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FOREWORD

The Central Hardwood Forest Conference is a series of biennial meetings that have been hosted
by universities and research stations of the U.S. Department of Agriculture Forest Service in the
central hardwood forest region in the Eastern United States. The objective of the conference is
to bring together forest managers and scientists to discuss research and issues concerning the
ecology and management of forests in the central hardwood region. This, the 15th Conference,
included presentations pertaining to forest health and protection; ecology and forest dynamics;
natural and artificial regeneration; forest products; wildlife; site classification; management and
forest resources; mensuration and models; soil and water; agroforestry; and fire. The conference
consisted of 86 oral presentations and 30 poster presentations resulting in the papers and

abstracts published here.
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THE RESILIENCE OF UPLAND-OAK FOREST CANOPY TREES
TO CHRONIC AND ACUTE PRECIPITATION MANIPULATIONS

Paul J. Hanson, Timothy J. Tschaplinski, Stan D. Wullschleger,
Donald E. Todd, Jr., and Robert M. Augé'

Abstract—Implications of chronic (33 percent) and acute (-100 percent) precipitation change
were evaluated for trees of upland-oak forests of the eastern United States. Chronic manipulations
have been conducted since 1993, and acute manipulations of dominant canopy trees (Quercus
prinus; Liriodendron tulipifera) were initiated in 2003. Through 12 years of chronic manipulations
tree growth remained unaffected by natural or induced rainfall deficits even though severe drought
conditions dramatically reduced canopy function in some years. The resilience of canopy trees

to chronic-change was the result of a disconnect between tree growth phenology and late-season
drought occurrence. Acute precipitation exclusion from the largest canopy trees also produced
limited growth reductions from 2003 through 2005. Elimination of lateral root water sources for
the acute treatment trees, via trenching midway through the 2004 growing-season, forced the
conclusion that deep rooting was a key mechanism for large-tree resilience to severe drought.

INTRODUCTION

Changes in regional precipitation expected to result from increasing global temperatures are predicted

to have a major effect on the composition, structure and productivity of forest ecosystems (Houghton

and others 2001). Such predicted changes raise concerns about terrestrial ecosystem productivity,
biogeochemical cycling, and the availability of water resources (Kirschbaum and Fischlin 1996, Melillo
and others 1990) and the IPCC Working Group II Third Assessment Report (McCarthy and others 2001)
requested further research on the response of ecosystems to multiple stresses (e.g., increased temperature
and drought). Unfortunately, the direction and magnitude of expected changes in precipitation remain highly
uncertain (Houghton and others 2001). Given this uncertainty, manipulative field experiments can play

a powerful role in the identification of gradual and threshold ecosystem responses that might result from
future precipitation changes. This paper describes the results of multi-year chronic and acute precipitation
manipulations designed to evaluate the sensitivity of upland-oak forest tree species to natural and
manipulated water deficits. The paper summarizes the responses for large trees, which are defined as trees
having a dbh greater than 0.1 m. Sapling growth is described elsewhere (Hanson and others 2001, 2003b).

EXPERIMENTAL SITE

The experiments were located on the Walker Branch Watershed (35°58° N and 84°17° W), a part of the
U.S. Department of Energy’s (DOE’s) National Environmental Research Park near Oak Ridge, Tennessee
(Johnson and Van Hook 1989). Long-term (50-year) mean annual precipitation was 1352 mm and mean
annual temperature was 14.2 °C. The soils are primarily Typic Paleudults derived from dolomitic bedrock.
Plant extractable water (water held between 0 and -2.5 MPa) for the upper meter of soil is approximately
183 mm. A large fraction of this water (44 percent) is held in the upper 0.35 m of the soil profile, which
is the location of 60 percent of all fine roots in the 0-0.90 m soil profile (Joslin and Wolfe 1998). The
soils are highly weathered and very deep (> 10m) on ridge tops and therefore retain little evidence of
their carbonate parent material. Deep rooting may be a source of some water. Early aerial photographs
show that the study area was forested in the late 1930’s (http://tde.ornl.gov/landuse.html), but several
large dominant trees show open growth characteristics suggesting some harvesting before that time. The
forest on Walker Branch Watershed is a centrally located example of the eastern broadleaf forest province

! Paul J. Hanson, Timothy J. Tschaplinski, and Stan D. Wullschleger, Research Staff Members, and Donald E. Todd, Jr., Technical
Specialist, Oak Ridge National Laboratory, Environmental Sciences Division, Oak Ridge, TN 37831-6422; and Robert M. Augg¢,
Professor, University of Tennessee, Plant Sciences Department, Knoxville, TN 37996-4561.
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as defined by Bailey (1983) and historically has been characterized as a Quercus/Carya forest. Insect
outbreaks in the early 1980s, however, decimated the Carya populations (Dale and others 1990), and the
current forests are better termed upland oak forests.

Quercus spp. and Acer spp. are the major canopy dominants across all slope positions. Liriodendron
tulipifera L. is a canopy dominant on the lower slope positions, and Acer rubrum L., Nyssa sylvatica
Marsh. and Oxydendrum arboreum (L.) DC are the predominant species occupying mid-canopy locations.
In March of 1994, stand basal area averaged 21.1 m?/ha (Hanson and others 2001). By April 2004, the
mean basal area across all plots had increased to 25.4 m?/ha (table 1). The number of saplings (trees <

0.1 m dbh) across the study area averaged 3079 trees/ha in 1994 falling to 1881/ha in April of 2005.
Saplings contributed an additional 3, 2.6, and 2.5 m*ha to total stand basal area in 1994, 1999, and 2005,
respectively (table 1). In 1994, Acer rubrum L. and Cornus florida L. made up 59 percent of all saplings
and 53 percent of the sapling basal area (Hanson and others 2001).

PROCEDURES

Chronic Precipitation Manipulation

The Throughfall Displacement Experiment (TDE) is a multi-year chronic precipitation manipulation
study. It was constructed across a 2-ha portion of an upper sub-catchment of the Walker Branch Watershed
in 1992 and 1993. The site was chosen because of its uniform slope, consistent soils, and a reasonably
uniform distribution of vegetation. The TDE system and its performance are described in detail by Hanson
and others (1995, 1998, 2003a). Early aerial photographs show that the TDE study area was forested in
1935, but several large dominant trees show open-growth characteristics, confirming that selective cutting
along the ridge had been done before that time (Dale and others 1990).

Manipulations of throughfall amounts reaching the forest floor were made by passively transferring

a fraction of the throughfall from one experimental plot to another. There were three (80 x 80 m)
experimental plots: one wet, one dry, and one ambient. Each plot was divided into 100 8 x 8 m subplots
that served as locations for repetitive, nondestructive measurements of soil and plant characteristics.

An 8 m buffer zone around the edge of all plots (16 m between plots) was treated but not used for the
observations of tree and sapling growth. On the dry plot, throughfall precipitation was intercepted in
~1900 below-canopy troughs (0.3 x 5 m) made of greenhouse grade polyethylene that was suspended at
an angle above the forest floor (~33 percent of the ground area was covered). The intercepted throughfall
was transferred by gravity flow across the ambient plot and distributed onto the wet treatment plot through
paired drip holes spaced approximately 1 m apart.

The experimental area was located at the upper divide of the watershed so that lateral flow of water

into the plots from upslope did not occur. The site had a southern aspect. Reductions in soil moisture
anticipated from the experimental removal of 33 percent of the throughfall were designed to be
comparable to the growing season having the lowest recorded rainfall during the dry 1980s decade (Cook
and others 1988).

Acute Precipitation Manipulation

Because results of the TDE study (Hanson and others 2001) showed greater than expected resilience of
tree growth in response to chronic drought, a follow up study was conceived to quantify responses to

acute soil water deficits. This study termed the ‘TARP’ study used understory tents for the removal of 100
percent of the growing-season throughfall and stem flow from large, individual canopy trees. Two species
representative of two distinct plant functional types L. tulipifera (yellow-poplar) and Q. prinus (chestnut
oak) were manipulated (n =4 for each species treatment combination). Each treatment ambient plot area
was the same, and exceeded the projected canopy spread for the largest trees. Each tent covered an area with
a minimum circular radius of 10 m from the target tree bole. The TARP tents and water collection gutters
were installed before leaf-out in March of 2003 and have been left in place through the 2005 growing
season. Photographs of the experimental system are available at the following web site: http://tarp.ornl.gov.
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Table 1—Cumulative basal area of (A) individual tree species > 0.1 m d.b.h.
and (B) saplings for the Throughfall Displacement Experimental area in March
1994, December 1999, and April 20052

Cumulative basal area
Species March 1994 December 1999  April 2005

(A) Trees > 0.1 m d.b.h.

Acer rubrum L. 2.40 2.92 3.39
A. saccharum Marsh. 0.56 0.66 0.72
Carya sp. 0.44 0.42 0.46
Cornus florida L. 0.16 0.13 0.1
Liriodendron tulipifera L. 1.64 1.62 1.82
Nyssa sylvatica Marsh. 2.97 3.07 3.26
Oxydendrum arboreum [L.] D.C. 0.77 0.83 0.86
Prunus serotina Ehrh. 0.11 0.16 0.22
Quercus alba L. 417 4.95 5.04
Q. prinus L. 5.72 6.02 7.09
Q. sp. 2.04 1.83 2.18
Misc. conifers 0.15 0.15 0.17
Misc. hardwoods 0.00 0.04 0.08

Total trees 21.15 22.80 25.40

(B) Saplings are plants > 1 m
and < 0.1 md.b.h.

Acer rubrum L. 0.97 0.96 1.1
A. saccharum Marsh. 0.05 0.06 0.07
Carya sp. 0.02 0.02 0.06
Cornus florida L. 0.62 0.49 0.31
Fagus grandifolia J.F. Ehrh. 0.03 0.05 0.07
Nyssa sylvatica Marsh. 0.36 0.30 0.22
Oxydendrum arboreum [L.] D.C. 0.29 0.30 0.25
Prunus serotina Ehrh. 0.19 0.15 0.14
Quercus sp. 0.14 0.12 0.10
Q. alba L. 0.04 0.04 0.04
Q. prinus L. 0.01 0.01 <0.01
Rhamnus sp. 0.16 0.1 0.03
Sassafras albidum (Nutt.) Nees 0.05 0.03 0.03
Miscellaneous 0.03 0.02 0.03
Total saplings 2.97 2.64 2.47
(C) Total basal area 23.93 25.44 27.87

@ A total of 18 tree species and 20 sapling species were present on the measurement plots,
but some groups were combined for presentation in this table.
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Trenching of the TARP plots was not done initially to avoid the artifacts of root severing and to allow
external tree roots to continue to extract water from the target dry plots. In July of 2004 (following limited
tree response to the acute treatments) the TARP treatment plots were trenched with a ditcher to a depth

of 50 to 60 cm and width of 20 cm to eliminate potential lateral root water sources. This process severed
100 percent of the lateral roots over this depth representing more than 80 percent of the total know root
population at this site (Joslin and Wolfe 1998).

Soil Water Content, Water Potential and Weather

Soil water content (percent, v/v) was measured in both studies with a time domain reflectometer (TDR;
Soil Moisture Equipment Corp., Santa Barbara, California) following the procedure of Topp and Davis
(1985) as documented for soils with high coarse fraction content (Drungil and others 1987). On the
TDE, Three hundred ten sampling locations were installed at an 8 x 8 m spacing across the site giving
more than 100 soil water monitoring locations per plot. For the TARP study, each experimental tree was
instrumented with four TDR locations within the canopy drip line. Each of these TDR measurement

sites consisted of two pairs of TDR waveguides installed in a vertical orientation (0-0.35 and 0-0.7 m).
The surface (0-0.35 m) TDR measurements coincide with the zone of maximum root density in these
soils. TDR measurements were obtained biweekly during the growing season and approximately monthly
during the dormant season on the TDE study, and periodically during physiological campaigns for the
TARP study. Automated hourly observations of soil water status were also logged using heat-dissipation
probes (CS615 water content reflectometer; Campbell Scientific, Logan, Utah) installed in vertical profiles
within each of the TDE and TARP treatment plots.

The TDR soil water content measurements were adjusted for the coarse fraction of these soils (mean coarse
fraction of 14 percent) and converted to soil water potentials using laboratory derived soil moisture retention
curves for the A, A/E and E/B horizons (Hanson and others 2003a). To facilitate comparisons of the severity
of soil water deficits between years, the minimum soil water potential (MPa) and calculate a water stress
integral (units of MPa d; Hanson and others 2003a) were measured or estimated for all years and treatments.

Weather data including air temperature, relative humidity, and soil temperatures (0.1 and 0.35 m) were
logged hourly on each treatment plot. Rainfall, solar irradiance (Pyranometer sensor, LiCor Inc., Lincoln,
NE) and photosynthetic photon flux density (Quantum sensor, LiCor Inc.) were also measured continuously
and logged as hourly means for one above-canopy location in the vicinity of both experiments.

Measurements of Tree Growth

Diameter measurements of all individual trees greater than 0.1 m dbh and a record of their presence/
mortality were recorded annually for the TDE experiment. Quercus alba L., Q. prinus L., A. rubrum, L.
tulipifera, and Nyssa sylvatica trees greater than 0.2 m dbh were fitted with dendrometer bands (170 trees)
for biweekly measurements of stem circumference during each growing season as described by Hanson
and others (2001). These five species made up almost 80 percent of the basal area of the experimental area
(table 1). Similar dendrometer band measurements were conducted for all Q. prinus and L. tulipifera trees
manipulated as a part of the TARP study.

Measured changes in the circumference of each tree were combined with information on its initial stem
diameter to obtain the change in stem basal area over time (cm? per year). All dendrometer bands were
installed during the dormant season, ahead of the initial growth measurements, to eliminate potential
first year bias in the dendrometer band measurements (Keeland and Sharitz 1993). This paper focuses on
cumulative annual tree growth data and shrink/swell patterns capable of being measured by dendrometer
bands are not important to the current discussion.

Statistical Analyses
The unreplicated nature of the TDE is not ideal (Hurlbert 1984), but the resulting pseudoreplication is
recognized as a reasonable approach when costly large-scale experimental field designs are undertaken
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(Eberhardt and Thomas 1991). To minimize the possibility that spatial variation would be confounded
with treatment effects, the TDE observations were preceded by judicious selection of homogeneous sites
(considering aspect, vegetation, and soils), detailed characterization of site environmental parameters,
and pretreatment measurements for key response variables (Hanson and others 2001). Growth responses
on the TDE were analyzed using individual trees growth (n = 200 to 250) as the experimental unit. In
support of the use of individual trees as the experimental unit, Hanson and others (1998, 2001, 2003a)
demonstrated that the individual 8 x 8 m resolution soil water measurements across the TDE plots were
not correlated with each other and could therefore be treated as independent measurements. Nevertheless,
to further account for bias in growth rates caused by pretreatment plant size and growth rate, the initial
basal area of individual saplings was used as a covariate in analysis-of-variance tests of treatment effects.
Such covariates were significant and appropriate for their intended purpose.

The TARP study was conducted on fully replicated mature trees with randomly assigned ambient or
dry-plot treatments. One-way analysis of variance with covariates based on initial basal area was used to
evaluate significant annual growth responses in the TARP study. Additional regression analyses relating
individual tree responses to tree-specific soil water content data are planned for a future paper. Statistical
analyses were conducted with SPSS 6.1 for Macintosh (SPSS, Inc.).

RESULTS AND DISCUSSION

Interannual Weather 1993 to 2005

Weather conditions exhibited substantial interannual variation from 1993 through 2005 (Hanson and
others 2003, http://tde.ornl.gov/tdedata.html). Lower-than-average annual precipitation was measured in
1993 (-16 percent), 1995 (-16 percent), 1998 (-9 percent), 1999 (-15 percent), 2000 (-11 percent), and
2001 (-27 percent). Above-average precipitation was observed in 1994 (+24 percent), 1996 (+21 percent),
1997 (+8 percent), 2003 (+13 percent), and 2004 (+7 percent). Growing-season precipitation (May to
September) was near normal in 1994, 1999, 2000, 2002, and 2004, but it was 26 to 38 percent less during
the drought years of 1993, 1995, and 1998. Growing-season precipitation was 47, 22, and 29 percent
higher than normal in 1996, 1997, and 2003, respectively. Mean annual air temperature and annual
incident solar radiation were not as variable as annual precipitation, but mean annual air temperatures in
1993, 1998 and 2002 were warmer than in the other years. Cumulative annual incident solar radiation at
the site was similar across years ranging from 2643 to 3155 MJ m-2.

Observed Patterns of Soil Water Potential

The seasonal patterns of mean TDR soil water potential by treatment in the 0 to 0.35 and 0.35 t0 0.7 m
depth increments from 1993 through August of 2005 are shown for the TDE and TARP manipulations in
figures 1 and 2, respectively. Minimum daily soil water potentials for the 0 to 0.35 m depth showed that
significant ambient drought occurred in 1993, 1995, 1998, 1999, 2000, and 2002 (sustained values below
-0.7 MPa in figure 1). In years with significant dry periods (1993, 1995, 1998, 1999, and 2002), long
periods without rainfall caused treatment differentials to be minimized. Following the depth of drought,
treatment differences redeveloped as the soils refilled at a faster and slower rate on the wet and dry plots,
respectively. No treatment differences were ever observed during the dormant seasons when all soils
returned to field capacity.

Water in the 0.35 to 0.7 m depth remained available for plant use throughout the drought periods in all
years with consistent evidence of reduced water availability at depth observed only during the severe late-
season droughts of 1998 and 2002. Annual water stress integrals (Hanson and others 2001, 2003a), which
account for the duration of drought, demonstrate that the 1993, 1999, and 2002 droughts (-92, -31 and
-114 MPa d, respectively) were not sustained as long as those occurring in 1995 and 1998 (-168 and -217
MPa d, respectively).

Acute soil moisture treatments associated with the TARP study diverged from ambient plot conditions
within one month after the initiation of treatments in 2003 and 2004 (fig. 2). Surface soils were allowed
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to return to field capacity during the winter of 2003/2004, but were maintained at acute drought levels
throughout the winter of 2004/2005. Partial refilling of surface-soil water stocks in February and March
of 2005 was evident the dry plots of the Quercus plots and was presumed to result from hydraulic
redistribution (Burgess and others 1998) via roots having access to deep water supplies.

Responses to Chronic Precipitation Change

Through 12 years of chronic manipulations, individual tree annual growth, measured on a subset of trees
with dendrometer bands, remained unaffected by natural or induced rainfall deficits even though severe
drought conditions were observed to dramatically reduce canopy function in some years (Wilson and
Hanson 2003). Hanson and others (2001, 2003b) showed that the observed resilience of these upper-
canopy Acer, Nyssa, Liriodendron, and Quercus trees was the result of a disconnect between their early-
summer growth phenology and normal late-season occurrence of drought.

Analysis of cumulative tree basal area growth over the entire experimental period from 1993 through
2005, however, showed a significant influence of the TDE precipitation treatments (fig. 3). Dry plot tree
growth was lower than both the ambient and wet treatments, but wet plot growth did not exceed ambient
growth. Tree size did not have a dramatic influence on the response to chronic precipitation manipulations.
Although not justified in this paper, current analyses of element cycles for the TDE suggest that long-
term chronic increases in precipitation may increase leaching of beneficial base cations (Johnson and
others 2002), and drought conditions may lead to immobilization of mineral elements (Paul J. Hanson,
unpublished data). Both processes could lead to reductions in growth over time.

Responses to Acute Precipitation Change

Results from the TDE study led us to hypothesize that an acute early spring precipitation deficit would
force drought conditions to overlap tree growth phenology on Walker Branch and lead to significant
current-year growth reductions. The acute precipitation exclusion in the TARP experiment, however,
produced limited growth (fig. 4) or physiology effects through three consecutive growing seasons (data
not shown). The TARP growth data provide further evidence of the resilience of upland-oak canopy trees
to drought on Walker Branch.
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Figure 3—Cumulative individual tree basal area growth (cm? + 95 percent
C.L) from 1994 through 2005 as a function of the chronic throughfall
displacement experiment (TDE) treatments for all defined trees (woody plants
> 10 cm d.b.h.), and the same analysis for defined trees < or > 26 cm d.b.h.
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Trenching around each dry-plot tent midway through the 2004 growing season was conducted to determine
if lateral root water sources were responsible for the resilience of the trees exposed to acute droughts.

