAR understory closure 

Daily mean minimum (± 1SE) temperatures for June, July, August, and September at HBEF LiDAR plots.  Significant differences between LiDAR 
categories based on ANOVA are indicated by asterisks: *, P < 0.10; and **, P < 0.05. 
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Minimum June temperature was found to be significantly different between HH and HL LiDAR categories within the original 4-Ha classification scheme.  In addition, despite finding no significance, the LL LiDAR category had higher mean minimum June temperature than did the LH category.



Results/Project Outcomes – Forest Health & Productivity 
Mean 2009 BAI & Mean Crown Vigor Rating 

 

   Mean 2009 BAI      Mean Crown Vigor Rating 

Means (±1S.E.) of 2009 BAI & crown vigor ratings by LiDAR category for HBEF plots.  Means without common letters differed significantly at 
P ≤ 0.05 based on ANOVA tests.  
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Mean 2009 BAI (obtained from the xylem increment core collection) was significantly different between HH and LL LiDAR categories within the original 4-Ha classification.   At least some plots with low crown closure had greater mean BAI for 2009, with HL and LH categories having intermediate mean BAI for 2009.  Low crown closure should result in less competition and therefore show greater xylem increment growth, which is at least partially what is seen in these results.Mean crown vigor also showed significant results, with LiDAR categories HL and LH being statistically different and HH and LL being intermediate within the “50m plots and no crown refinement” classification.  Presumably, plots with lower crown closure are partially that way due to reduce crown vigor.  These some extent, these results corroborate this trend.



Results/Project Outcomes – Bird Diversity 
 

Shannon-Wiener Diversity Index 

Means (±1S.E.) of Shannon-Wiener Diversity Index by LiDAR category for HBEF plots.  Means without 
common letters differed significantly at P ≤ 0.05 based on ANOVA tests.  
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Previous research has shown significant relationships between LiDAR-based forest vertical structure and forest canopy gap variables and bird abundance (Goetz et al. 2007, Goetz et al. 2010, Swatantran et al. 2012), and bird species richness (Lesak et al. 2011).  Our results for bird diversity, although significant, are not easily explained.  Within the original 4-Ha classification scheme, LiDAR categories LH and LL were statistically different with LL having the higher mean value for the Shannon-Wiener diversity index.  Intuitively, one would expect LiDAR categories with higher understory closure to have higher values for the Shannon-Wiener diversity index.Goetz, S., D. Steinberg, R. Dubayah, and B. Blair. 2007. Laser remote sensing of canopy habitat heterogeneity as a predictor of bird species richness in an eastern temperate forest, USA. Remote Sensing of Environment 108:254-263.Goetz, S. J., D. Steinberg, M. G. Betts, R. T. Holmes, P. J. Doran, R. Dubayah, and M. Hofton. 2010. Lidar remote sensing variables predict breeding habitat of a Neotropical migrant bird. Ecology 91:1569-1576.Lesak, A. A., V. C. Radeloff, T. J. Hawbaker, A. M. Pidgeon, T. Gobakken, and K. Contrucci. 2011. Modeling forest songbird species richness using LiDAR-derived measures of forest structure. Remote Sensing of Environment 115:2823-2835.Swatantran, A., R. Dubayah, S. Goetz, M. Hofton, M. G. Betts, M. Sun, M. Simard, and R. Holmes. 2012. Mapping Migratory Bird Prevalence Using Remote Sensing Data Fusion. PLoS ONE 7:e28922.



Implications and Applications in the  
Northern Forest Region 

• Within the northern forest region there are many anthropogenic factors (e.g., 
acidic deposition, climate change, and non-native invasive pests) that will 
likely change the forest structure and composition over time.  In response to 
this, forest and wildlife professionals need cost effective means to manage and 
conserve the northern forest. 
 

• High-resolution LiDAR data are becoming increasing more available and cost 
effective, with some states now having complete coverage.  Results like the 
ones presented here, could be extrapolated to broader areas with similar 
objectives addressed. 
 

• With further validation and more refined methodology, high-resolution LiDAR 
data can be used to help manage and conserve biodiversity across the northern 
forest region.  This is especially true considering that LiDAR can accurately 
model forest structure, which is fundamental to forest health and productivity 
and arthropod and bird abundance and diversity, across landscape scales as 
compared to traditionally remotely sensed data (i.e., two-dimensional remote 
sensing data). 
 



 

Future directions 
 

• Next steps of this research will include continuing to explore/interpret the 
results from this study.  Some results are straightforward and easily 
interpreted, whereas others are not (e.g., LiDAR’s relationship to bird diversity 
via Shannon-Wiener’s Diversity Index) 

 

• Scale and/or classification scheme played an important role in LiDAR’s 
relationship to many of the response variables.  Future directions of this 
research include looking at different ways to summarize and test the LiDAR 
against ground-based metrics (e.g., looking at the density of points in the raw 
LiDAR point cloud as a measure of canopy vertical structure as oppose to the 
percent understory closure as calculated from the 0.5-10m AGL surface 
model). 

 

• Future directions will also include using structural equation modeling (SEM), 
also known as pathway analysis (Grace and Pugesek 1998, Garson 2008), to 
assess relationships between abiotic environmental factors, forest structure, 
forest health and productivity, and arthropod and bird abundance and diversity 
measures regardless of LiDAR categories.  
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Garson, G. D. 2008. Path analysis. North Carolina State University, NC.Grace, J. B. and B. H. Pugesek. 1998. On the use of path analysis and related procedures for the investigation of ecological problems. The American Naturalist 152:151-159.



Future directions 
 

• Large datasets of forest health and productivity and arthropod and bird abundance and 
diversity were collected for this project.  Regardless of their relationship to LiDAR, 
they could provide valuable information about ecosystem functioning and trophic 
interactions within the broader northern forest, especially in the context of global 
climate change.  Analyses of sugar maple and yellow birch growth using the xylem 
increment cores and their crown vigor status, have already begun. 

• Previous research has shown 
increased yellow birch and 
decreased sugar maple 
growth at HBEF (van Doorn 
et al. 2011).  Xylem 
increment cores and foliar 
nutrition data could help 
evaluate the nature and 
timing of recent changes in 
the growth of these species. 
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Thesis: 
 
• Hansen, C.F. In preparation.  LiDAR remote sensing of forest canopy structure and its 
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Tangible Products: 
 
• High-resolution LiDAR surface models:  1m resolution digital elevation model (DEM), 

1m resolution normalized digital surface model (nDSM), and 1m resolution 0.5-10m 
above ground level (AGL) surface model 



Questions? 
 

Please contact: 
 

 Allan M. Strong (Allan.Strong@uvm.edu) 
or 

Christopher F. Hansen (Christopher.Hansen@uvm.edu) 
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