The manipulation showed no negative influence on continuous observations of water use by the sapflow
method (Wullschleger and Hanson, in press) and allowed for the conclusion that deep rooting must be

a key mechanism for large-tree resilience to severe drought. Although such a conclusion is common for
woody plants in dryland ecosystems of the western United States and deep roots are known for oak forests
(Phillips 1963, Stringer and others 1989, Canadell and others 1996), such a conclusion was unexpected
for the upland-oak forest of Walker Branch for two reasons (1) measured root densities at depth were very
low at this site, and (2) dramatic canopy physiological effects and leaf senescence were observed during
the drought of 1998 when deep soil moisture was non-limiting. The TARP manipulations, however, clearly
demonstrate that the largest individual Q. prinus and L. tulipifera trees in this forest have an effective
mechanism for the extraction of deep soil water resources. Observations to quantitatively evaluate the
presence and water transport capacity of roots below 90 cm for the Walker Branch forest are underway.

Conclusions Relevant To Ecosystem Modeling

In their current form, ecosystem models used for assessments of the impacts of climatic change on
eastern forests overestimate the severity and influence of precipitation deficits on the upland forests

of Walker Branch (Hanson and others 2004). The precipitation manipulation experiments on Walker
Branch demonstrate the following needed improvements to ecosystem models of eastern deciduous
forests: an understanding of the timing of growth phenology and drought, an improved characterization
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of root hydraulic architecture and soil water supplies with depth, and the need to understand how stored
nonstructural carbohydrate (Tschaplinski and Hanson 2003) and element reserves vary form year to year
and when such pools become limiting to current-year growth.

ACKNOWLDEGMENTS

Funding for this work was provided by the U.S. Department of Energy (DOE), Office of Science, Biological
and Environmental Research (BER), as a part of the Program for Ecosystem Research (PER). Oak Ridge
National Laboratory is managed by UT-Battelle, LLC, for the DOE under contract DE-AC05-000R22725.

LITERATURE CITED

Bailey, R.G. 1983. Delineation of ecosystem regions. Environmental Management 7:365-373.

Burgess, S.S.0.; Adams, M.A.; Turner, N.C.; Ong, C.K. 1998. The redistribution of soil water by tree root systems. Oecologia
115:306-311.

Canadell, J.; Jackson, R.B.; Ehleringer, J.R. [and others]. 1996. Maximum rooting depth of vegetation types at the global scale.
Oecologia 108:583-595.

Cook, E.R.; Kablack, M.A.; Jacoby, G.C. 1988. The 1986 drought in the Southeastern United States: how rare an event was it?
Journal of Geophysical Research 93(D11):14257—-14260.

Dale, VH.; Mann, L.K.; Olson, R.J. [and others]. 1990. The long-term influence of past land use on the Walker Branch forest.
Landscape Ecology 4:211-224.

Drungil, C.E.C.; Abt, K.; Gish, T.J. 1989. Soil moisture determination in gravelly soils with time domain reflectometry.
Transactions of the American Society of Agricultural Engineers 32(1):177-180.

Eberhardt, L.L.; Thomas, J.M. 1991. Designing environmental field studies. Ecological Monographs 61:53—73.

Hanson, P.J.; Amthor, J.S.; Wullschleger, S.D. [and others]. 2004. Oak forest carbon and water simulations: model
intercomparisons and evaluations against independent data. Ecological Monographs 74:443-489.

Hanson, P.J.; Todd, D.E.; Amthor, J.S. 2001. A six year study of sapling and large-tree growth and mortality responses to natural
and induced variability in precipitation and throughfall. Tree Physiology 21:345-358.

Hanson, P.J.; Todd, D.E.; Edwards, N.T.; Huston, M.A. 1995. Field performance of the Walker Branch throughfall displacement
experiment. In: Jenkins, A.; Ferrier, R.C.; Kirby, C. Eds. Ecosystem manipulation experiments: Scientific approaches,
experimental design and relevant results. Ecosystem Research Report #20. Commission of the European Communities,
Brussels, Belgium, pp 307-313.

Hanson, P.J.; Todd, D.E.; Huston, M.A. [and others]. 1998. Description and field performance of the Walker Branch throughfall
displacement experiment: 1993—-1996. ORNL/TM-13586. Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Hanson, P.J.; Todd, D.E.; Huston, M.A. 2003a. Walker Branch throughfall displacement experiment (TDE). In: Hanson, PJ.;
Waullschleger, S.D. Eds. North American Temperate Deciduous Forest Responses to Changing Precipitation Regimes.
Ecological Studies, Vol. 166, Springer, New York, pp. 8-31.

Hanson, P.J.; Todd, D.E.; West, D.C. [and others]. 2003b. Tree and sapling growth and mortality. In: Hanson, P.J.; Wullschleger,
S.D. Eds. North American Temperate Deciduous Forest Responses to Changing Precipitation Regimes. Ecological Studies, Vol.
166, Springer, New York, pp. 255-273.

Houghton, J.T.; Ding, Y.; Griggs, D.J. [and others], eds. 2001. Climate change 2001: the scientific basis: contribution of working
group I to the third assessment report of the intergovernmental panel on climate change (IPCC). Cambridge University Press,
Cambridge, England.

Hurlbert, S.H. 1984. Pseudoreplication and the design of ecological field experiments. Ecological Monographs 54:187-211.

Johnson, D.W.; Hanson, P.J.; Todd, D.E. 2002. The effects of throughfall manipulation on soil leaching in a deciduous forest.
Journal of Environmental Quality 31:204-216.

Johnson, D.W.; VanHook, R.I., eds. 1989. Analysis of biogeochemical cycling processes in Walker Branch watershed. Springer-
Verlag, New York, USA, 401 p.

Proceedings of the 15th Central Hardwood Forest Conference e-GTR—SRS-101

11



12

Joslin, J.D.; Wolfe, M.H. 1998. Impacts of long-term water input manipulations on fine root production and mortality in mature
hardwood forests. Plant and Soil 204:165-174.

Keeland, B.D.; Sharitz, R.R. 1993. Accuracy of tree growth measurements using dendrometer bands. Canadian Journal of Forest
Research 23:2454-2457.

Kirschbaum, M.U.E; Fischlin, A. 1996. Climate change impacts on forests. In: Watson, R.T.; Zinyowera, M.C.; Moss, R.H.
Eds. Climate change 1995 impacts, adaptations and mitigation of climate change: Scientific-technical analysis, Cambridge
University Press, New York, pp 95-129.

McCarthy, J.J.; Canziani, O.F.; Leary, N.A. [and others], eds. 2001. Climate change 2001: impacts, adaptation, and vulnerability:
contribution of working group II to the third assessment report of the intergovernmental panel on climate change. Cambridge
University Press, Cambridge, England.

Melillo, J.M.; Callaghan, T.V.; Woodward, F.I. [and others]. 1990. Effects on ecosystems. In: Houghton, J.T.; Jenkins, G.J.;
Ephraums, J.J. Eds. Climate change the IPCC scientific assessment. Cambridge University Press, New York, pp 282-310.

Phillips, W.S. 1963. Depth of roots in soil. Ecology 44:424.

Stringer, J.W.; Kalisz, PJ.; Volpe, J.A. 1989. Deep tritiated water uptake and predawn xylem water potentials as indicators of
vertical rooting extent in a Quercus-Carya forest. Canadian Journal of Forest Research 19:627-631.

Topp, G.C.; Davis, J.L. 1985. Measurement of soil water content using time domain reflectometry (TDR): a field evaluation. Soil
Science Society of America Journal 49:19-24.

Tschaplinski, T.J.; Hanson, PJ. 2003. Dormant-season nonstructural carbohydrate storage. In: Hanson, P.J.; Wullschleger, S.D.
Eds. North American Temperate Deciduous Forest Responses to Changing Precipitation Regimes. Springer, New York, pp.
67-84.

Wilson, K.B.; Hanson, P.J. 2003. Deciduous hardwood photosynthesis: species differences, temporal patterns and response to soil
water deficits. In: Hanson, P.J.; Wullschleger, S.D. Eds. North American Temperate Deciduous Forest Responses to Changing
Precipitation Regimes. Ecological Studies, Vol. 166, Springer, New York, pp. 35-47.

Waullschleger, S.D.; Hanson, PJ. [In press]. Sensitivity of forest water use to altered precipitation: evidence from a long-term
manipulative field study. Global Change Biology.

Proceedings of the 15th Central Hardwood Forest Conference e-GTR—SRS-101



CARBON DIOXIDE FLUXES IN A CENTRAL HARDWOODS
OAK-HICKORY FOREST ECOSYSTEM

Stephen G. Pallardy, Lianhong Gu, Paul J. Hanson, Tilden P. Myers, Stan D. Wullschleger,
Bai Yang, Jeffery S. Riggs, Kevin P. Hosman, and Mark Heuer’

Abstract—A long-term experiment to measure carbon and water fluxes was initiated in 2004

as part of the Ameriflux network in a second-growth oak-hickory forest in central Missouri.
Ecosystem-scale (~ 1 km?) canopy gas exchange (measured by eddy-covariance methods),
vertical CO, profile sampling and soil respiration along with meteorological parameters were
monitored continuously. Early results from this forest located on the western margin of the Eastern
Deciduous Forest indicated high peak rates of canopy CO, uptake (35-40 umol/m*/second)

during the growing season in the relatively wet year of 2004. Late growing-season CO, uptake
rates declined despite the absence of drought, suggesting declining leaf photosynthetic capacity
that preceded leaf fall or removal of leaf area by herbivory. Canopy CO, profile measurements

in summer indicated substantial accumulation of CO, (~ 500 ppm) near the surface in still air at
night, venting of this buildup in the morning hours under radiation-induced turbulent air flow, and
small vertical gradients of CO, during most of the subsequent light period with minimum CO,
concentrations in the canopy. Flux of CO, from the soil ranged from 2 to 8 pmol/m*second during
the growing season and increased with temperature. Flux of forest floor CO, fell below 1 pmol/
m?*/second during mid-winter periods. Data from this site and others in the network will also allow
characterization of regional spatial variation in carbon fluxes as well as inter-annual differences
attributable to climatic events such as droughts.

INTRODUCTION

Traditionally, foresters have assessed the economic value of forests based on quantity and quality

of stem wood production. While this assessment remains an important perspective on resource use,
there are other approaches that have both economic and ecological utility. The eddy-covariance (EC)
technique to monitor exchanges of CO,, water vapor, and heat at the interface between vegetation and
the atmosphere allows a more complete accounting of carbon balance in forest ecosystems (Baldocchi
and others 1988, Baldocchi 2003). As carbon uptake or loss is the primary determinant of productivity
of forest ecosystems, EC measurements can provide a valuable tool for foresters, forest ecologists and
those interested in assessing the capacity of forests to sequester carbon. The latter may be of increasing
economic importance as greenhouse gas emissions force climate change.

In the Central Hardwoods Region there are now at least three EC sites operating in forest ecosystems
(Walker Branch, TN; Morgan Monroe State Forest, IN; Missouri Ozarks, MO). The Missouri site is the
most recent addition and a primary objective of the project is long-term quantification of carbon fluxes
of a Central Hardwoods forest in this forest-prairie transition region expected to be limited by water
availability. The site has been operating since June of 2004 and data are now available to illustrate the
potential value of such research to the forestry community.

! Stephen G. Pallardy, Professor, University of Missouri-Columbia, Department of Forestry, Columbia, MO 65211; Lianhong
Gu, Research and Development Associate, and Paul J. Hanson, Senior Research and Development Scientist, Oak Ridge National
Laboratory, Environmental Sciences Division, Oak Ridge, TN 37831; Tilden P. Myers, Atmospheric Scientist, National Oceanic
and Atmospheric Administration, Atmospheric Turbulence and Diffusion Division, Oak Ridge, TN 37831; Stan D. Wullschleger,
Senior Research Scientist, Bai Yang, Postdoctoral Research Associate, and Jeffery S. Riggs, Electronics Specialist, Oak Ridge
National Laboratory, Environmental Sciences Division, Oak Ridge, TN 37831; Kevin P. Hosman, Research Specialist, University
of Missouri-Columbia, Department of Forestry, Columbia, MO 65211; and Mark Heuer Electrical Engineer, National Oceanic
and Atmospheric Administration, Atmospheric Turbulence and Diffusion Division, Oak Ridge, TN 37831.
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STUDY AREA

The Missouri Ozark Ameriflux site (MOFLUX) site (38°40° N, 92°12” W) is located in the Ozark Border
physiographic region at the Baskett Research and Education Area (BREA, owned and managed by the
University of Missouri) 30 km SE of Columbia, Missouri, USA. The vegetation at the site, assessed

both by long term permanent plot measurements distributed across the BREA (Pallardy and others

1988, Pallardy and Coonley 2005) and from plots placed on spoke-like transects within the footprint of
the tower (unpublished), is an oak-hickory forest dominated by white oak (Quercus alba L.) and with
contributions of several other oak species (black oak, Q. velutina Lam.; northern red oak, Q. rubra L.;
Shumard oak, Q. shumardii Buckl.; chinkapin oak, Q. muehlenbergii Engelm.; and post oak, Q. stellata
Wangenh.) and hickories (primarily shagbark hickory, Carya ovata [Mill.] K. Koch). A dense understory
of sugar maple (Acer saccharum Marsh.) is found beneath the canopy, along with eastern redcedar
(Juniperus virginiana L.) (the latter in localized disturbed areas). Vegetation sampling in the footprint of
the eddy flux tower at the site indicated tree density of 583 trees/ha (> 9 cm dbh) and tree basal area of
24.2 m?*/ha. Canopy height ranges from 17 to 20 m and leaf area index, measured by leaf litter collection,
is about 4.2. Dominant soils are a broadly distributed type classified as Weller silt loam and another type
“Steep Stony Land” localized to limestone outcrop areas (Krusekopf and Scrivner 1962). Ridges alternate
with relatively gentle side slopes leading to ephemeral streams in shallow valleys with a total local
elevation range of 175-245 m across the area. The climate of the area is warm, humid and continental. The
monthly mean temperature (1971-2000) is —2.3 °C in January and 25.2 °C in July (http://www.ncdc. noaa.
gov/oa/climate/online/ccd/nrmavg.txt). Annual precipitation averages 1023 mm from 1971 to 2000 (http://
www.ncdc.noaa.gov/ oa/climate/online/ccd/nrmocp.txt). The study site is centered on a SW facing ridge
with gently sloping SE- and NW-facing sides surrounded by a basin about 1 km in diameter. The eddy
flux tower is located at the top of this elongated ridge roughly in the center of the basin.

MEASUREMENTS

An EC system is installed at a height of 30.48 m at the top of a walkup tower. It consists of a R. M.

Young 81000 three-dimensional sonic anemometer (R. M. Young Company, Traverse City, MI, USA) and
a LI-7500 open path gas analyzer (LI-COR Inc., Lincoln, NE, USA). Data are recorded at 10 Hz by a
personal computer sheltered at the base of the tower. Vertical fluxes of CO,, water vapor, temperature and
momentum are computed every 30 minutes after two-dimensional coordinate rotation to eliminate errors
in fluxes attributable to sonic anemometer tilt relative to the terrain surface, despiking to remove spurious
extreme values occasionally produced by the sonic anemometer and CO, analyzer, and Webb correction of
CO, concentrations to adjust for the effects of temperature and water vapor fluxes on CO, density (Webb
and others 1980).

Also in operation is a CO,/water vapor profile sampling system. Atmospheric CO, concentration and
water vapor content are measured by a LI-7000 gas analyzer (LI-COR Inc., Lincoln, NE, USA) at
heights of 0.15, 0.30, 0.61, 0.91, 1.52, 3.05, 6.1, 9.14, 12.19, 16.76, 22.86 and 30.48 m. Samples are
drawn through Teflon tubing progressively from top to bottom in a continuously recurring cycle. These
measurements allow continuous monitoring of the dynamic vertical CO, gradient within the ecosystem
for estimation of CO, storage and correction of eddy-covariance flux data to provide Net Ecosystem
Exchange (NEE) of CO,.

Soil respiration is monitored continuously with an automated system that samples eight tip-down
chambers of the design by Edwards and Riggs (2003) that are distributed 30-40 m from the tower along
the SE slope.

RESULTS AND DISCUSSION

Eddy-covariance measurement of CO, flux is based on very fast (10-20 Hz) measurements of both
vertical air movement and CO, concentration at the tower top (Aubinet and others 2000, Baldocchi and
others 1988, Baldocchi 2003). For example, upward air movement away from the canopy combined with
a concurrent fall in CO, concentration, or downward air movement into the canopy combined with an
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increase of CO, concentration, indicates depletion of CO, of the air below and therefore net CO, uptake in
photosynthesis. Raw data are usually processed to provide half-hourly values of CO, and H,O flux.

The daily march of EC CO, flux data (fig. 1) often shows a distinct pattern. Still air at night results in
buildup of CO, near the surface by plant and heterotrophic respiration. This dynamic pattern is captured
by the profile sampling system which draws air samples from the tower top to the forest floor (fig. 2).
Nighttime buildups of CO,, which can reach 500 pmol/mol or more, are subsequently vented upward
(indicated by negative flux values) early the next morning as increasing solar radiation induces increased
turbulence and higher daytime wind velocities (fig. 1). Venting is followed by photosynthetic uptake of
CO, that under well-watered, sunny conditions roughly follows the sinusoidal pattern of solar illumination
of the forest canopy. Daytime minimum CO, concentrations in the profile are located within the canopy
between 5 and 18 m (fig. 2).

Nighttime accumulation of CO, near the surface reflects intense respiration from the soil, especially
during the growing season (fig. 3A). Soil respiration ultimately depends on the fixed carbon inputs
provided by plant litter and carbohydrate translocation to the root system in living trees. However,
environmental controls on the process are also quite important. In winter (fig. 3B) low temperatures limit
daily mean soil respiration to less than 1 umol/m?/second, whereas in summer, when soil temperatures
may exceed 25 C in the upper soil (fig. 3A), the daily rate may reach 8 pmol/m?*second or more. Soil
water content may reduce soil respiration independent of temperature (Hanson and others 2003), but
during the wet year of 2004 there was little evidence of such limitation at the Missouri site (fig. 3).
Interestingly, heavy rain (in the present study >37 mm over the course of a day) may temporarily restrict
loss of CO, from the soil surface by the formation of a diffusion cap that presumably arises from filling of
the soil pore space with water (see arrows in fig. 3A).
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Figure 1—Typical diurnal pattern of CO, flux derived from eddy-covariance (EC) measurements at the
tower top (30.48 m) at the Missouri Ozark Ameriflux site.
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Figure 2—Vertical profiles of CO, concentration measured with the Missouri Ozark Ameriflux site CO,
profile sampling system at four representative times during the diurnal cycle of CO, exchange on day 175
(June 23, 2004).

Peak EC CO, fluxes at the Missouri site reached 35-40 pmol CO,/m*/second during the 2004 growing
season (fig. 4), values that are surprisingly high considering its location in the relatively xeric western
reaches of the Central Hardwoods region. These flux values are comparable with flux data for CO, from
deciduous forest EC sites elsewhere (Baldocchi and others 2001, Curtis and others 2002, Ehman and
others 2002, Schmid and others 2000, Wilson and Baldocchi 2001). The data in figure 4 also reinforce the
recurring nature of the diurnal pattern described in figure 1.

When EC-based flux rates are adjusted for CO, storage in the vertical air column, an estimate of NEE

of CO, can be derived. Mean daily NEE data for CO, from the initiation of measurement in mid-June
2004 through the end of the year are shown (fig. 5). The seasonal pattern of NEE is clearly observable
through the leaf-on season which ends by mid-October (Day 290). Interestingly, late growing season NEE
was reduced despite a lack of limitation by soil water availability or temperature (e.g., Days 200-250).
Modeling of NEE based on photosynthetic process models (Gu and others 1999) did not explain all of this
reduction and it is possible that the deviation may be attributable to senescence-related metabolic changes
although it precedes any visible signs of autumn coloration, or because of leaf area removal by herbivory.
Seasonal variations in foliar photosynthetic capacity consistent with this pattern have been observed in
eastern Tennessee by Wilson and others (2000). In early winter, NEE values hover around zero, likely
reflecting a balance between some residual CO, uptake by the evergreen Juniperus virginiana on the site
and wintertime soil respiration (fig. 3B).

The data provided by the suite of instrumentation on this site enable a comprehensive understanding of
short-term dynamics and mid-to-long term drivers of forest productivity. Straightforward integration of
NEE on an annual basis provides an independent estimate of ecosystem productivity to compare with
conventional biometric (e.g., dendrometer band estimates of growth and whole-tree biomass accounting
based on destructive sampling) and the status of a particular forest as a source or sink for CO,. Once
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Figure 3—Thirty-five-day traces of soil respiration, soil temperature at 5 cm depth, soil water
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potential in the upper 30 cm, and precipitation events for the growing season (A) and the dormant
season (B) of 2004 at the Missouri Ozark Ameriflux site [arrows in (A) indicate rain events that were

associated with dips in soil respiration].
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Figure 4—Eddy-covariance (EC) CO, fluxes for 5 days in midsummer 2004 at the Missouri Ozark
Ameriflux site (compare with figure 1).
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on eddy-covariance CO, flux data corrected for CO, storage as estimated with the CO, profile system.
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an adequate data set is in hand, models can be developed that accurately predict CO, exchange based
on conventional meteorological variables as drivers (Gu and others 1999, Hanson and others 2004). In
this way, CO, exchange at a regional scale can be estimated for forest ecosystems with similar species
composition. We are also in the process of building biometric data sets against which to contrast annual
NEE data as an independent test of the eddy-covariance method to resolve net carbon exchange in this
forest.

Although this approach to ecosystem—level carbon exchange has much promise, some issues remain to
be worked out. For example, if the topography of the site is dissected and prone to night drainage air
(so-called “complex terrain”) then some CO, produced at night in still air will “leak” away unmeasured.
Practical and theoretical methods are being developed to deal with these issues (Gu and others 2005).
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THE SINE METHOD AS A MORE ACCURATE HEIGHT
PREDICTOR FOR HARDWOODS

Don C. Bragg'

Abstract—Most hypsometers apply a mathematical technique that utilizes the tangent of angles
and a horizontal distance to deliver the exact height of a tree under idealized circumstances.
Unfortunately, these conditions are rarely met for hardwoods in the field. A “new” predictor
based on sine and slope distance and discussed here does not require the same assumptions for
accurate height determination. Case studies using a sycamore (Platanus occidentalis L.), a water
oak (Quercus nigra L.), and a southern red oak (Q. falcata Michx.) from southern Arkansas

are presented to emphasize the sensitivity of the tangent method to erroneous measurement
procedures. When heights were measured properly and under favorable circumstances, the
results obtained by the tangent and sine methods differed only by about 2 percent. Under more
challenging conditions, however, errors ranged from 8 to 42 percent. These examples also
highlight a number of distinct advantages of using the sine method, especially when exact tree
height is required.

INTRODUCTION

Tree height is one of the most conventional attributes of forest mensuration. Equipment and methods
specifically designed to enumerate the vertical dimension of individual trees have been available since
the earliest years of forestry (for example, Noyes 1916; Schlich 1911). Few people have questioned
the application of these techniques because they are based on fundamental geometric or trigonometric
principles. Given textbook definitions of tree height measurement under idealized circumstances, there
seemed little need for criticism.

Unfortunately, the accuracy of height measurement has for too long been taken for granted. If carelessly
applied, the conventional method of height determination is prone to significant errors. Even subtle
violations of the assumptions of this technique (for example, an almost imperceptible lean in a tall tree)
can produce noticeable departures from the exact height. In all fairness, it has only been in recent years
that technology has caught up to the science behind tree height measurement, making it possible to
control or eliminate this error (Blozan, W. 2004. Tree measuring guidelines of the Eastern Native Tree

Society. Unpublished report. http://www.uark.edu/misc/ents/measure/tree_measuring guidelines.htm.
[Date accessed: August 20, 2005].

This paper briefly reviews the basic assumptions behind the traditional height measurement technique,
including some that can lead to significant errors in height estimation. I will also describe a “new”
estimator of height that uses a set of trigonometric relationships that is not sensitive to the same
assumptions. Differences between the tangent and sine methods are illustrated in case studies of height
measurements of hardwoods in southern Arkansas.

METHODS

Basic Height Measuring Principles

Mathematically speaking, hypsometers typically apply a technique that utilizes the tangents of angles
and a horizontal distance to determine tree height. Figure 1 illustrates the basic principles of height
determination. With accurate distance and angle measurements, tangent-based hypsometers determine
total tree height (TanHT) as follows:

TanHT = [tan(A) % b] + [tan(A") X b] (D)

! Research Forester, USDA Forest Service, Southern Research Station, Monticello, AR 71656.
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TanHT = [tan(A) x b] + [tan(A’) xb] =a + a’

SinHT = [sin(A) x c] + [sin(A’) xc']=a + a’

Figure 1—The trigonometric basis for height determination, using
both the tangent method (TanHT equation) and the sine method
(SinHT equation). Triangles ACB and A'C'B' are both right triangles.
On perfectly flat ground with a truly vertical tree, a + a' = true tree
height, b = horizontal distance, and ¢ and ¢' are slope distances.

where the angles A and A' are measured in degrees, and the distance b is the true horizontal distance
from the observer to the stem. Note that under ideal conditions (a tree with no significant diameter on a
flat surface with a perfectly vertical stem and its highest living point centered over the bole (fig. 2), the
tangent method produces an exactly correct standing height (Husch and others 2003).

However, these conditions are rarely met, especially with hardwoods. A very large proportion of trees
lean, have bends or angles in their upper boles, or are found on sloping ground, and these departures
from the ideal make it necessary to take corrective actions to predict true height using the tangent method
(Falconer 1931, Krauch 1918). Crown asymmetry and shape can also cause problems (Husch and others
2003). For instance, many if not most large hardwoods (especially those growing in relatively open
conditions) develop a widely spreading crown with no obvious apex. Under these circumstances, height
measurements will almost invariably be taken from a point associated with an edge of the crown (rather
than over the bole), biasing tree height estimates using the tangent method upward (fig. 3).

Few people actually adjust for ground slope, tree lean, or skewed crown apex in the field, and failure to
make such corrections results in at least some degree of error. When corrections are applied, they are
often more ad hoc than mathematically based. For instance, techniques to adjust for the unseen apex

of a tree crown include measuring the highest visible limb or projecting through the crown towards an
assumed crown peak, even though neither method ensures an actual representation of a real tree top. Some
workers average multiple tangent measurements to estimate total height, but have no means to determine
if their original numbers are reliable. Others willingly accept solitary tangent heights, knowing that they
only need an approximate value.
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Figure 2—Idealized tree height measurement, where a perfectly
vertical tree has its highest live crown directly over its stem. Under
these specific circumstances, the tangent method will give exact
tree height (without correction).
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Figure 3—Overestimation bias from the tangent method of height
measurement applied to a diffuse crown typical of most hardwoods.
The tangent height (TanHT) relies on the angle A and horizontal
distance b and projects a non-existent crown apex, which, without
correction, overestimates tree height. A direct measurement of the
crown intersection, the sine height method slightly underestimates
true tree height.
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Fortunately, there is a different technique based on slope distances and the sines of the angles capable
of good height estimates under real-world field conditions. This estimator resembles the tangent-based
approach, with some notable exceptions:

SinHT = [sin(A) x c¢] + [sin(A") X ¢'] )

In this equation, ¢ and ¢’ are slope (not horizontal) distances, and the sine of angles A and A’ is used (fig.
1). This technique is possible because accurate and inexpensive laser distance measuring equipment is now
available and can be used to directly measure the slope distance to the highest and lowest points of the tree.

Under perfect conditions, TanHT = SinHT = exact standing tree height. However, the sine method is more
reliable under less-than-ideal circumstances than the tangent method because it is based on an actual
measurement to a real point on a crown, and does not involve projecting a hypothetical crown top based on an
angle and a distance measurement (fig. 3). So long as the angles and slope distances are accurate, the
trigonometry behind the sine method also ensures that only the true vertical height component is estimated,
making the technique insensitive to the slope of the land, the lean of the tree, or the width of the crown (fig. 4).

Figure 4—Diagram of how the sine method calculates true tree height
for (A) an offset hardwood crown and (B) for a leaning hardwood
with an offset crown on sloping ground. Uncorrected tangent-based
measurements would overestimate height under both conditions.

26
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Study Implementation

To illustrate the implications of different hardwood crown attributes for height estimates, sample trees
were measured using a Laser Technology Impulse 200LR™ laser rangefinder. The 200LR was chosen
for its high degree of distance (£ 0.2 feet at 1885 feet) and angular (£ 0.1 degree) accuracy (Carr 1996).
The default height function incorporated in the 200LR calculates the exact horizontal distance to the
stem, measures the angles to the top and bottom of the tree, and then uses the tangent method to derive a
height estimate (to the nearest 0.1 foot). The 200LR can also be used to determine upper and lower slope
distances (and their corresponding angles) using separate functions. Thus, the same laser rangefinder
can also be used to provide the sine method height, thereby eliminating potential errors caused by using
different technologies.

Three hardwood trees on the grounds of the University of Arkansas-Monticello and the Crossett
Experimental Forest (table 1) were selected for measurement. Each was selected to highlight a particular
attribute that may influence hardwood height measurement accuracy. A sycamore (Platanus occidentalis
L.) was chosen because of its lack of obvious lean, while an open-grown water oak (Quercus nigra L.)
was selected because of its broadly spreading crown, and the southern red oak (Q. falcata Michx.) was
picked because of its pronounced lean.

It should be noted that this limited sample was used specifically to show the risks of inappropriately
applying the tangent method. Even though this may seem to be a “stacked deck” approach to evaluating
the techniques, my intention was to highlight the relative insensitivity of the sine method to even gross
misapplications of height measurement techniques. After all, even the best trained field crews are not
likely to spend much time carefully determining the extent of lean or the skew of crowns unless the trees
are obviously affected. Rather, they are more likely to assume that modest departures produce very minor
differences in the predicted heights. Indeed, this is often part of their instruction: Avery and Burkhart
(1994) state that clinometers can accurately (within 2 to 5 percent) predict height for trees leaning up to 5
degrees. With small trees, or for those conducting a large-scale inventory, this magnitude of error is rarely
problematic. For those requiring greater accuracy, even this is unacceptable.

RESULTS AND DISCUSSION
Favorable Conditions

I first tested the 200LR under conditions that approached the ideal. When the two methods were used to
estimate the height of a 32 foot tall vertical light pole from horizontal distances ranging from 66 to 107
feet, they produced height estimates that differed by less than 0.2 feet (< 0.6 percent). Thus, there was no

Table 1—Basic attributes of southern Arkansas hardwoods used
to highlight differences in height measurement techniques

Diameter at Horizontal Defining
Tree breast height distance? attribute®
inches feet
Sycamore 18.8 124 No visible lean
Water oak 46.4 79-255° Wide crown
Southern red oak 40.1 116-182° 20 degree lean

@Horizontal distance between the measuring station and the tree.
bThe reason why the tree was chosen for this comparison.
°Multiple stations were used at varying distances from the tree.
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meaningful difference between the estimates produced by the techniques, given the stated accuracy of the
instrument.

In the case of the sycamore with good apical dominance (fig. 5), the tangent method produced a height
estimate (72.3 feet) only slightly (2.0 percent) lower than that produced by the sine method (73.8 feet).
This small difference arose because the sycamore leaned almost imperceptibly away from the measuring
device, so that its highest live leader was not positioned directly over the point to which the horizontal
distance was measured.

Wide Crowns

When the height of the water oak was measured from over 250 feet away, the difference between the
height estimate produced by the tangent technique (66.8 feet) and that produced by the sine technique
(69.1 feet) was moderate (3.3 percent). At this distance, it was possible to view the top of the entire crown
(fig. 6), and selection of the crown apex was greatly facilitated. However, this does not change the tangent
method assumption that the highest point is located over the point to which the horizontal distance is
measured. Thus, the 3.3-percent difference between the height estimates indicates that there is still an
obvious offset when the tangent method is used.

When measured from up close (78.5 feet away, horizontal distance), the tangent method yielded a height
estimate of 62.4 feet and the sine method one of 67.8 feet (an 8.0-percent difference) for exactly the same
leader mentioned in the previous paragraph. At this close proximity, it is virtually impossible to detect

Figure 5—A sycamore with little apparent lean. Picture was taken
approximately 125 feet from the stem.
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Figure 6—The water oak with a broadly spreading crown. Picture
was taken approximately 250 feet from the stem. The arrow
identifies the highest visible leader at 250 feet, compared to the
circled leader that appeared highest at 106 feet.

the highest point on the crown without first having spotted it at a distance (which is not always possible,
especially in dense stands). The nature of how tangent heights are determined (indirect placement of
crown top by using horizontal distance and angle, often to an approximated apex) creates a much greater
potential for error than the sine method.

To further illustrate this, I selected another viewing point 106 feet from the water oak. At this location, it
appeared that a different leader was the highest point on the tree (fig. 6). This new high point produced

a tangent height of 73.4 feet. When the sine method was used, however, it produced a height estimate

of only 62.4 feet, and it was clear that this leader was in a subordinate crown position. Even though the
tangent method predicted a height closer to the true height of the tree, it arrived at this value through
compensating errors rather than as a consequence of the validity of the technique. In other words, without
strict controls, the observer cannot account for the accuracy of a lone measurement under the tangent
method.

Pronounced Lean

A leaning southern red oak provided a classic example of the potential for serious errors in height
estimation using the tangent method. This tree was selected for its prominent inclination (20 degrees
from vertical) (fig. 7a) specifically to emphasize the effect of lean on height determination. When the
tree leaned away from the observer, the tangent method yielded a height estimate of 77.4 feet and the
sine method one of 79.3 feet. When this red oak was measured away from its predominant axis of lean,
the highest branch was actually offset slightly behind the vertical axis of the tree, and this resulted in a
relatively minor (~2 feet) underestimate of tree height.

At a point perpendicular to the lean of the southern red oak, the tangent method yielded a height estimate
of 80.2 feet and the sine method one of 80.5 feet. The close correspondence between estimates based on
the two methods and a perpendicular perspective indicates that the techniques give very similar results if
they are applied properly.
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Figure 7—Strongly (20 degrees) leaning southern red oak, with pictures taken from about 100 feet away for the (A)
perpendicular to the lean and (B) into the lean perspectives. The arrow in (B) indicates the apparent top of the crown,
and indicates the lack of visible lean from this direction at this distance.

However, when the southern red oak was measured with the lean toward the observer, a new branch of the
crown (identified by an arrow in figure 7b) appeared to be tallest. This branch was located significantly
closer to the measurement station than the vertical bole axis, and therefore the tangent method (if

not corrected for horizontal distance) would project a height much greater than the true value. Not
surprisingly, the unadjusted tangent method produced a height estimate of 110.8 feet, 33 feet (42 percent)
higher than the 77.8- foot estimate obtained by using sines.

Though this last trial violated accepted height measuring procedures, from exactly this vantage point
(fig. 7b) the oak did not have an obvious lean, and thus could have misled some observers. Technology

is increasingly making the direct measurement of sample trees less necessary. Laser-based dendrometers
already on the market are capable of accurate diameter measurement from a distance, so remotely sensed
stem measurements will probably become commonplace before long. If this happens, workers may never
actually walk up to trees to measure them and large errors may result if the tangent method is used to
determine height and tree lean goes undetected.

Tangent Versus Sine Tree Height Determination

As shown in the previous discussion, the tangent method is very sensitive to the point of the crown chosen
to represent tree height, especially in wide, skewed, or flat-topped hardwoods. It is possible to avoid large
errors in height estimates using the tangent method, but to do this careful measurement of true horizontal
distance must be made. In practice, this means identifying the point on the ground directly below the
highest point of the tree, a difficult if not impossible prospect under most circumstances.

The sine method avoids inappropriately determined horizontal distances by measuring a real point of the
crown, not the projected or assumed apex as with the tangent method. This means that the sine method
will never overestimate tree height, which is possible when the tangent method is used incorrectly.
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Therefore, to accurately estimate height using the sine method, all one has to do is take appropriate
distance and angle readings and correctly identify the highest point on the tree.

However, under some circumstances it can be difficult to find an adequate opening through the canopy to
determine slope distance and make a height determination with the sine method. The tangent method does
allow for the user to approximate where the top of the crown is (assuming enough can be seen), but this
“advantage” is also the flaw that makes inappropriate estimates of tree height possible. Fortunately, since
the sine method does not require that a specific viewing distance or direction be used in order to estimate
height, it is possible to maneuver around the subject tree until the crown apex becomes visible. The effort
expended searching for a good (clear) shot at the highest point of a tree when the sine method is employed
is not likely to be greater than the amount of time spent collecting multiple height estimates to average for

a more accurate tangent height.

Finally, since it makes use of an actual point on the crown (and does not presume to project one), the sine
method is also not as prone to close- proximity errors as the tangent method. This is very advantageous
in forests with dense canopies, especially when the trees are all of approximately the same size, since the
tangent method should be measured using an angle of 45 degrees or less to help minimize error (fig. 8).

Although considerably more expensive and cumbersome to use, laser technology and sophisticated
electronics can substantially improve hardwood height estimates, regardless of the technique. Errors in
height prediction can be even more pronounced if older technologies (for example, using clinometers
with cloth measuring tapes or pacing) are combined without regard to the degree of error these imprecise

techniques impart.

It is also important to remember that any measurement technique requires proper application and the
measurement of a consistent standard. It will, for example, always behoove the observer to correctly
identify the highest live point of the tree, regardless of the height measurement technique. Accurate
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Figure 8—The relative impacts of closeness on height errors for both the
tangent and sine methods, given an idealized and opaque hardwood crown. As
one approaches the outer edge of the crown (gets closer to the stem), the tangent
method provides increasingly greater overestimates, while the sine method
underestimates height (although at a lower rate than the tangent).
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horizontal distance measurements and reliable angle readings are just as critical in the sine method as
they are for the tangent approach. The sine method may be less sensitive to most of the assumptions of
the tangent method, but it still requires appropriate implementation to ensure that the highest accuracy is
achieved.

CONCLUSIONS

Under typical circumstances, the sine method is the most reliable means currently available to determine
standing tree height, largely because it is relatively insensitive to some of the underlying assumptions of
the tangent method. Unfortunately, only recently has technology permitted the use of the sine method,
whereas the tangent method has been ingrained into procedures and instrumentation for many decades.
However, a growing number of individuals and organizations (such as the Eastern Native Tree Society)
have begun to tout the advantages of the sine method (ENTS 2005).

Hopefully, the need for consistent and accurate height determination, especially in an era of remotely-
sensed and modeled measurements, will encourage more people to use the sine approach. Certainly, in
cases where high accuracy is called for (for example, the measurement of champion trees) or conditions
exist that would seriously bias height measurement (for example, broad or offset crowns, leaning trees, or
steeply sloping terrain), any extra time spent correctly determining height is well worth the effort.
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A DIAMETER DISTRIBUTION APPROACH TO ESTIMATING AVERAGE
STAND DOMINANT HEIGHT IN APPALACHIAN HARDWOODS

John R. Brooks'

Abstract—A technique for estimating stand average dominant height based solely on field
inventory data is investigated. Using only 45.0919 percent of the largest trees per acre in the
diameter distribution resulted in estimates of average dominant height that were within 4.3 feet
of the actual value, when averaged over stands of very different structure and history. Cubic foot
and board foot yields on a per acre basis can be easily obtained based solely on field tally of tree
diameters and total height on inventory samples.

INTRODUCTION

In many different cover types, stand volume per acre can be accurately determined as a function of

stand basal area and average dominant height (Brooks and Wiant 2004). The determination of average
dominant height normally requires the subjective assignment of crown class and the measurement of tree
total height. Previous studies have shown that stand average dominant height can be accurately predicted
using a percentage of the diameter distribution, when arranged in decreasing size order (Bailey and
Brooks 1994, Bailey and Martin 1996, Brooks 2003). This percentile of the diameter distribution in pines
has been shown to be very stable and can be used to extract average dominant height from inventory
data when crown class assignment has been omitted. The estimation of hardwood stand volume based

on these two stand level variables has also been shown to be quite stable (Brooks and Wiant 2004) but
this diameter distribution approach has never been reported for the determination of average dominant
height in more variable hardwood populations. This study uses permanent sample plot data collected in
three very different hardwood stand conditions to test this application for the estimation of stand average
dominant height.

METHODS

Three Appalachian hardwood datasets were selected for study based on the precision of measurements
and the diversity of stand types. All three locations involve permanent fixed area sample plots where

dbh, total height and crown class were recorded for all trees 4.6 inches dbh and larger. Diameters were
measured to the nearest 0.1 inch with a diameter tape, while total heights were recorded to the nearest

0.1 foot with an Impulse laser hypsometer. The first dataset represents the initial measurement and some
remeasurement data on 40 square 0.2 acre sample plots located on the West Virginia University Research
Forest (WVUREF) located in north central West Virginia. This forest is approximately 75 years old and is
predominately even-aged. The forest is composed of two broad cover types; mesophytic and oak types. In
general, the mesophytic types occur on north and east-facing aspects and coves while the oak types occur
on south and west aspects and ridges. Descriptive statistics of the forest structure are displayed in table

1. The second dataset represents 67 circular 0.2 acre permanent sample plots located near Daily, West
Virginia (Tygart). This forest was originally even-aged prior to a diameter limit selection harvest in the
early 1970s. Dominant species include white oak (Quercus alba L.), chestnut oak (Q. prinus L.), scarlet
oak (Q. coccinea Muenchh.), yellow-poplar (Liriodendron tulipifera L.) and northern red oak (Q. rubra
L.). Descriptive statistics of the forest structure are displayed in table 1. The third dataset is based on 15
circular 0.1 acre permanent plots located in southeastern Ohio. This forest includes dominant trees of 110
years of age and is dominated by maples (Acer spp.), oaks (Quercus spp.) and American beech (Fagus
grandifolia Ehrh.). Descriptive statistics of the forest structure are displayed in table 1.

! Associate Professor, West Virginia University, Forest Biometrics, Morgantown, WV 26506-6125.
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Table 1—Descriptive forest statistics for the three hardwood datasets

Forest No. plots TPA BAAC Max DBH DHT
ft? ft
WVURF 57 193.3 153.7 35.0 89.4
Tygart 67 228.6 107.7 29.5 73.4
Ohio 15 207.3 83.8 28.1 71.6

TPA = trees per acre; BAAC = basal area per acre; DHT = average dominant height;
WVURF = West Virginia Univeristy Research Forest.

For each dataset, all inventory data were sorted by plot number in decreasing dbh and total height order.
For each plot, a percentile of the diameter distribution was identified where the average total height of
the current tree and all larger trees was approximately equal to the average height of all dominant and
codominant trees, regardless of species type. This percentile was identified for each plot and the mean
and variance of this value was determined for each dataset and across all plots and locations. To ascertain
whether a single percentile could accurately estimate stand dominant height across these very different
stand conditions, the average bias and root mean squared error (RMSE) between actual and estimated
average dominant height was determined for each plot in each of the three datasets. In addition, the
sensitivity of the mean dominant height estimation error was examined as the percentile of the ranked
diameter distribution was varied from 10 to 90 in steps of 10 percent.

RESULTS AND DISCUSSION

The diameter distribution percentile that equates to average dominant height was calculated for each
sample plot of the 3 forests examined. These percentiles ranged from 9 to 84 percent, with a mean of
45.0919 percent when averaged across all plots (fig. 1). Although visually quite variable, the variance
across all plots is only 0.024918. The average diameter distribution percentile and its associated variance
are shown by forest and across all plots (table 2). To determine whether a single percentile could be

used to accurately estimate average dominant height, the average height of all trees in the upper 45.0919
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Figure 1—Distribution of average dominant height percentiles by plot and location.
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percent of the diameter distribution was calculated for each plot and compared to the known average
dominant height based on total height and crown class assignment. Both average bias and RMSE of this
height difference was evaluated. Average bias ranged from -8.7 feet (Ohio) to 1.3 feet (WVURF) with a
mean across all plots of -1.5 feet (table 3). Based on average bias, the percentage of plots within 10 feet of
the actual dominant height ranged from 96 (WVURF) to 60 percent (Ohio). Across all the datasets tested,
88 percent of the individual plots were estimated within 10 feet of the actual value. Similar results were
obtained when the RMSE of the prediction error was evaluated. RMSE ranged from 2.5 (WVURF) to 8.7
feet (Ohio). The average error across all plots was 4.3 feet. The percentage of plots within 10 feet of actual
dominant height was identical to that expressed for average bias.

To evaluate the sensitivity of the percentile value, the diameter distribution percentile was varied from 10
to 90 percent of the ranked distribution and average dominant height error was calculated at each step.
Average error was within 10 feet of the actual dominant height value for an extended range, the smallest
of which was with the Ohio dataset where a 10 foot error was obtained within a range from 10 to 50
percent of the ranked diameter distribution (fig. 2).

Prediction of average dominant height in central hardwoods without the field assignment of crown
class appears feasible given the stability of the diameter distribution percentile. The plot data selected
for study was chosen due to large differences in stand history and structure. The WVUREF plots are the

Table 2—Mean and variance of the average
dominant height percentile by location and
across all locations

Dominant height percentile

Forest Mean Variance
WVURF 0.4492 0.0231
Tygart 0.3858 0.0202
Ohio 0.5233 0.0188
All 0.4295 0.0249

WVURF = West Virginia Univeristy Research Forest.

Table 3—The average bias, RMSE prediction error and
percentage of plots having an average bias within 10 feet of
the actual dominant height

Average Percent
Forest bias RMSE within 10 feet
------ feet - -----
WVURF 1.3 2.5 96.5
Tygart -2.4 4.9 88.1
Ohio -8.7 8.7 60.0
All -1.5 4.3 88.5

WVURF = West Virginia Univeristy Research Forest.; RMSE = root
mean squared error.
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Figure 2—Average dominant height bias in feet by diameter distribution percentile for
all sample plots in the Ohio location.

most uniform providing a dominant height RMSE of only 2.5 feet over 57 permanent plots. This error is
arguably less than traditional measurement error. In the Tygart dataset, some of the overstory was removed
in the early 1970s. The average diameter distribution percentile was smaller in this forest, reflecting

the need to only include a portion of the largest trees. In the Ohio dataset, the forest has a much more
developed stand structure with many sugar maples developing into the codominant crown class from
existing gaps in the canopy. In this situation, much more of the diameter distribution is needed to quantify
the average dominant height. Based on field measurements of diameter and total height, both basal area
per acre (total and sawtimber only) and average dominant height can be quickly determined and whole
stand volume (ft* and bf) can be estimated using equations published by Brooks and Wiant (2004, in
press). Their results indicate that over 90 percent of the variation in volume yield can be explained by
these two stand level variables.
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DEVELOPMENT OF INTERIM OAK ASSESSMENT GUIDELINES
FOR THE SILVAH DECISION-SUPPORT SYSTEM

Patrick H. Brose'

Abstract—Updates to the SILVAH decision-support system make it more applicable to the mixed
oak forests of Pennsylvania and other mid-Atlantic states. This update required establishing
interim inventory guidelines for assessing the competitive ability of advance oak regeneration.
This assessment was complicated by oak’s growth strategy, emphasizing root development in lieu
of stem development. Regression analysis of an oak height growth data set from the Piedmont
region of Virginia was used to compare stem height, basal diameter, and root collar diameter over
3 years in shelterwood stands. If the oak stems were not top-killed, then there was no difference
in the coefficients of determination among the three variables. Conversely, when the stems were
top-killed, root collar diameter explained much more of the subsequent height growth than either
basal diameter or stem height because many small oak stems produced tall vigorous sprouts.
Examination of these sprouts revealed that they had large root systems and shared certain
characteristics such as number of stems, number of full-sized leaves, and stem height. These
findings indicate that root collar diameter should be examined when assessing oak regeneration in
previously disturbed stands and should provide guidance as to what stem characteristics indicate
small oak stems with large root systems.

INTRODUCTION

SILVAH is a quantitative and systematic approach to forest management developed following decades

of research by personnel of the USDA Forest Service’s Forestry Sciences Laboratory in northwestern
Pennsylvania (Marquis and others 1992). SILVAH is geared primarily for the cherry-maple and northern
hardwood stands of the Allegheny Plateau region and it has a documented record of prescribing
appropriate treatments for these forest types in that part of Pennsylvania. SILVAH’s oak component was
less well developed and in late 1999, the Pennsylvania Bureau of Forestry (PA-BoF) encouraged the lab to
remedy that deficiency.

In January 2000, representatives of the PA-BoF, USDA Forest Service’s Northeastern Research Station
and Allegheny National Forest, The Pennsylvania State University’s School of Forest Resources, forest
industry, and forest consulting firms met for 3 days in State College, PA to begin improving SILVAH’s oak
component. The meeting had three purposes: (1) to organize existing oak management knowledge into
SILVAH’s decision-making framework; (2) to develop interim guidelines for inventory procedures; and (3)
to identify and prioritize knowledge gaps for future research. One of the first knowledge gaps encountered
was how to identify competitive oak regeneration, i.e., a stem ready to compete for a dominant or co-
dominant crown position in a regenerating stand.

Existing guidelines from the Ozarks use stem height to identify competitive oak reproduction. Ivan
Sander and others (1976) determined that oak stems > 4.5 feet tall were the only ones large enough to
reliably capture dominant or strong co-dominant crown positions after harvesting of the existing stand.
The 4.5-foot stem height threshold fit well into SILVAH’s “stocked plot” concept and prescriptive
framework but the committee members felt, based on their collective experience, that it was too tall for
most Pennsylvania oak forests so a 3-foot threshold was adopted as an interim height guideline.

There were three concerns regarding the use of oak regeneration guidelines developed elsewhere.
The primary concern was the adequacy of stem height alone to indicate the competitiveness of oak
regeneration given the fact that oak seedlings and seedling sprouts emphasize root development more

! Research Forester, USDA Forest Service, Northeastern Research Station, Irvine, PA 16329.
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than stem growth (Kelty 1989; Kolb and others 1990; Miller and others 2004). The concern over root
development meant that assessing oak regeneration with stem height might be misleading because small
oaks may actually have large enough root systems to compete following a harvest. This is especially true
if the oak stem is broken during the harvesting operation resulting in a new, vigorously growing sprout or
if prescribed fire is used during the regeneration process (Brose and others 1999a, 1999b).

Another concern was the dissimilarities between Pennsylvania and the Ozarks in terms of site quality,
major competing species, disturbance regimes, and overstory density (full sunlight versus partial shade)
and their influence on seedling growth. Most Pennsylvania oak forests are better quality than those of the
Ozarks. Major species competing with oak in Pennsylvania include black birch (Befula lenta L.) and red
maple (Acer rubrum L.). These two species are absent or not nearly as troublesome in the Ozarks.

Pennsylvania oak forests have been and are subject to defoliation by gypsy moth (Lymantria dispar L.)
and subsequent salvage operations while the Ozarks still lack this pest. Consequently, oak regeneration in
many Pennsylvania forests develop for years in partial shade while the Ozark guidelines assume complete
canopy removal for their growth and survival projections.

Reanalyzing an existing data set (Brose 1997) offered a way to address the concern about which
morphological attribute would effectively assess the competitive capacity of oak regeneration. That data
set contained oak height growth data collected over 3 years and allowed direct comparisons of the ability
of pre-treatment stem height, basal diameter, and root collar diameter (RCD) to post-treatment growth.
Basal diameter was also part of Sander’s research and was used by Loftis (1990) in his probabilistic
regeneration model for the southern Appalachian Mountains. Basal diameter is usually measured where
the stem emerges above the leaf litter. RCD is commonly used to measure root size in oak planting
operations (Stroempl 1985; Johnson and others 1986; Kennedy 1993; Spetich and others 2002). The
root collar is the transition point between stem and root and is identifiable by a ring of callous tissue
and dormant buds. Generally, it is found in the upper 1-inch of soil. Because of oak’s emphasis on

root development, basal diameter or root collar diameter may be a better measure than stem height in
explaining subsequent growth.

This paper reports the findings of the data reanalysis. The initial objective was to compare the ability of
basal diameter, root collar diameter, and stem height to explain the variation in oak stem growth following
top-kill and sprouting. Findings from that analysis spurred a second objective: to provide guidance for
determining when root collar diameter should be included in the size assessment of oak regeneration.

METHODS

Site Description

The data set was compiled from a study that took place from 1994 to 1998 in three mixed-oak
shelterwood stands at the Horsepen Wildlife Management Area in central Virginia. The stands ranged
from 15 to 50 acres and were similar to each other in landform, soils, species composition, and structure.
All were situated on the top and upper side slopes of gently rolling hills at elevations of 500-600 feet
above sea level. Soil series for all three stands was a Cecil sandy loam with an oak site index of 70 feet
(base age 50). The stands originated in the late 1890s, were even-aged, and had been partially harvested
about 1990, reducing basal area from 120 to 60 square feet per acre. The resultant shelterwood had about
50 percent canopy closure. The most abundant canopy species were the upland oaks [black oak (Quercus
velutina Lam.), chestnut oak (Q. prinus L.), northern red oak (Q. rubra L.), scarlet oak (Q. coccinea
Muenchh. ), and white oak (Q. alba L.)]. American beech (Fagus grandifolia Ehrh.), blackgum (Nyssa
sylvatica Marsh.), flowering dogwood (Cornus florida L.), mockernut hickory (Carya tomentosa (Poir.)
Nutt.), pignut hickory (C. glabra (Mill.) Sweet), red maple, and yellow-poplar (Liriodendron tulipifera L.)
also were present, especially in the midstory. The heavy partial cut resulted in abundant, well-distributed,
advance regeneration (> 20,000 stems per acre) with all canopy species represented. Red maple and
yellow-poplar regeneration were the tallest stems, generally ranging from 8 to 10 feet in height, while
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oak reproduction was usually between 2 and 3 feet tall. Given these conditions, the study site was quite
similar to Pennsylvania oak forests so the data set also satisfies the concerns of the committee about forest
dissimilarity between Pennsylvania and the region of origin of the reanalyzed data set.

Study Design and Implementation

Each of the three stands was divided into four treatments (spring, summer, and winter burns, and an
unburned control). In 1994, prior to the prescribed fires, 304 oak stems representing all five upland oak
species were tagged for growth and height measurements. These stems were visually judged to represent
the range in height of surrounding reproduction. For each tagged stem, species, basal diameter, number of
stems, number of mature leaves, root collar diameter, and stem height were recorded.

Prescribed burns were conducted in February (winter), April (spring), and August (summer) 1995 by
personnel of the Virginia Department of Game and Inland Fisheries. Drip torches were used to light the
prescribed fires in a strip head-fire ignition pattern. The initial strip head-fire was lit along the uphill or
downwind side of the treatment block and was about 10 feet wide. Once the initial strip was burned,
subsequent strips were wider and systematically ignited moving in either a downhill or upwind direction
until the entire treatment block was completely burned. Fire behavior was typical for the seasons,
according to the experienced fire personnel conducting the burns. Spring fires produced flame lengths
of 2 to 4 feet with rates of spread ranging from 5 to 10 feet per minute. Summer and winter burns were
similar to each other and exhibited 1 to 2 feet flame lengths and rates of spreads from 1 to 5 feet per
minute.

Tagged stems in the control, spring burn, and winter burn treatments were measured for height growth in
fall 1995, 1996, and 1997. Tagged stems in the summer burn treatment were measured for height growth
in fall 1996, 1997, and 1998 because many of the stems did not initially sprout until 1996.

Statistical Analysis

Earlier analysis of sprout growth rates found no significant differences among the oak species (Brose
and Van Lear 1998), so height growth data were pooled to increase sample size and then separated by
treatment. Stepwise regression was used to determine which of the three variables or combinations had
the most influence on third-year stem height (SAS 2002). Simple linear regression was used to evaluate
the ability of the three variables to explain third-year stem height by comparing their coefficients of
determination. Each of these were rated as extremely poor (1><0.20), poor (r>=0.20 — 0.39), fair (r>=0.40
—0.59), good (r*=0.60 — 0.80), and excellent (r>>0.80) predictors of third-year stem height.

The initial stepwise regression analysis showed the importance of RCD in predicting third-year stem
height so stepwise regression was used to determine which aboveground stem characteristics best
explained RCD size. Variables used in this analysis included basal diameter, number of stems per
rootstock, number of mature leaves per stem, and stem height.

To develop field criteria for judging when to examine root collars, oak stems were sorted by pre-treatment
and post-treatment heights into four groups. Small oaks were < 4.5 feet before and at the end of the study.
Small-large oaks were < 4.5 feet to begin with but were > 4.5 feet by the third year. Large-small oaks
were > 4.5 feet at the beginning of the study but did not attain that height by the end of the third growing
season. Large oaks exceeded 4.5 feet before and after the study. Analysis of variance with Student-Keuls
mean separation test was used to determine whether there were differences in the number of stems per
rootstock and number of leaves per stem among the four groups. Residuals were examined for compliance
with statistical assumptions and alpha was 0.05.

RESULTS

Of the 304 tagged oak stems, 83 were dropped from the reanalysis because they failed to sprout following
the fires or were never top-killed by the fires. The remaining 221 stems were evenly distributed among the
five oak species with 37 to 48 stems per species and among treatments with 48 to 66 oaks per treatment.
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All four of the models derived from stepwise regression analysis explained between 64 and 71 percent of
the variability in early height growth of sprouting oak stems, regardless of treatment (table 1). However,
the models differed profoundly in their makeup. Root collar diameter was the major explanatory variable
of early height growth in all the burn treatments. In fact, it was the only variable in the spring and winter
burn models and accounted for over 90 percent of the coefficient of determination in the summer burn
model. In the unburned control, stem height and basal diameter were the only components of the model.

Basal diameter, root collar diameter, and stem height all provided fair coefficients of determination
ranging from 0.484 to 0.533 when oaks were not top-killed (table 2). However if they were forced to
sprout, basal diameter and stem height produced poor and fair coefficients of determination ranging
from 0.224 to 0.460, depending on season of burn, while root collar diameter had good coefficients of
determination of 0.642 to 0.676.

Stepwise regression of the aboveground stem characteristics produced a model that explained about 67
percent of the variability in root collar diameter. Of the model’s components, basal diameter and stem
height were the two key variables, accounting for over 90 percent of the coefficient of determination.

Table 1—Models developed from stepwise regression analysis relating
the total amount of height growth (stem height at age 3 minus initial
stem height) of oak reproduction over 3 years to the pretreatment
morphological attributes of basal diameter (BD), stem height (SH), and
root collar diameter (RCD)

Treatment n Model r2

Control 66  Growth =0.126 + 2.051(BD) + 0.342(SH)  0.664
Spring burn 55  Growth =0.177 + 1.919(RCD) 0.642
Summer burn 1 48  Growth = 0.461 + 2.539(RCD) 0.665
Summerburn2 48  Growth =0.291 + 2.01(RCD) + 0.27(SH) 0.710
Winter burn 52  Growth = 0.400 + 2.089(RCD) 0.676

Table 2—Comparison of the coefficients of determination (r?) of
pre-burn basal diameter, root collar diameter, and stem height
by treatment for explaining total height growth of sprouting oak
stems through 3 years

Basal Root collar Stem
Treatment n diameter diameter height
Control 66 0.509 0.484 0.553
Spring burn 55 0.460 0.642 0.224
Summer burn 48 0.344 0.665 0.454
Winter burn 52 0.301 0.676 0.326
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Simple linear regression of these variables with root collar diameter showed that each explained about
50 percent of the variability in root collar diameter (figs. 1 and 2). Other variables that contributed
significantly to the model were number of stems and number of leaves.

Analysis of variance indicated that small-large and large oak regeneration had significantly more stems
per rootstock and leaves per stem than the other two size classes (fig 3).

DISCUSSION

Mixed-oak forests are tremendously important to Pennsylvania for a wide variety of ecological and
economic reasons. They are declining in number and extent for numerous reasons and require active,
scientifically sound management to stop this decline. Revising SILVAH to be more applicable in mixed-
oak forests is an important step in that regard. Using collective knowledge from foresters and reanalyzing
data sets from other regions accelerated this revision and produced interim guidelines in months, not
years.

Sander (1971, 1972) set forth the 4.5-feet stem height as the threshold for identifying competitive oak
regeneration. His regression equation had a low coefficient of determination (0.32), indicating that
something else was influencing new sprout growth. He theorized the missing variable was root size and
that it was probably better correlated with sprout growth than stem size.

These results support Sander’s theory. In this study, coefficient of determination of basal diameter or
stem height when the stem was top-killed and sprouted ranged from 0.22 to 0.46, comparable to that of
Sander’s work. However when root collar diameter was used, it provided a better model as indicated by an
increase in coefficient of determination to between 0.64 and 0.68. RCD is the superior indicator of future
early height growth in oak regeneration if top-kill and sprouting is likely to occur.
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Figure 1—Simple linear regression of stem height (SH) and root collar diameter (RCD) for 221 mixed oak stems
growing in shelterwood stands. The coefficient of determination (1?) indicates that stem height explains approximately
half the variation found in root collar diameter.
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Figure 2—Simple linear regression of basal diameter (BD) and root collar diameter (RCD) for 221
mixed oak stems growing in shelterwood stands. The coefficient of determination (r?) indicates that
basal diameter explains a little more than half the variation found in root collar diameter.
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Figure 3—The mean numbers of stems per rootstock and leaves per stem for the four size
classes of oak regeneration. Columns with different letters are significantly different for that
stem characteristic at alpha = 0.05.
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Conversely, if the oak reproduction is not forced to sprout, as in the control, then there appears to be no
difference among the three stem characteristics in terms of their ability to explain subsequent height
growth. In this setting, basal diameter, root collar diameter, and stem height all produced comparable
models (coefficients of determination ranged from 0.48 to 0.53). Apparently in this scenario, it would not
matter which stem characteristic was measured to assess size adequacy of the oak regeneration. However,
avoiding top-kill of oak regeneration during timber harvests and prescribed burns is unlikely.

Sander also stated that root size would be difficult, if not impossible, to assess in the field, making stem
size the preferred measurement. Obviously it is easy and quick to measure basal diameter or stem height
but assessing root collar diameter requires the forester to do a little digging. Fortunately, this study
provides some valuable clues as to which small oak stems have large root systems and are capable of rapid
height growth, so digging to expose the root collar on every oak stem is unnecessary.

First, the relationship between stem size and root size is fairly linear despite oak’s proclivity to emphasize
root development in lieu of stem height growth. In this study the coefficients of determination for the
basal diameter—root collar diameter and stem height—root collar diameter regressions were 0.56 and

0.50, respectively. In other words, larger oak stems will generally have larger root systems so usually oak
regeneration can be assessed for its potential competitiveness based on stem height.

However, stem height may not always be the best criteria. In this study, 84 oak stems, or 38 percent of
stems < 4.5-feet tall before the fires, produced sprouts that grew past the 4.5-foot mark within 3 years.
This suggests that, at times, it is worthwhile to look at root collars. These stems, classified as small-

large, had some other characteristics in common that help identify them. First, they were usually multiple
stemmed, averaging nearly three stems per rootstock before they were top-killed. The other small oak
stems seldom had more than one stem. Number of leaves also was related to number of stems. The small-
large oak stems averaged almost 20 leaves, more than double that of the other small oaks. Minimum pre-
burn basal diameter, root collar diameter, and stem height of the small-large oaks were 0.3 inches, 0.75
inches, and 2.0 feet, respectively. Species of oak does not appear to be a factor in determining which small
oaks were capable of rapid sprout growth following top-kill by the prescribed fires.

Finally, stand history can help us identify when it is worthwhile to look at root collars. This study was
done in 4-year-old shelterwood stands. The previous cut and the time between it and the study promoted
root development by the oak reproduction (Miller and others 2004). Had this study been done in
undisturbed, fully stocked stands, root development of the oak regeneration would have been retarded by
the dense shade resulting in few, if any, oak stems capable of rapid height growth.

Users of the SILVAH decision-support system now have interim inventory guidelines for identifying
competitive oak regeneration. They are:

1. Three foot is the minimum height to judge competitiveness of oak stems on medium-quality
sites. This mark will vary some according to site quality and species composition, but overall,
this is a safe, sound point of reference.

2. Shorter oak stems with root collar diameters > 0.75 inches can also be considered competitive.
These are most likely found in previously disturbed stands and can be tentatively identified by
height (> 2.0 feet tall), basal diameter (> 0.30 inches), multiple stems, and have > 20 normal-
sized leaves.

3. Check root collars on oak stems in the first two or three plots. This will help develop a “stand-
specific eye” for characteristics of oak stems that have large root systems capable of supporting
rapid height growth upon release. After that, check only those stems exhibiting those
characteristics.
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Like all of SILVAH’s guidelines, these oak inventory guidelines are a supplement and not a substitute to a
forester’s professional judgment. They are also interim in that two long-term oak regeneration studies now
under way will supercede them in a few years.
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DIGITAL PHOTO MONITORING FOR TREE CROWN
FOLIAGE CHANGE EVALUATION

Neil Clark and Sang-Mook Lee'

Abstract—Assessing change in the amount of foliage within a tree’s crown is the goal of crown
transparency estimation, a component in many forest health assessment programs. Many sources
of variability limit analysis and interpretation of crown condition data. Increased precision

is needed to detect more subtle changes that are important for detection of health problems.
Digital photomonitoring can be used to increase the precision of these measures provided exact
camera parameter replication is performed and movement of canopy structures is not severe.
Two measures of transparency (compactness and DSO, or fractal dimension of silhouettes minus
fractal dimension of outlines) show sensitivity to small branches or small canopy gaps, but may
offer some unique descriptive information over area ratio measures. Point-wise and region-wise
transparency distribution maps provide easy to interpret visual representations of localized
transparency.

INTRODUCTION

Visual inspection is often the first step in evaluating the health of an organism. Farmers visually inspect
their plant crops on a regular basis to determine when to water, fertilize, or treat an insect or disease
outbreak. Likewise, visual inspection is often a key indicator of tree health. National and international
forest health monitoring programs (Huettl 1993) such as the Environmental Monitoring and Assessment
Program (EMAP) (Tallent-Halsell 1994), which is now Forest Health Monitoring (FHM) (Mangold 1998),
and the United Nations Economic Commission for Europe (UN-ECE) (Ferretti 1997) collect tree crown
indicators to assess forest health.

Though many variables have been proposed for tree health assessment (Innes 1993), many of these have
been dropped from national assessment programs for various reasons-cost, lack of applicability over wide
regions, species-specificity, etc. These monitoring programs required cost-effective means of assessing
large areas of forest, consisting of many species, over short time intervals. One measure that is common to
nearly all programs is the judgment of the amount of foliage present. This ordinal measure has been called
crown thinning, defoliation, or transparency and its definition varies slightly among programs (Innes
1993). Foliage amount and condition is a general indicator over all species and serves as an integrative
index of current tree condition.

First, challenges of visual foliage measurement are discussed. Then previous applications of photographic
methods for tree crown assessment are summarized. This is followed by a brief discussion of the trend
toward digital sensors and associated factors. Various crown analysis methods are discussed, and an
example of morphological and area-based transparency estimation is given. Finally, ideas for future
research are presented and details are provided on ways to increase foliage change estimation precision
using digital photographs from monumented viewpoints.

FOLIAGE MEASUREMENT CHALLENGES

Sampling foliage of mature trees involves many challenges with the primary challenge being access
(Barker and Pinard 2001). Many creative means are being applied to access tree canopies including
climbing with ropes, walkway and crane construction, lift trucks, and scaffolding. Destructive sampling
(i.e., cutting a portion or the entire tree) is widely implemented and required for studies where biomass

!'Neil Clark, Research Forester, USDA Forest Service, Southern Research Station, Blacksburg, VA 24060; and Sang-Mook Lee,
Researcher, Bradley Department of Electrical Engineering, Virginia Polytechnic Institute and State University, Blacksburg, VA
24061.
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must be determined (Montes and others 2000). Litter trap sampling is a standard technique for measuring
deciduous foliage over an area, but may have some limitations for individual trees and for forest health
assessment as the leaves are then dead.

Visual methods offer an alternative to the physical access problems but face problems due to occlusions
caused by overlapping structures as well as other objects in the foreground or background (Ansley and
others 1988, Bréda 2003, Dobbertin and others 2004, Lindsey and Bassuk 1992). This issue is identified
as a clumping factor in studies of leaf area index (LAI) using visual methods (Chen and others 1997).
Observer bias has been a widely documented issue with visual crown condition estimation (Dobbertin and
others 2004, Innes 1988, Solberg and Strand 1999). Light conditions are also shown to cause problems
(Dobbertin and others 2004).

Though not explicitly set forth in the literature, perspective effects exist caused by viewpoint locations,
which are typically constrained by height of observation point and number of observation points
considered. Field manuals (USDA Forest Service 2004) typically specify that the viewpoint be located at
least tree height distance away from the base of the tree and that two observers create nearly perpendicular
sighting angles to the tree. This still leaves a portion of the crown unobserved. Control on azimuthal
relocation is rarely specified. The effects of overlooking this control will vary in proportion to the
asymmetry of the crown structures within the overall crown space.

USE OF PHOTOGRAPHY FOR VEGETATION ASSESSMENT

Photography is used for detecting (Haering and others 1997), classifying, identifying (Soille 2000), and
measuring (Brown and others 2000) vegetation from forest to agriculture and rangeland to wetland.
Hemispherical photography is commonly used to evaluate LAI, throughfall, and understory light
environment (Hale and Edwards 2002, Rich 1990). Photography also has been used to some extent for
evaluating foliage on trees (Curtis and Kelley 1993, Lindsey and Bassuk 1992, Mizoue and Masutani
2003) as well as branch architecture without leaves (Stebbins 1975, Wagar and Heisler 1986).

Photograph collection methods vary among applications, although a few issues are common to all.
Perhaps one of the most critical issues in using cameras in outdoor environments is light. As the sun is
the dominant light source in outdoor photography, the amount, orientation, and characteristics of radiant
input are not fully controllable. Some control can be applied by collecting photographs only under certain
atmospheric conditions (i.e., clear or overcast), at a specific time of day, or at specified positions relative
to the light source and the object of interest. Lens filters and other light blocking or reflecting media, such
as an object to mask the solar disk for hemispherical photos (Peper and McPherson 2003) or a background
screen (Ansley and others 1988) may be employed. Penumbral effects need to be evaluated in quantitative
applications (Clearwater and others 1999, Wagner 1998). Stebbins (1975) utilized flash photography at
night to control lighting and eliminate background effects. Tanaka and others (1998) also used active
remote sensing with a scanning laser for 3D modeling.

Cameras and media are also selected based on the frequencies of spectral response they detect. Black and
white negative film is typically chosen for applications requiring the most precise quantification of total
light as it has a wide dynamic range. Red, green, blue (RGB) color photography is used for applications
where classification (i.e., leaves vs. stem) is needed. Infrared wavelengths can be measured to provide
higher contrast for vegetation condition.

Scale is another consideration when using photography for evaluation. Scale can be modified by the
position relative to the object of interest or by optical magnification. With film photography scale was
often ignored provided the object of interest was visible. Scale and output image resolution are critical
when using digital imagery for quantitative measurements. As with any spatial sampling, image data must
be acquired at a scale at which objects of interest can be resolved. In addition to analytical determinations
of image resolution, camera and scene characteristics must also be considered. Frazer and others (2001)
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indicate that resolution limitations can be quite restrictive with the extreme field of view of hemispherical
photography.

Photographic monitoring is the use of cameras to reexamine the same scene over time (Hall 2001). This
technique lends itself to qualitative analysis that allows the investigator to visualize change. The quality
of the analysis is inherent in the magnitude of change and the ability to perceive the desired elements for
analysis. Some examples include examining the abundance of grasses and herbaceous vegetation across a
landscape, or the visualization of change as a forest grows or is harvested over the course of decades.

ANALOG TO DIGITAL CONVERSION

Digital cameras are pervasive in the consumer market. These devices have improved tremendously in the
last 10 to 20 years, to the point that direct comparisons are being made between digital and film photos
(Frazer and others 2001, Hale and Edwards 2002). Digital cameras offer several advantages: there is no
expense for film development; output is immediately available for field verification and image processing,
transmission, or analysis; there is more flexibility of spectral range; and optics are smaller and cheaper.

Film media have been rigorously vetted within the scientific community, while much is unknown
about digital image creation. Film emulsions react predictably, whereas digital results may be subject
to electrical corrections and operations that may vary with the change of scene. Depending on the
manufacturer of the sensor, these operations may be proprietary and impossible to correct.

Issues of concern that have been identified with some current digital systems are:

e Smaller optics of consumer-level digital cameras limit light capture and widen depth of field for given
aperture.

e Imprecise optics not designed for spectral or dimensional measurement can cause color blurring and
chromatic aberration (Frazer and others 2001).

e Limited dynamic range, especially for single-chip color formats, causes detail to be lost in either bright
or dark regions.

e Single chip color consumer-level cameras usually output RGB data with 8 bits per channel providing
limited quantification (256 levels).

e Limited spatial resolution is especially problematic with hemispherical lenses where field of view is
fixed (Frazer and others 2001).

e A large number of manipulations can be required, and this can make it difficult to keep track of settings.

2D CROWN ANALYSIS

Analytical procedures depend on the project objectives. The simplest analysis is a qualitative visual
comparison revealing obvious changes (i.e., much more sky visible through the crown). Quantitative
comparisons are more frequently applied to supply more information and a higher level of precision.
Caution must be applied when attempting to be overly precise when using 2D methods to estimate the
quantity of objects in a 3D space, as assumptions about their distribution and orientation are important
(Chen and others 1997).

Dot grids provide a manageable method of estimating proportions or even the area of a 2D planar region
if scale is known. Dot grid techniques have been applied to oblique photographs of tree crowns (Seiler and
McBee 1992, Wagar and Heisler 1986). Others have used computers to quantify classified pixels of digital
photographs (Curtis and Kelley 1993, Lee and others 1983, Lindsey and Bassuk 1992). With greater
access to digital imagery and immense computing power, the trend is toward more advanced image
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processing for increased information extraction (Dobbertin and others 2005, Lee and others 2003, Montes
and others 2000, Paruelo and others 2000, Peper and McPherson 2003).

Regression analysis has been used to estimate total leaf area from silhouette area (SA) measurements.
Some have found a linear relationship (Lindsey and Bassuk 1992, Peper and McPherson 2003) while
others (Ansley and others 1988, Paruelo and others 2000) noted a curvilinear relationship, which might be
expected with increased foliage density. This may be dependent on overall canopy size and architecture as
well as species factors.

TRANSPARENCY

Photographic methods are beginning to be applied for the purpose of foliage change evaluation. A
substitute might be examining the change of transparency estimates over time. Lee and others (2003)
present a method that uses the FHM collection methods and definition of transparency. Transparency is
defined as the amount of skylight visible through the live, normally foliated portion of the crown (USDA
Forest Service 2004). The authors used image processing techniques to automatically generate a boundary
that would be considered the “live, normally foliated portion.” Within this boundary they present three
methods of transparency estimation: area-ratio, point-wise, and region-wise. Area ratio is simply the
count of sky pixels within the boundary divided by the count of plant pixels. Point-wise and region-wise
transparency distribution maps use two different sampling strategies to determine localized transparency
across the 2D plane (fig. 1). Direct comparisons to human observer estimates were good, provided woody
components could be removed for sparsely foliated conditions.

Mizoue (2001) avoided the problem of trying to define the ambiguous region of consideration by using
silhouettes(area) and outlines(perimeter). He presented a measure termed DSO calculated by

DSO = Ds — Do (1)

where Ds is the fractal dimension of the silhouette and Do is the fractal dimension of the outline. The
fractal dimensions tend to converge with increased transparency. Exponential functions relating DSO to
crown transparency were created for different species.

Compactness, defined by

perimeter?/ area 2)

is often used in computer vision as a shape descriptor. While DSO is more sensitive at low levels of
transparency, compactness is most sensitive where transparency is high. It should also be noted that

D
o
Percent transparency

Area ratio Point-wise distribution map Region-wise distribution map

Figure 1—Area ratio (left) is the ratio of sky pixels (gray) to plant pixels (white) within a defined area (gray + white). Point-wise
and region-wise transparency maps use different sampling methods to map the distribution of transparency over the projected
crown space.
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because the perimeters in digital image processing have discrete representations (pixels), these measures
are affected by the resolution of the images.

Both of these methods are sensitive to spatial heterogeneity. DSO, compactness, and area-ratio are
calculated (table 1) for different texture patterns (fig. 2). In the case of many small twigs (Image B of

fig. 2) or small gaps (Image G of fig. 2) the proportion of perimeter to total area increases, causing DSO
(value inversely related to transparency) and compactness to demonstrate a greater degree of transparency
than area ratio. The analyst must decide which method is the most descriptive. Many small bare twigs
represent areas where leaves should be present, while larger gaps are often places where large branches
are missing and not part of the “live, normally foliated part of the crown.” Much of this also has to do
with the scale of the photographs and the severity and pattern of foliage presence or absence.

Table 1—Area ratio, DSO, and compactness measures for sam-

ple images

Image Area ratio DSO Compactness
A 0.44 0.25 5206

B 0.44 0.18 9604

C 0.32 0.25 6126

D 0.24 0.31 4440

E 0.18 0.44 1728

F 0.14 0.59 749

G 0.09 0.50 1363

Figure 2—Examples of transparency patterns showing different amounts and distributions of plant structures (black).
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TREND ANALYSIS

As previously mentioned there can be substantive variation in the size, shape, number, and spatial
arrangement of leaves and branch structures. Therefore, comparisons of transparency measurements
between different trees or even between different perspectives of the same tree are not very meaningful.
However, one purpose of transparency estimation is to determine the change in the amount of foliage over
time. Repeat measures using photo monitoring over short periods of time would limit many sources of
extraneous variability and increase precision for this change analysis. For this technique to be successful,
camera parameters must be recreated precisely, and tree structures must not have changed positions
significantly.

Camera parameters include the optics, exposure and other optional settings, and the location of the camera
in relation to the tree. Limiting the amount and nature of change in these parameters between observations
is critical. Situations may require the use of a different camera or lens, but testing should be done to
ensure the compatibility of the results.

Unfortunately, illumination can not be controlled in the outdoor environment, so exposure settings will
need to be adjusted. If plenty of light is available and the crown structures are relatively unaffected by the
wind, the recommendation would be to use the smallest aperture setting available. Underexposure by 1 or
2 stops is usually required to preserve sunlight and stray foliage with dominant sky background. It is also
helpful to reduce penumbral and image blooming effects.

Relocating the camera can be easy with the proper preparation. If it is possible, permanent markers can be
set to reestablish the azimuth. Otherwise, permanent features can be selected and photographed for future
reference. These features can be used to triangulate the position for relocation. Find features at different
depths that can be aligned relative to one another. The junction of major branches on the tree of interest
may be helpful. It is a good idea to have multiple tie points in case a branch breaks or some other change
occurs.

Tree structures may be affected by wind and other dynamics (loading caused by foliage, moisture, etc.)

It is best to avoid collecting data under windy conditions. Other structural dynamics may be unavoidable,
in which case it must be determined what detriment these are to the analysis. There may be small
movements of leaves and branch growth. Different leaves (in deciduous trees) virtually guarantee that
exact replication of the viewpoint to every structure is not possible. However, if assumptions can be made
about the semi-rigid nature of large woody structures and relative consistency of bud locations between
years, there is still an advantage in monumented viewpoints. Also, as a tree grows the apical meristems
will naturally be dispersed over a broader area. For this reason the length of time between sampling should
be reasonably short relative to the growth rate of the tree.

These controls allow more appropriate comparison of transparency estimates to be made. Comparison
using area ratio, point-wise and region-wise transparency density maps, compactness, and DSO can be
done with some confidence. If replication is performed well, it may be possible to perform localized
change detection (fig. 3).

SUMMARY AND CONCLUSION

While contact or destructive sampling provides the best results for foliage measurement, canopy access
and associated costs largely prohibit this type of sampling for applications requiring large numbers

of trees to be observed. Litter trap sampling of deciduous trees is informative, but challenging at the
individual tree level. Visual assessment has been a useful method, particularly for tree health appraisal.

Repeated measures designs are useful for minimizing extraneous variability. Unless a number of
assumptions are made regarding the uniform distribution of crown structures within a generalized crown
space, perspective control should be maintained over time for maximum precision. Further study is
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Time 1 —time 3 Time 1 —time 2 Time 2 —time 3

Figure 3—Photos taken at three different times from a monumented viewpoint (top) and visual depiction of localized silhouette
area (SA) change (bottom).

needed to examine the tolerances required for perspective control and whether this is possible given the
dynamics of the crown structures.

Interpretation of results varies with application. Foliage change can vary as a result of a number of factors
and may vary systematically within the crown. Symptomatic characteristics such as discoloration, dead
and skeletonized leaves, and wilting may not be detected in underexposed images and would need to be
noted before the observer left the plot. Investigation should be made into the creation of transparency
coefficients (analogous to LAI light extinction (Smith 1993), and shading coefficients (Nowak 1996)).
These methods also can be used to judge the decline or recovery of trees from various damaging

agents. Biological thresholds where defoliation affects tree growth or mortality might be determined by
photographic analysis.

Though not explicitly considered with visual methods, scale is a consideration for spatial sampling. This
comes to the forefront with digital imaging as the data is sampled and recorded in discrete amounts and
over discrete tessellated regions. This should be investigated over a range of transparencies.

These digital photographic methods allow low-cost raw data collection. These data can readily be
analyzed by numeric methods, providing consistent estimates over remeasurement cycles. Data are also
easily archived and organized without requiring a great amount of physical storage space.
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Disadvantages of the proposed method include the need for precise realignment and re-creation or
calibration of lighting and camera parameters. This technique is also limited to situations where a large
portion, if not all, of the tree crown can be viewed without overlap from other trees or objects in the
foreground or background.

Area ratio alone, as a single measure of transparency, lacks specificity of description and does not account
for scale explicitly. DSO and compactness provide more information about the complexity of the 2D
shape, and thus some indication of porosity. Additionally these methods do not require explicit parameters
for creating a crown outline. Transparency distribution maps can allow precise analysis of foliage change
over time, provided that spatial changes can be corrected or assumed. Photographic monitoring shows
promise for enabling more precise estimates of change in the amount of foliage over time.
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STOCKING EQUATIONS FOR REGENERATION IN MIXED OAK STANDS

Songlin Fei, Kim C. Steiner, and James C. Finley'

Abstract—Regeneration stocking equations for mixed-oak stands were developed based on data
collected from nearly 14,000 plots in the central Appalachians. Maximum stand density was
identified by plotting aggregate height against number of seedlings per plot, and was used as the
reference level of the average maximum stand density (100 percent stocking or A-level stocking).
Minimum stand density (B-level stocking) was estimated using the crown area and seedling height
relationship of open-grown seedlings. Stocking equations were developed separately for plots
having average seedling height below and above 9 feet. The resulting stocking equations provide
an objective basis for evaluating stocking of young regeneration in the upland mixed-oak forest.

INTRODUCTION

Appropriate stocking equations or stocking charts, which serve as measures of stand density, have long
been sought by foresters. Stocking can be measured using numbers of trees, quadratic mean diameter,
mean volume, dominant height, or other stand properties appropriate to the concept of density (quantity
per unit area). All stocking guides share one common concept — relative density. Relative density is the
ratio of absolute density to a reference level. Measures of relative density assess crowding in forest stands
by comparing the growing space available per tree with the growing space available to trees of the same
size at some reference level of density (Stout and Larson 1988). Generally, the two major approaches

to measure stocking are typified by: Reineke’s (1933) stand density index (SDI) and Gingrich’s (1967)
stocking diagram. Most stocking charts, diagrams, and monographs are suitable only for bigger trees

(> 12 feet in height or > 1 inch in dbh), and older stands (> 20 years). No stocking guide exists for
seedlings or young stands for the upland mixed-oak forest. The seedling stage is very important because
it determines the future stand structure. Failure to obtain adequate stocking of desired species can leave
a stand unproductive for many years. Hence, developing a stocking guide for the regeneration stage is
necessary and pressing, and that was the objective of this study.

SOURCE OF DATA

Three sets of data were used in this study. The first data set was collected in 52 mixed-oak stands in
Pennsylvania. Depending on stand size, 15 to 30 permanent center points were systematically installed
in a square grid on each stand. Four permanent sample plots with a radius of 3.72 feet (0.001-acre)
were established around the center points at each cardinal direction at a distance of 16.5 feet. On each
plot, all tree seedlings regardless of origin were recorded by species and height class and seedling cover
percentage (i.e. percentage of plot area covered by seedling canopy) was estimated. All stands were
measured approximately one year before harvest, 33 stands were re-measured one year after harvest, 16
stands were re-measured four years after harvest, eight stands were re-measured five years after harvest,
and four stands were re-measured six years after harvest.

Data from 15 mixed-oak stands with stand ages of 6-12 years were also included in this study. The
overstory of each of the 15 stands was removed 6-12 years prior the time of assessment, and the stand
regenerated successfully after harvest. These stands were intentionally chosen to represent crown-closure
or near crown-closure conditions. Depending on the size of the stand, 15 to 40 plots with a radius of 7.44
feet (0.004 acre plots) were sampled throughout the stands. In total, 504 plots were included in this data
set. On each plot, all seedlings or saplings regardless of their origin were recorded by species and height,
and percentage of crown cover was estimated.

! Songlin Fei, Assistant Professor, University of Kentucky, Department of Forestry, Lexington, KY 40546-0073; and Kim C. Steiner
and James C. Finley, Professors, The Pennsylvania State University, School of Forest Resources, University Park, PA 16802—4302.
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The final data set provided information for open-grown trees. Based upon abundance and availability,
567 open-grown trees that included the six major regeneration species in this region were measured

in this data set: 81 red maples (Acer rubrum L.), 97 black birches (Betula lenta L.), 38 blackgums
(Nyssa sylvatica Marsh), 92 white oaks (Quercus alba L.), 125 chestnut oaks (Q. montana Willd.),

and 134 northern red oaks (Q. rubra L.). All selected trees had no competing neighbors at the time of
measurement, and they were measured in stands that provided data for the 1st and 2nd data set. For
each tree, species, height, stem dbh, and crown diameter were recorded. In order to have best crown size
estimation, crown diameters were measured in four directions: longest dimension of the crown, and 45,
90, and 135 degrees off the longest dimension through the center.

DEVELOPMENT OF STOCKING GUIDES

Average Maximum Density

Plots from the first two data sets that had at least one seedling were utilized to identify plots that were
experiencing the maximum level of competition. Aggregate height (Fei and others), a composite measure
of stand density, was calculated on each plot and then plotted against seedling density on a log-log scale
(fig. 1). Two clear boundaries are apparent. The lower boundary is the minimum plot aggregate height for
a given number of seedlings. It represents plots covered only with seedlings of the smallest height (one
inch in this study). The upper boundary corresponds to the observed maximum aggregate heights over the
range of observed seedling densities. To ensure that the observed maximum aggregate height represents
the biological average maximum level of competition or the ecological maximum carrying capacity, plots
around the upper boundary were further examined. Figure 1 was divided into 0.05 unit width slices along
the x-axis, and the top two plots near the upper boundary in each slice were then selected. For all selected
plots, percentage of seedling cover was further checked, and plots with less than 90 percent seedling cover
(by measurement) were eliminated. The remaining selected plots were the ones chosen to represent the
biological frontier. In total, 110 plots were used to define the biological frontier. Maximum aggregate
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Figure 1—Relationships between aggregate height and number of seedlings per milacre on 13,853 surveyed
plots. Plots with maximum or minimum aggregate height at a given density are highlighted.
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height increases as seedling density increases. But the increase is progressively smaller as the number of
seedlings per milacre increases. The upper and lower boundaries converge as seedling density approaches
the maximum.

As with Gingrich’s (1967) stocking guide and Reineke’s (1933) SDI, average maximum competition was
selected to serve as the reference level to develop regeneration stocking equations. To develop stocking
equation, we first analyzed relationship between average crown area and height for seedlings experiencing
the average maximum level of competition (seedlings in the 110 biological frontier plots). Crown area
was determined simply by dividing plot size by the total number of seedlings in these frontier plots.
Regression analysis was then carried out by using crown area as the dependent variable and average
seedling height as the independent variable. Since the relationship between crown area and seedling
height has a significant shift for seedlings above and below 9 feet tall on average (Fei 2004), two different
regression lines were fitted to represent the two different crown area-height relationships. Using the crown
area-height relationship, the stocking level on a plot then can be calculated as follows if seedling height is
measured in feet:

S = [(N*0.0682AvgHt '%3?) / (m*43560)] <100

= (0.00016/m)*N-AvgHt 2 (1)
= (0.00016/m)*N+(Sh,/ N) 032 (AvgHt < 9 feet)

S = [(N+0.0044AvgHt >**7) / (m+43560)] *100
= (0.00001/m)>N=AvgHt >3¢5 2)
=(0.00001/m)*N+(Xh,/ N)**% (AvgHt > 9 feet)

where

S = percentage of School of Forest Resources, regeneration stocking
N = the total number of seedlings per plot

AvgHt = the average height of all seedlings

m = the size of plot in acres

h,= height of seedlings on the sampled plot (i =1, ...... , N)

Average Minimum Density

Average minimum stand density at full canopy closure, or Gingrich’s (1967) B-level stocking, represents
an ideal condition in which a stand is fully covered with seedlings with maximum crown area and no
inter-seedling competition. Crown areas of open-grown seedlings were used to define the maximum
crown area. Crown area of open-grown seedling was calculated using average crown diameters from
field measurement. To compute the minimum density at a given average seedling height, the relationship
between crown area and seedling height of open-grown seedlings was used.

Regression analyses of crown diameter against seedling height were performed by species. Comparisons
of regression coefficients among different species indicated that the overall relationship between crown
diameter and seedling height is not significantly different among species, although crown diameter of oak
species was slightly greater than non-oak species when seedling heights are small (fig. 2). Consequently,
the same crown area-diameter relationship was used for the six major regeneration species. Minimum
number of seedlings with maximum crown area that can fully cover a plot can then be calculated by
dividing total plot area with average maximum crown area of seedlings at given average height. Since the
relationship between crown area and seedling height also has a significant shift for open-grown seedlings
above and below 7 feet tall on average (Fei 2004). Two different equations were developed for seedlings
<7 feet tall and for seedlings > 7 feet tall:
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N =(43560m) / (0.4051AvgH1'*) o)
= 107529+m [ AvgHr™ (AvgH1 <7 feet)

N=(43560°m) / (0.0479+AvgH1>) )
= 909395+m / AvgH1?>5: (AvgH1 <7 feet) @)

where

N = the minimum number of seedlings per plot
m = the size of plot in acres
AvgHt = the average height of seedlings

Because less than 10 open-grown seedlings with height smaller than one foot were measured, the
minimum number-height relationship for small size seedlings is not as robust as for larger seedlings.

DISCUSSION

Regeneration equations developed above have reasonable quantitative connections with the former
stocking guides. For instance, if there is only one tree with minimum crown area (A-level) on a milacre
plot and the plot is fully stocked, then the height of the tree must be > 49 feet based on the regeneration
stocking equation. Using the highly deterministic height-diameter relationship of trees in the upper-limit
plots (Height = 8.79dbh + 6.69, r* = 0.83), the correspondence tree must have a dbh > 4.8 inches. With
the same scenario, Gingrich’s (1967) equation predicts a minimum dbh of 4.0 inches for oak and hickory
species; McGill’s (1999) equation predicts a minimum dbh of 4.7 inches for northern red oak; while
Stout’s (1988) equations predict a minimum dbh of 4.5 inches for red maple. In an alternative scenario,
if there is only one tree with maximum crown area (B level) on a milacre plot and the plot is fully
stocked, then the height of the tree must be > 15 feet based on the resulting regeneration stocking, and
the correspondence tree must have a dbh > 1.7 inches by the height-diameter relationship of open-grown
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Figure 2—Relationship between crown diameter and seedling height by species for open-grown seedlings
and small saplings.
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trees (Height = -0.90dbh >+ 7.82dbh + 4.18, > = 0.87). Based on Gingrich’s and McGill’s equations, the
minimum dbhs in the second scenario are 2.3, 1.6 inches, respectively. Both scenarios indicate a good
connection between the regeneration stocking and other stocking guides for mature stands.

The use of the regeneration stocking equations is rather simple. The equations can be used both in pre-
and post-harvest situations. For example, if a milacre plot has 100 seedlings with average height of

three feet, we can plug these parameters in equation (1) and calculate the stocking value, which is about
50 percent. By plugging these parameters in equation (3), we can determine that we need 21 seedlings
with average height of three feet to reach the B-level stocking. Hence, this plot will eventually reach full
stocking if no major disturbances occur. Forest manager can use the stocking value to determine if the
current stocking is adequate for their management goal. The resulting regeneration stocking equations
provide an acceptable and objective basis for evaluating stocking of tree regeneration in the upland mixed-
oak forest. We suggest other researchers explore the use of the stocking equations for describing and
assessing regeneration stocking.
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A FORM OF TWO-PHASE SAMPLING UTILIZING REGRESSION ANALYSIS
Michael A. Fiery and John R. Brooks'

Abstract—A two-phase sampling technique was introduced and tested on several horizontal point
sampling inventories of hardwood tracts located in northern West Virginia and western Maryland.
In this sampling procedure species and dbh are recorded for all “in-trees” on all sample points.
Sawlog merchantable height was recorded on a subsample of intensively measured (second

phase) sample points and these heights were predicted on the non-intensive (first phase) sample
points. Regression analysis was used to predict heights on first phase points in order to achieve an
estimate of board foot volume per acre for every point. Results indicate an improved estimate of
the mean volume per acre when compared to traditional double sampling using basal area as the
auxiliary variable. An unbiased sampling error was also achieved in this process.

INTRODUCTION

One of the major influences on forest inventory over the last few decades has been the desire to reduce
field data collection time without sacrificing the accuracy and precision of sample based estimates of
trees per acre, basal area, weight, and volume. The switch to the point sampling system, introduced by
Grosenbaugh in late 1950s, was fueled by the obvious time savings as fewer “in-trees” were measured per
sampling unit. Over the last 30 years there has been a slow migration to using larger basal area factors
(BAFs) in sawtimber inventories, spurred by the empirical evidence that it provides less biased estimates
of stand volume, but more likely due to the fact that fewer “in-trees” would be measured thus saving field
data collection time (Wiant and others 1984, Brooks and McGill 2004). During this same period there was
a parallel reduction in fixed area plot size from 0.25 and 0.20 acre plots to those of 0.1 acre in size. In the
1960s, a sampling technique commonly referred to double sampling was introduced by Freese (1962).

This sampling technique was developed to take advantage of the relationship between the variable of
interest and some easily measured and highly correlated auxiliary variable so that only a subset of the
overall sampling units would be intensively measured. One drawback to double sampling was that since
dbh and species are only recorded on second-phase (intensive) points, no direct method of creating a
stand and stock was available, though procedures were developed for their estimation (Matney and Parker
1991, Shiver and Borders 1996). Should an inventory require more accurate stand and stock tables,

there are ways to do this without intensively measuring every tree on all sampling units. An inventory
system can be designed where dbh, product, and species are tallied on all points, and tree heights are only
measured on a subsample of these plots. Under the proposed sampling system, dbh, species, and sawlog
merchantable heights would only be measured on second-phase (intensive) points. On all first-phase
(non-intensive) samples, only dbh and species would be recorded. Using regression analysis, all heights
necessary for volume estimation would be predicted on a species or species group basis. While this
process requires more time than the use of traditional double sampling, it would be more efficient than
measuring heights on all sampling units. This design would permit an accuracy equivalent to the intensive
measurement of all sampling units for stems and basal area per acre. In areas where there are large
variations in value based on species and size, diameter distribution data becomes increasingly important
and may warrant the additional field inventory time. Although this technique has been employed in the
South, no published record of the effects of height prediction on the accuracy and precision of typical
volume sampling statistics has been found. The research that follows will:

! Michael A. Fiery, Graduate Student, and John R. Brooks, Associate Professor, West Virginia University, Forest Biometrics,
Morgantown, WV 26506-6125.
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1. Outline an inventory system where board foot volume is known (measured) on intensive points and
estimated on all non-intensive points based on regression analysis to estimate sawlog merchantable
height.

2. Through computer simulation, evaluate the behavior of the mean volume per acre and associated
sampling error.

PROCEDURES

Datasets from several areas in West Virginia and Maryland were available for analysis in this study. Each
dataset included measurements of species, dbh, and sawlog merchantable height on every point which
permitted the comparison of both two-phase sampling methods (double sampling and height regression
sampling) to estimates where all “in-trees” were intensively measured on all sampling units. The WVU
Research Forest, Coopers Rock State Forest and the Coopers Rock Annex datasets are based on a 1999-
2000 inventory conducted at both Coopers Rock State Forest and the West Virginia University Research
Forest located in Monongalia and Preston Counties, WV. Primary species found in this inventory included
yellow-poplar (Liriodendron tulipifera L.), northern red oak (Quercus rubra L.), red maple (Acer rubrum
L.), chestnut oak (Q. prinus L.), and black cherry (Prunus serotina Ehrh.). These datasets were based

on a BAF 20 point sampling inventory on a systematic grid. The Compartment 14, 1967 Single Species
and Trout Pond datasets were also collected on the West Virginia University Research Forest as part of
other research projects. The Tygart dataset was collected in the summer of 2004 from the Tygart Tract
located in Dailey, WV. The tract is approximately 10 miles south of Elkins, WV and approximately 426
acres were inventoried. Primary species consisted of red maple, northern red oak, and chestnut oak. The
original dataset consisted of 67, 1/5 acre circular plots where species, dbh (nearest 0.1 inch), sawlog
merchantable height (0.1 foot) and total height (0.1 foot) were measured. Horizontal distance from plot
center to every “in-tree” was also recorded to the nearest foot using an Impulse laser. The Savage River
dataset comes from the Savage River State Forest in Garrett County, MD courtesy of the Maryland Forest
Service. Primary species consisted of red oak, red maple, and chestnut oak. This dataset consisted of 214,
1/5 acre circular plots which formed the basis of a continuous forest inventory system located throughout
the 53,473 acre forest. At each plot, species, dbh (nearest 0.1 inch), and number of 8-foot logs were
tallied for every “in-tree”. Horizontal distance from plot center to every “in-tree” was also recorded to
the nearest foot using an Impulse laser. All datasets originally based on fixed area plots included accurate
measurements of horizontal distance to each “in-tree”. These datasets were converted to point sample
inventories based on a BAF of 20. All trees having a horizontal distance from point center equal to or less
than the critical distance for that tree size were included in the final dataset.

Since all datasets were originally based on the intensive measurement of all “in-trees” on all points,
board foot volume of every “in-tree” was calculated based on field measurements of dbh and sawlog
merchantable height and the board foot volume equations published by Scott (1979) for International Y4
inch log rule. In this study, the “actual” mean volume per acre used for comparison purposes is based on
simple random sampling statistics of this horizontal point sample data.

To conduct the double sample point sample inventory, the existing datasets were sampled using a 1:4
ratio where one out of every four samples points was selected as an intensively measure point utilizing
the recorded species, dbh and sawlog merchantable height data. On all other points, only species and dbh
were utilized. A ratio of means estimator was used to calculate mean board foot volume per acre and the
associated standard error employing basal area as the auxiliary variable (Shiver and Borders 1996).

Height regression sampling was applied to the same samples selected in double sampling inventory to
minimize variation between the two systems. In this case, the same points that were selected as second
phase sampling units (intensively measured sample points) in the double sample inventory were also used
as a basis for the merchantable height regressions. Under this two-phase sampling system, species, dbh
and sawlog merchantable height were utilized on intensive points while only species and dbh were used
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on non-intensive points. Regression analysis was used to predict sawlog merchantable heights on all non-
intensive points, thus providing the necessary information to calculate boardfoot volume for every sample
point. A common height model mentioned by Avery and Burkhart (2002) was used and is of the form:

Ln(MHT) = f3, + f3, (ﬁ )+ e (1)

where

DBH = diameter at breast height (inch)

MHT = sawlog merchantable height (feet)

B, B, = parameters to be estimated from the data
e, = error (feet)

Separate parameters were established for each species whenever a sample size of five or more was
available. If less than five observations were available, the species was grouped in the “all other” category.

Two different methods for data analysis were conducted and evaluated for height regression sampling,
each producing a different set of results. Sampling error for Method 1 is easily calculated but not
statistically sound while Method 2 provides a more rigorous approximation of the sampling error.

Method 1 (SRS method) for height regression sampling calculates inventory statistics for board foot
volume per acre using simple random sampling techniques. The assumption is made that the error
associated with predicted heights on non-intensive (first phase) points is minimal and that the estimates
of volume per acre and the associated standard error, can be estimated using simple random sampling
statistics.

Method 2 (ratio method) for height regression sampling uses an estimate of volume (using predicted
heights for all trees) for each point. The actual volume on just the intensively measured points is based
on measured tree heights. At this point the dataset can be treated as a double sample where actual volume
is the variable of interest and estimated volume is the auxiliary variable. The mean volume per acre and
standard error can be calculated using equations (2) and (4) respectively. A ratio estimator was used to
find the mean volume per acre:

n
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where

¥, = mean volume per acre

¥, = actual volume per acre on intensive points

x, = predicted volume per acre on intensive/non-intensive points
n = number of intensive points

n’ = total number of points

The variance of the ratio can be calculated from the equation:
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In order to investigate the estimation properties of both the mean and standard error for the sampling
techniques described, a Visual Basic 6.0 simulation program was written to resample existing datasets
where second phase sample points were selected at random (without replacement). This procedure

was employed for both double sampling and height regression sampling (methods 1 and 2). For each
simulation, a 1:4 ratio of intensive to non-intensive samples was employed where all intensive (second
phase) points were selected using a random number generator, thus providing unique inventories each
simulation. A total of 500 simulations were conducted for each dataset, providing estimates of the mean
volume per acre and the standard error for each of the 500 simulations.

RESULTS

For each of the 8 inventory datasets, mean board foot volume per acre was estimated using measured
diameters and sawlog merchantable heights that were available for every “in-tree” in the dataset. The
simple random sampling statistics based on these measurements are considered the actual volumes

for this study. One out of every four points was then selected to be used as an intensively measured
sample point (second phase) for both a traditional double sample and the proposed height regression
sampling technique. For the intensively measured points, species, dbh and sawlog merchantable height
measurements were utilized. For the non-intensive (first phase) sample points, only species and dbh
information was used. Table 1 includes the mean board foot volume estimate based on the simple random
sample mean (SRS) from the assumed “actual” volume, the mean based on a double sample ratio of
means estimator (DS) and two estimates based on the use of height regression sampling (HRS) using the
two estimation methods described previously. In five of the eight inventories, the mean board foot volume
based on the HRS method 1 procedure was more accurate than the common double sampling approach
using basal area as the auxiliary variable (table 1). While in all but one of the inventories, the mean board
foot volume based on the HRS method 2 procedure was more accurate than the double sampling approach
(table 1). The results of the regression process indicate that some increase in variance with increasing tree
size occurred, but the distribution of merchantable height errors appeared random (fig. 1). In most cases,
predicted heights were within 10 feet of the actual height of each tree at least 60 percent of the time (table
2). The estimated standard errors for each sampling scheme are shown in table 3. In each of the eight
inventories, both HRS method procedures resulted in an estimate of the standard error that were closer

to that based on the complete measurement of every sample tree (SRS). Both the DS and HRS systems
used the same 1:4 ratio of second phase to first phase samples and all intensively measured points (second
phase) were the same sample points in both instances.

The results from the 500 simulations conducted on each of the 8 inventory datasets indicate that the HRS
method 2 estimates of the mean board foot volume per acre had a lower RMSE in all cases and a smaller
average bias in 5 of the 8 inventories tested (table 4). Only one of the HRS method 1 estimates had a
smaller average bias but all eight inventories still had a lower RMSE. Both the DS and HRS simulations
provided what appeared to be unbiased estimates of the mean board foot volume per acre, with both
HRS procedures showing a higher level of precision (fig. 2). The estimates of the sampling error for the
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Table 1—The mean and bias in board foot volume per acre for inventory tract and sampling scheme

Mean board foot volume per acre

Difference from SRS

Tract Acres Points SRS DS HRS (srs) HRS (ratio) DS HRS (srs) HRS (ratio)
Tygart 426 67 7,8834 7,9355 7,834.8 7,840.7 52.1 -48.6 -42.7
WVU Research 7,594 2,013 9,676.1 9,7309 9,520.8 9,640.9 54.7 155.4 -35.3
Forest

Coopers Rock 4,037 1,081 10,643.7 10,426.8 10,589.0 10,743.4 -217.0 -54.8 99.7
State Forest

Coopers Rock 364 98 10,3419 9,9452 10,511.0 10,4184 -396.8 169.0 76.5
Annex

Compartment 138 52 11,076.6 10,909.2 11,209.8 11,053.8 -167.4 133.2 -22.7
14

1967 single 3,500 384 2,5394 25313 2473.0 2,546.5 -8.1 -66.3 7.1
species

Trout Pond N/A 30 14,591.6 14,988.3 13,899.0 13,718.9 396.5 -692.9 -872.9
Savage River 53,473 214 10,363.2 8,359.0 10,5514 10,732.6 -2,004.2 188.2 369.4

SRS = simple random sample mean

; DS = double sample ratio of means estimator; HRS = height regression sampling.
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Figure 1—Height prediction error (foot) by d.b.h. across all species (Tygart Tract).
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Table 2—Percentage of predicted saw log heights within 10
percent of the actual measured height by inventory tract

Within 10 Percent within
Tract n feet 10 feet
Tygart 210 144 68.57
WVU Research Forest 8,052 5,331 66.21
Coopers Rock State Forest 4,892 2,158 4411
Coopers Rock Annex 392 240 61.22
Compartment 14 254 158 62.20
1967 single species 1,253 966 77.09
1967 species specific 331 261 78.85
Trout Pond 178 132 74.16
Savage River 932 630 67.60

Table 3—Standard error by inventory tract and sampling scheme

Standard error (board foot per acre)

Standard error of the mean

Tract SRS DS HRS (srs) HRS (ratio) SRS DS HRS (srs) HRS (ratio)
----------- percent - - ---------

Tygart 683.8 1,055.2 659.2 662.0 8.7 13.3 8.5 8.4

WVU Research  153.9  230.6 145.5 159.7 1.6 2.4 1.7 1.7

Forest

Coopers Rock 200.1 343.4 192.4 214.6 1.9 3.3 2.0 2.0

State Forest

Coopers Rock 653.2 911.9 626.2 670.5 6.3 9.2 6.4 6.4

Annex

Compartment 916.3 1,534.8 894.6 890.7 8.3 141 8.0 8.1

14

1967 single 130.9 152.3 119.9 146.7 5.2 6.0 5.9 5.8

species

Trout Pond 1,254.8 1,717.8 1,190.8 1,354.4 8.6 11.5 9.7 9.9

Savage River 481.0 1,840.8 480.4 502.2 4.6 22.0 4.8 4.7

SRS = simple random sample mean; DS = double sample ratio of means estimator; HRS = height regression

sampling.
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Table 4—Average bias and root mean squared error for volume estimates by inventory tract and
sampling scheme (based on 500 simulations)

Average bias (board foot per acre) RMSE (board foot per acre)

Tract Acres Points DS HRS (srs) HRS (ratio) DS HRS (srs) HRS (ratio)
Tygart 426.0 67.0 82.4 69.5 33.5 952.9 239.8 223.7
WVU Research  7,594.0 2,013.0 8.3 -125.0 3.0 197.1 137.8 57.0
Forest

Coopers Rock 4,037.0 1,081.0 -156 -146.0 10.8 266.0 168.8 82.0
State Forest

Coopers Rock 364.0 98.0 39.0 163.7 74.5 787.4 326.3 286.0
Annex

Compartment 138.0 52.0 75.3 189.5 198.3 1,413.3 4941 471.0
14

1967 single 3,500.0 384.0 -3.4 -72.7 -3.3 75.0 90.0 52.5
species

Trout Pond N/A 30.0 -330.7 324.0 158.6 1,290.8 613.1 524.2
Savage River  53,473.0 214.0 20.8 -192.9 -55.9 1,283.3 301.4 237.8

DS = double sample ratio of means estimator; HRS = height regression sampling; SRS = simple random sample;
RMSE = root mean squared error.
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Figure 2—Variation in mean board foot volume per acre by sampling type for the Tygart Tract
(based on 500 simulations).
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HRS procedures were centered around the SRS estimate an appeared less variable than the traditional DS

estimates (fig. 3). The DS estimates appeared to be biased in a positive direction. The relationship between

actual and predicted volume, which was used to estimate the HRS sampling error, had a correlation
coefficient of 0.999 and this relationship is depicted in figure 4.

DISCUSSION

The overall effect on mean volume per acre when some sampling units have measured heights and others
have estimated heights is unknown. The variance is most likely reduced as the natural variation in heights
by diameter and thus on volume has been removed through the prediction process.

The use of regression analysis to predict merchantable heights to obtain volume estimates on a subset of
sampling units has provided some positive results. Mean volume estimation was usually more accurate
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Figure 3—Variation in the standard error (board feet per acre) by sampling type for the Tygart

Tract (based on 500 simulations).
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and precise than the traditional DS procedures. This study employed two different methods for achieving
an estimate of sampling error. Method 1 employed a simple random sampling estimate of variance
ignoring the fact that sawlog merchantable heights were predicted on all non-intensive (first phase)
samples. In HRS method 2, the analysis was reformulated as a true double sampling application where

a ratio estimator was used to estimate the sampling error. For most of the inventories investigated, both
HRS sampling methods provided a smaller standard error than traditional DS approach. It appears that
both HRS sampling methods provide positive results and although method 1 ignores the effect of height
prediction on the overall variance, it still resulted in a seeming unbiased estimate of the mean board foot
volume per acre and an unbiased, but slightly less variable, estimate of the sampling error.

The application of the HRS procedure is not warranted in many cases. The measurement of dbh on
every sample tree may require more time resources than a single inventory can justify. However, in those
situations where the additional diameter distribution data is desired, this procedure requires less field
collection time than the complete enumeration of every sample point and provides reasonably accurate
estimates of mean volume per acre even in variable hardwood populations.
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EVALUATION OF LANDSAT IMAGERY FOR DETECTING ICE STORM
DAMAGE IN UPLAND FORESTS OF EASTERN KENTUCKY

W. Henry McNab, Tracy Roof, Jeffrey F. Lewis, and David L. Loftis’

Abstract—Two categories of forest canopy damage (none to light vs. moderate to heavy) resulting
from a 2003 ice storm in eastern Kentucky could be identified on readily available Landsat
Thematic Mapper imagery using change detection techniques to evaluate the ratio of spectral
bands 4 and 5. Regression analysis was used to evaluate several model formulations based on the
spectral ratio and topographic variables for detecting the two categories of damage, which could
be applied with a geographic information system. Results of this study suggest that moderate to
heavy forest canopy damage caused by ice storms can be detected on sample plots from satellite
imagery. Additional work is needed, however, to determine if these results can be used to produce
an accurate landscape-scale map of canopy damage beyond the study area.

INTRODUCTION

Ice storms are a major, recurring type of disturbance in deciduous forests of the Eastern United States,
with annual probability of occurrence ranging from 0.11 to 0.22 (U.S. Department of Agriculture Forest
Service 1969, Hauer and others 1994). Mapping and assessing the extent and severity of storm damage
in managed forests is necessary to estimate economic loss, salvage products, and plan recovery activities.
Aerial photography is typically used for such assessment following a disturbance event (Lewis 2004),
but results in unanticipated costs for its procurement and interpretation. Conventional Landsat Thematic
Mapper (TM) satellite imagery has been shown to be useful for detecting forest damage to tree canopies
resulting from insects (Vogelmann and Rock 1989) and ice (Burnett 2003). Because Landsat TM
imagery is economical, readily available, and generally well suited to detect changes in vegetation (U.S.
Department of Agriculture Forest Service 1995), methods for using it to detect and assess forest damage
resulting from ice storms could be of significant practical value to managers.

A major ice storm occurred on February 15, 2003, in a large area of northeastern Kentucky and
southeastern Ohio that included parts of the Daniel Boone and Wayne National Forests. Up to 2 inches
of ice accumulated on exposed surfaces, causing breakage of limbs and stems, and uprooting (fig. 1). A
report for the Wayne National Forest indicated that damage “...appeared to be light to moderate over the
entire district, with many trees having some crown damage. In smaller pockets, ranging up to hundreds
of acres in size, damage ranged from heavy to severe ...” (U.S. Department of Agriculture Forest Service
2003). Initial effects of forest damage resulting from this storm were assessed from conventional aerial
photography (Lewis 2004). The success of other workers in using satellite imagery to assess levels of
ice damage in mesophytic forests of Vermont (Burnett 2003) has encouraged us to test those methods in
predominately upland oak forests of eastern Kentucky. The scope of our study was limited by available
resources to a rudimentary application of well-developed methodology used to detect change in forest
conditions from Landsat imagery (Heikkonen and Varjo 2004).

PROCEDURES

Study Site and Data Collection

An area representative of common forest types and typical ice damage was selected near Morehead, KY,
in the Morehead District of the Daniel Boone National Forest (38.1° N, 83.5° W). Forest composition
consists of over 40 commercial species that are distributed primarily in relation to moisture regime. On
mesic sites of coves and northerly slopes are northern red oak (Quercus rubra L.), American basswood

''W. Henry McNabb, Research Forester, USDA Forest Service, Southern Research Station, Asheville, NC 28806; Tracy Roof,
Forestry Technician, USDA Forest Service, Southern Research Station, Asheville, NC 28806; Jeffrey F. Lewis, Silviculturist,
Daniel Boone National Forest, Morehead, KY, 40351; and David L. Loftis, Project Leader, USDA Forest Service, Southern
Research Station, Asheville, NC 28806.
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Figure 1—Aerial view of forest disturbance resulting from an ice storm that occurred on the Wayne National Forest in February
2003. The proportion of trees uprooted appears to be greater on the slope on the left than on the right.

(Tilia americana L.), American beech (Fagus grandifolia Ehrh.), yellow-poplar (Liriodendron tulipifera
L.), sugar maple (Acer saccharum Marsh.), black birch (Betula lenta L.), red maple (Acer rubrum L.),

and Canadian hemlock (7suga canadensis [L.] Carr.). Westerly slopes are occupied by yellow-poplar,
northern red oak, white oak (Q. alba L.), and hickories (Carya spp. Nuttall.). On xeric southerly slopes
and ridges are chestnut oak (Q. prinus L.), white oak, Virginia pine (Pinus virginiana Mill.), and shortleaf
pine (P, echinata Mill.). Understory tree species include flowering dogwood (Cornus florida L.), sourwood
(Oxydendrum arboreum [L.] DC.), and blackgum (Nyssa sylvatica L.). Two shrubs are widespread:
rosebay rhododendron (Rhododendron maximum L.) on moist slopes and mountain laurel (Kalmia
latifolia L.) on drier sites. Stand basal areas ranged from 70 to 120 square feet per acre.

Aerial photography was obtained soon after the storm for mapping the extent of the disturbance and
assessing the severity of damage to forest resources. A study area of approximately 3,400 acres was
selected on the basis of ground reconnaissance and aerial photography to include the range of disturbance,
which varied from undisturbed patches of trees to canopy gaps associated with almost complete uprooting
and crown breakage. The 1:10,000 scale, leaf-off, panchromatic photography was electronically scanned
at 800 dpi, orthorectified to establish a coordinate system and remove image distortions resulting from
camera and terrain sources, and displayed on a computer monitor at a scale of approximately 1:24,000.
Plot locations were selected from a computer-generated grid overlaid randomly on the image; the grid
intersects defined the center of potential plot locations. Intersects were randomly selected and a standard
density grid was used to assign canopy damage to four categories:

Proceedings of the 15th Central Hardwood Forest Conference e-GTR—SRS-101



Category Range of canopy damage

None No apparent damage to forest canopy
Light < 25 percent of canopy damaged
Moderate From 25 to 65 percent of canopy damaged
Heavy More than 65 percent of canopy damaged

The categories were defined prior to classification of the sample plots on the digital image and had been
used by the third author in an unreported trial of forest damage resulting from a windstorm. Selection of
grid intersections continued until approximately 30 plots were chosen in each category of canopy damage.
Coordinates of the location of each plot were recorded from the scanned photographic images using
geographic information system (GIS) software. The GIS was also used to derive aspect (degrees azimuth)
and gradient (percent) at each plot location from a digital elevation dataset. Elevation varied relatively
little in the study area, from 800 to 1,250 feet, and was not tested for significance.

Each plot selected from the aerial photographs was located in the field during the following summer using
a geographic positioning system to navigate to the recorded map coordinates. The plotless inventory
method (Grosenbaugh 1952) was employed, and each sample tree identified by a 10-factor prism was
classified as damaged or not damaged. Forest type on each plot was subjectively classified to provide
supplemental information on variability of ice damage by species composition.

We obtained a cloud-free Landsat TM image of the study area for June 2002 and July 2003. A Landsat
image represents an area about 106 by 115 miles in extent and consists of a grid of picture elements, or
pixels. Each square pixel represents a ground area of approximately 0.22 acre. Data associated with each
pixel consists of values for seven spectral bands, and the magnitude of these values varies depending on
characteristics of objects or vegetation on the ground that reflects light to sensors on the satellite.

We used the moisture stress index (MSI) as the response variable to quantify forest damage (Hunt

and Rock 1989). MSI is the ratio of mid-infrared band 5 (1.55—1.75 microns) to near-infrared band 4
(0.76-0.90 microns) and has been found useful for detecting the moisture content of vegetation because
of differences in reflectance by the two bands. MSI is not without problems, however, because it may
be influenced by factors unrelated to the disturbance event, such as soil moisture beneath vegetation

or defoliation by insects. We used MSI as the response variable because we hypothesized that less
photosynthesizing biomass would be present after the event than before it as a consequence of canopy
gaps resulting from crown breakage and uprooted trees. MSI was calculated for each pixel in the study
area satellite image scenes before (MSIb) and after (MSla) the ice storm and extracted to a database for
pixels containing a field plot. Data were not normalized for differences in atmospheric conditions between
the two image dates.

Data Analysis

The kappa statistic (Cohen 1960) was used to test for agreement between categories of forest damage on
the sample plots estimated from aerial photography and determination of damage in the field. We used
chi-square to test for independence of damage category with aspect and gradient classes. Analysis of
variance (ANOVA) was used to test the hypothesis that damage category had no significant effect on MSI
at the 0.05 percent level of probability. The difference (MSId) between pre- and post-disturbance MSI was
used as the ANOVA response variable, which follows methodology typically used in studies of vegetation
change detection based on satellite imagery (Burnett 2003). Treatments consisted of the four categories of
canopy damage determined by means of ground examination at each plot location. Significant differences
among damage categories were separated by the Bonferroni test at the 0.05 level of probability.
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We used logistic regression to evaluate formulations of prediction models that could be useful in
automated detection of forest damage on satellite imagery obtained before and after an ice storm:

logit (DC) = function of (MSIb, MSIa, MSId, aspect, gradient) (D)

The dependent variable, DC, is a binary damage category (i.e., None or Light vs. Moderate or Heavy).
Two model formulations were evaluated that included either MSId alone or a combination of MSIa and
MSIb. Aspect was transformed from a circular to a continuous measure by taking the sine and cosine of
the direction in which each plot faced. A probability level of p = 0.05 was used to retain independent
variables in the model. The two model formulations were tested with data for three groups of forest type
(see table 1): (1) all types, (2) the two predominant types of mesic oak and mixed mesophytic, and (3)
the majority type of mesic oak. Unlike the ANOVA, which tested for the effect of damage categories on
the change of MSI before and after the ice storm, these regression analyses provided an evaluation of two
methods of expressing MSI and the value of topographic variables for detecting and mapping ice storm
damage using a GIS.

RESULTS AND DISCUSSION

Damage Assessment

A total of 117 plots representing 4 categories of forest canopy damage were selected for study using aerial
photography (table 2). The required number of plots selected for two categories, None and Moderate, was
less than desired. Agreement was high, > 90 percent (kappa = 0.87), between the classification of damage
estimated from aerial photography compared to damage assessed in the field. Six plots were discarded as a
result of missing field data or outlier values of MSIb and MSIa, leaving 111 plots for subsequent analysis.

Sample plots were generally distributed uniformly among quadrants of azimuth, although fewer plots (17)
were situated on northerly aspects. Chi-square tests indicated that category of canopy damage varied by

aspect class (p<0.000); plots with westerly and northerly aspects tended to receive None to Light damage
while plots with easterly aspects received Heavy damage. Slope gradient of the sample plots ranged from

Table 1—Number of sample plots and mean values of moisture
stress index by forest type before and after a February 2003 ice
storm on the Morehead District of the Daniel Boone National

Forest?
Forest type Plots®  MSIbc  MSla° MSId + SE°
Mesic oak 55 0.756  0.815 0.069 £ 0.014
Mixed mesophytic 32 0.766  0.819 0.043 £ 0.018
Mixed oak-pine 5 0.744  0.722 -0.022 £ 0.043
Mixed oak-yellow pine 8 0.784 0.785 0.001 £ 0.026
Yellow pine 2 0.804 0.681 -0.123 £ 0.028
Xeric oak 9 0.792 0.818 0.025 £ 0.040
Total 111 0.764  0.810 0.045 +0.010

MSI = moisture stress index; SE = standard error.

aMSl is the ratio of Landsat spectral band 5 to band 4; MSIb was determined
from June 2002 imagery (before the ice storm); MSla was determined from
July 2003 imagery (after the storm); MSId is the difference between MSla and
MSIb.

b Six of the 117 total plots (see table 1) were omitted from the analysis
because of missing data or values of MSI considered as outliers.

°There were no significant differences of MSIb, MSla, or MSId among forest
types at alpha = 0.05.
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Table 2—Error matrix for two methods of classifying forest
canopy damage resulting from a February 2003 ice storm on
the Morehead District of the Daniel Boone National Forest

Classified Classified from aerial photography

from ground (sample plots)

examination None Light ~ Moderate Heavy  Total

None 25 0 0 1 27

Light 0 31 0 0 31

Moderate 4 0 24 0 28

Heavy 3 0 2 26 31
Total 32 31 27 27 117

6 to 74 percent. Chi-square analysis indicated that damage category did not vary by class of slope gradient
(p = 0.064), although plots with Heavy canopy damage tended to occur on steeper (> 40 percent) slopes.

Six forest types were identified on the 111 sample plots (table 1). The predominant forest types were
mesic oak and mixed mesophytic, which together accounted for 78 percent of the plots. Mean MSId
increased by 0.045 in July 2003, indicating that less photosynthesizing vegetation was present after

the ice storm compared to before. MSla, MSIb, and MSId did not differ among forest types (table 1),
which allowed pooling of data from all plots for the change detection analysis. ANOVA of the MSId data
indicated that category of damage had a significant (»p = 0.001) effect on MSId. Separation of significant
damage category means using the Bonferroni test indicated that there were real differences between

the Light and Medium categories (p = 0.01) and between the Light and Heavy categories (p = 0.01);
there was no real difference between the None and Light categories or between the Medium and Heavy
categories. Therefore, two new damage classes were formed for further analysis by combining None and
Light, and Medium and Heavy. Analysis of these two new damage classes revealed significant (p<0.01)
differences of MSId. Results of a supplementary analysis not described in detail here indicate that simple
unsupervised and supervised classifications of the two damage classes based on MSId produced accuracy
levels of about 60 percent.

Our findings agree with those reported by Burnett (2003), who found that damage to hardwood forest
canopies can be detected by low-resolution Landsat TM imagery. Our results differed from those of
Burnett, however, in that we were unable to detect levels of damage. A difference between our study and
that of Burnett (2003) is forest type, which was mixed mesophytic in Vermont and predominantly oak in
Kentucky. How these forest types differ in response to the ratio is unknown, but such a difference may
contribute to the discrepancy between Burnett’s findings and our own. Our results agree with those of
Lewis (2004), who reported difficulty in separating medium and heavy levels of storm damage using
conventional aerial photography.

Damage Modeling

We developed six predictive models for evaluating two expressions of MSI and three groupings of
forest type (table 3). Accuracy in detecting canopy damage increased slightly as variation in forest type
decreased, from an average of 75 percent for all six types (models 1 and 2 in table 3) to 83.5 percent for
the single forest type (models 5 and 6). Likewise, the optimum expression of MSI changed from MSIb
and MSIa, for the analysis including all forest types, to MSId alone for the single type. In formulations
based on MSIb and MSla (models 2, 4, and 6), the two variables probably accounted for variation
associated with different forest types, somewhat as if a covariate had been included in the ANOVA used
for the damage category analysis.
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Table 3—Comparison of two regression model formulations that utilized three forest
type groupings for relating moisture stress index and topographic variables to forest
canopy damage caused by an ice storm in February 2003 on the Morehead District of
the Daniel Boone National Forest*

Dependent variables® All (n=111) MO + MM (n = 87) MO (n = 55)
or statistic? MF1e MF2 MF1 MF2 MF1 MF2
MSid 17 — 0 — 1 —
MSIb — 1 — 1 — 0
MSla — 1 — 1 — 1
Aspect (degrees) 1 0 1 1 1 0
Gradient (percent) 0 0 1 1 1 1
ROC (percent) 80 86 87 89 93 93
Accuracy (percent) 73 77 78 79 85 82
Model number 1 2 3 4 5 6

aForest type (see table 1) groupings: (1) all sampled, (2) the two predominant types of mesic oak and
mixed mesophytic, and (3) mesic oak.

bDamage categories: none and little vs. moderate and heavy.

¢MSla = moisture stress index (MSI) after the storm, MSIdb = MSI before the ice storm,

MSId = difference between MSla and MSIb. MSI was determined from pre- and post- Landsat imagery
as the ratio of spectral band 5 to band 4.

9ROC = receiver operator curve; Accuracy = percent of plots classified correctly.

¢Model formulation (MF) 1 tests MSId with aspect and gradient; MF2 tests MSla and MSIb with aspect
and gradient.

"0 = variable tested in the model but omitted from the final formulation because it was not significant at
the p < 0.05 level of probability; 1 = variable tested in the model and retained because it was significant
at the p < 0.05 level of probability; — indicates variable not tested in the model.

Topographic variables varied in their importance in the prediction models. Aspect and gradient generally
were not important for predicting canopy damage for all forest types combined. Their value increased,
however, with increased uniformity of species composition. Including topographic variables in a model
involves additional work because digital elevation data must be obtained for the image area, followed by
derivation of the variables and assignment of a value to each pixel of the Landsat image. Finally, however,
a relationship must be established between canopy damage and the important topographic variables to
provide coefficients for the prediction model.

Our analysis suggests a likely increase in overall accuracy of damage assessment by developing a model
for each individual forest type. Application of a system of models using a GIS would be problematic,
however, because an accurate determination of forest type would be required for each pixel of a Landsat
image. Model 2 is appealing for general application because it utilizes only MSIb and MSIa, and has high
relative accuracy (77 percent). The classification error matrix (table 4) based on model 2 resulted in about
equal levels of false negative (10.5 percent) and false positive (12.5 percent) predictions.

The predictive models indicated that pre- and post-disturbance MSI and topographic variables

accounted for much of the variation in forest damage resulting from the February 2003 ice storm in
eastern Kentucky. Our results agree largely with those of Millward and Kraft (2004), who found that
aspect, species composition, and weather conditions during an ice storm event were important factors

in determining the pattern and extent of forest damage. Although we could detect differences in MSI
based only on two canopy damage classes (None and Light vs. Medium and Heavy), this degree of
discrimination will likely be adequate for most assessments because it will allow identification of areas of
potential salvage and regeneration needs. We can not speculate on how our results would have changed if
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Table 4—Error matrix for a regression model of crown damage in
all forest types resulting from a February 2003 ice storm on the
Morehead District of the Daniel Boone National Forest

Classified by Classified by field examination (sample plots)
regression model 22 Not damaged Damaged Total
Not damaged 39 12 51
Damaged 14 46 60
Total 53 58 111

2 Provided in table 3.

we had used values of MSI that had been corrected for image differences occurring between the two years
of observation, although making such corrections is clearly recommended (Vogelmann and Rock 1989).

In summary, we demonstrated that moderate to heavy ice damage in forests of eastern Kentucky

could be detected on Landsat TM imagery using an index of moisture stress. The degree of canopy
damage resolution that we attained with satellite imagery was slightly lower than the level achieved by
conventional methods using aerial photography; better results would likely be achieved with satellite
imagery of higher resolution. A possible limitation of the satellite imagery method, however, is that
ground verification of damage will probably be required unless the manager assumes that changes in pre-
and post-disturbance MSI values were caused by a known weather event, such as an ice storm, and not,
for example, from recent unknown insect defoliation. We consider this technique of using Landsat TM
imagery to detect canopy damage resulting from ice storms to be promising. Additional refinement and
testing with independent data is needed, however, before the technique can be considered an operational
tool for producing accurate maps of canopy damage resulting from ice storms.
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MESAVAGE AND GIRARD FORM CLASS TAPER FUNCTIONS
DERIVED FROM PROFILE EQUATIONS

Thomas G. Matney and Emily B. Schultz’

Abstract—The Mesavage and Girard (1946) average upper-log taper tables remain a favorite

way of estimating tree bole volume because they only require the measurement of merchantable
(useable) height to an indefinite top diameter limit. For the direct application of profile equations,
height must be measured to a definite top diameter limit, and this makes the collection of data
more arduous, particularly in hardwoods, since in many cases both the height to the top diameter
limit (stopper top) and the stopper top diameter must be measured. In this paper, Girard form class
is used to convert a regular profile function into a Mesavage and Girard type taper model requiring
only the measurement of merchantable height. The advantages of the new approach include:

1) the derived model’s upper log tapers are species specific, 2) the model describes the taper in

the butt log, and 3) pulpwood and sawtimber trees can use the same model and height measure.
Like the Mesavage and Girard taper tables, the converted profile equations have the disadvantage
of requiring an average form class, preferably by dbh class. The source code for the profile
conversion algorithm in C++, or BASIC can be downloaded from www.timbercruise.com,
www.cfr.msstate.edu, or by contacting the authors. The program is short and can be quickly
embedded in any cruise program implementing profile functions.

INTRODUCTION

Tree volume tables based on Girard form class (Avery and Burkhart 1994), and the upper-log taper tables
for Southern conifers and Eastern hardwoods (Mesavage and Girard 1946) are still in wide spread use
throughout the entire Eastern US. This use continues in spite of the fact that for most commercial tree
species, stand origins, and geographic regions, highly accurate tree profile functions are available. There
are two primary reasons for the continued use of these out-of-date and flawed tables. These are: 1) many
timber cruisers have relied on volumes derived from the taper tables for years and are very reluctant to
change volume estimation systems even though they recognize that by changing to species specific profile
functions the accuracy and consistency of tree volume estimates could be improved dramatically, and

2) height measurement in the field is quicker because heights are measured to an indefinite top (usable

or merchantable). The heights of trees assigned to a profile function must be measured to a definite top,
and when the tree is not merchantable to the targeted definite top, the stopper top must be estimated and
recorded. The old taper tables are out-of-date because the character of timber has changed significantly
due to genetics and management practices. They are also seriously flawed because they are not species,
stand origin, or geographic region specific and make the assumption that upper-log tapers are independent
of form class and provide no taper rates in the first log.

This paper describes a procedure developed to effectively convert a tree profile function into a form that
requires only the field measurement of height to an indefinite top diameter. The procedure is a simple
numerical algorithm that calculates the total height of a tree from dbh, form class height, and form class.
Once this procedure is included in a timber cruise program, users of the program can take advantage of
the accuracy of tree profile functions without increasing the complexity of field measurements.

METHODS

Profile equations are algebraically complex functions that predict diameter at any height () above ground
from diameter breast height (dbh), total height (/), and the height / of the desired diameter. Outside bark
profile equations (O) predict outside bark diameter (dob), and inside bark profile functions (/) predict inside
bark diameter (dib). These functions can be written abstractly as dob = O(k, dbh, H) and dib = I(h, dbh, H).

! Thomas G. Matney, Professor, and Emily B. Schultz, Associate Professor, Mississippi State University, Forest and Wildlife
Research Center, Mississippi State, MS 39762.
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Girard form class (F) is defined as the percentage the scaling diameter (sd) of the first 16 foot log is of dbh.

sd
F=1002%
dbh (1)

Traditionally the assumption has been made that stump height is 1 foot, and log trim is 0.3 feet, and thus
the height above ground (g) of the scaling diameter of the first 16 foot log is 17.3 feet. Stump heights are
now around 0.5 feet, and the form class height could be set at 16.8 feet. Even though form class calculated
at 16.8 feet would differ little from form class calculated at 17.3 feet, for current tree volume estimates to
be comparable with past estimates form class height should be kept at 17.3 feet. However, if a departure
from the height of 17.3 feet presents no problems, a form class height measurement point higher up on the
bole will improve the accuracy of the profile function calculated from dbh and F. That is, when dbh and F
are used to determine H, the closer the form class height g is to H the better the estimate of H will be.

If the dbh and total height H of a tree are known, the scaling diameter of the first log sd = dib = I(h, dbh,
H) = I(g, dbh, H). The scaling diameter of the first log is the value of the inside bark diameter at the form
class height g (i.e., 4 = g). Thus, the form class equation (1) can be rewritten as

(g, dbh, H)
F=10018:4%%.11)
dbh @)

Equation (2) can be solved for the total height A using a number of procedures for solving for roots of an
equation such as the bisection, Newton, secant, or regula falsi fixed point iterations (Burden and others
1981). Finding the value of H satisfying equation (2) by a fixed point iteration requires that the equation
be written in the following form:

1(g,dbh,x = H)

f(x)=f(x=H)=100 oy

—F=0 3

where

x = H has been used to designate that x and H are equivalent. In the case F is expressed as a ratio of
outside bark diameters, /(%, dbh, H) equation (3) must be replaced by O(h, dbh, H).

The root (x* = H*) of the nonlinear equation (3) is the total height of the tree with the specified value of
dbh, g, and F. Any of the above fixed point iterations can be used to find the root H*, but the method of
bisection, while being the slowest to converge to a solution, always converges. The other methods often
diverge unless the initial guess of the solution falls inside an often narrow range of convergence for the
method. The bisection method can be stated in algorithmic form:

Let f{x) be a piece-wise continuous function on a closed interval [A, B] with f{A)f{B) < 0, then use the
following steps to find the root of the equation f{x) = 0 having a specified maximum allowable error of
MAXE.

1. Compute the mid-point M = (A + B)/2 of the interval [A, B]
2. Compute the maximum error of the iteration of the best estimate (M) of the equation’s root as E =
(B-A)/2
3. If E £ MAXE, the root of the equation is M. Otherwise
a. If fA)f(M) £0, set B=M. Otherwise, set A =M
b. Repeat steps 1 to 3 until the error condition in step 3 is satisfied
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EXAMPLE

To illustrate the solution procedure, consider the cubic foot volume of a cherry bark oak (Quercus falcata
var. pagodi folia Ell.) tree with a dbh = 18 inches, F' = 88, and a usable (merchantable) height of 3.5 16
foot logs. The cherry bark oak profile function used is presented in Matney and others 1985. For the
example tree, the root of equation (3) is between A = 117.3 and B = 127.3. The solution for total height
is between A = 117.3 and B = 127.3 because f{117.3) <0 and {(127.3) > 0. The solution range is easy

to find. Starting with a total height of 17.3 feet, the total height (#) is incremented by a fixed amount
(INC) until f(H) =2 0. B is set to H, and A is set to B — INC. The INC for the example was 10 feet, but
other increment values could be used. Table 1 summarizes the bisection of the interval [A, B] =[117.3,
127.3] with a maximum allowable error of 0.25 feet. The final total height estimate of 119.33 feet has an
actual maximum error of 0.15625 which is less than 0.25 feet. Figure 1 presents the graph of equation
(3) showing that the function is monotonically increasing and will cross 0 for some total height value
exceeding the form class height.

Table 1—Determination of the total height of a tree with a d.b.h. of 18 inches and a form class
of 88 using the method of bisection for solving for roots of nonlinear equations

n A B M=(A+B)?2 f(A) f(B) f(M) Error = (B — A)/2
0 117.30 127.30 122.30 -0.21114 0.76453 0.29593 5.00000
1 117.30 122.30 119.80 -0.21114 0.29593 0.04751 2.50000
2 117.30 119.80 118.55 -0.21114 0.04751 -0.08050 1.25000
3 118.55 119.80 119.18 -0.08050  0.04751 -0.01617 0.62500
4 119.18 119.80 119.49 -0.01617  0.04751 0.01575 0.31250
5 119.18 119.49 119.33 -0.01617  0.01575  -0.00019 0.15625
10
0 -
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-20 1
-30 1
’II: -40 1
Z -50 1
-60 1
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-90 1
-100 - - - . . . .
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Figure 1-—Graph of the function f(x = H) for a cherry bark oak tree with dbh, form class height, and form
class of 18 inches, 17.3 feet, and 88, respectively.
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Given that total height is now known, the volume from stump height to any indefinite top limit < H* =
119.33 feet is easily calculated. For example, the cubic foot ib and ob volumes of a 3.5 log tree are 116.33
and 129.82 cubic feet. The cubic volume computations were approximated by Smalian’s cubic volume
rule using a 4-foot bolt length. The initial values for A and B are readily obtained by setting A = 17.3,
incrementing A by some value (INC) such as 10 until F(A) = 0, and then setting B =A and A =B —INC.

C++ SOURCE CODE

The C++ source code for the bisection routine (HtFromDbhFC) for calculating total height from dbh

and form class is presented in the appendix. The main program uses the dbh and form class from the
Example to illustrate the computation of the total height and ib and ob cubic foot volume of the 3.5

log merchantable length. A Microsoft Visual C++ dialog project implementing the code can be directly
accessed at the link www.timbercruise.com/Downloads/Software/HtFromDbhFormClass.zip or by visiting
the Web site www.cfr.msstate.edu to obtain a. The links are case sensitive.

DISCUSSION

This procedure forces the profile function to have the desired form class. Like all procedures the
algorithm will fail for illogical conditions. If the form class is too large, the scaling diameter of the

first log will be greater than or equal to dbh inside bark and the procedure will fail to converge. Before
calling the procedure the user should make sure that the ratio of scaling diameter to dbh inside bark is
not too close to one. Otherwise, the procedure will converge provided the maximum height input is set
sufficiently large. If the form class is too large, the routine will converge but to a ridiculously high value.
If the form class is too low, the estimated total height may be less than the measured merchantable height.
In either case, the specified form class for the tree will probably be erroneous.

The commercially available cruise program Timber Cruise (TCruise) implements the algorithm as

an optional procedure for using profile functions. With the option selected, users can simply measure
merchantable heights while improving their volume estimates by using a profile function that is specific to
the tree species being measured. A trial version of TCruise is available at www.timbercruise.com.

In the case that the profile function is a function of Girard form class, a form class height other then
17.3 feet must be selected. For the profile functions inside TCruise published by Clark and others 1991
involving Girard form class, the program sets form class height to the top of the second log (i.e., 33.6
feet).

LITERATURE CITED
Avery, T.E.; Burkhart, H.E. 1994. Forest measurements. 4" Ed. McGraw-Hill, Inc., NY,NY. 408 pp.

Burden, R.L.; Douglas, J.D.; Reynolds, A.C.. 1981. Numerical analysis. 2" Ed. Prindle, Weber, and Schmidt, Boston, MA. 598 pp.

Clark, A.; Souter, R.A.; Schlaegel, B.E. 1991. Stem profile equations for southern tree species. Department of Agriculture, Forest
Service, Washington, DC., South Eastern Forest Experiment Station Research. Paper SE-282. 113 pp.

Matney, T.G.; Hodges, J.D.; Sullivan, A.D.; Ledbetter, J.R. 1985. Tree profile and volume ratio equations for sweetgum and
cherrybark oak trees. Southern Journal of Applied Forestry 9(10):222-227.

Mesavage, C.; Girard, J.W..1946. Tables for estimating board foot volume of timber. Department of Agriculture, Forest Service,
Washington, DC. 94 pp.

80

Proceedings of the 15th Central Hardwood Forest Conference e-GTR—SRS-101



APPENDIX
C++ source code in the example project using the bisection fixed point iteration method for determining
total tree height from dbh and form class

/

#include <stdlib.h>
#include <stdio.h>
#include <math.h>

int main(int argc, char* argv[])

{

// Outputs

double csErrorMsg;
double dCFVIB;
double dCFVOB;
double dTOT_HT;
int nError;

// Inputs

double dDBH = 15.0;
double dFC = 80.0;

double dFC_HT = 17.3;
double dGFC = 0.0;

double IMAX_HT =275.0;
double dMHT = 3.5;

double dSHt = 1.00;
double dBoltLen = 4.0;

// Calculate total tree height
dTOT_HT = HtFromDbhFC(dDBH, dFC, dFC_HT, dMAX_HT,
dGFC, &CBO_DIB, nError);

/I Convert merchantable height in logs to feet
if(dMHT < 8.0)
{

}

// Convert to height above ground
dMHT += dSHt; // Add stump height

dMHT = 16.0*dMHT;

// Compute ob and ib cubic foot volume between the heights

// of dSHt and dMHT

dCFVIB = GetCubicVolume(dDBH, dTOT_HT, dGFC, &CBO_DIB,
dSHt, dMHT, dBoltLen);

dCFVOB = GetCubicVolume(dDBH, dTOT_HT, dGFC, &CBO_DOB,
dSHt, dMHT, dBoltLen);
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csErrorMsg = “7;
if(nError 1= 0)

{
csErrorMsg = “Illogical input”;
}
return 0O;
}
*/
// Function for calculating total tree height from dbh, form class, and
// form class height
//
// Input
//
// dDbh = diameter breast high
// dFC = Girard type form class

// dFCHt = form class height
// dMaxHt = Maximum allowed total height

/ dGFC = Girard form class. This is for profile functions that

// use Girard FC. In this case the form class height dFCHt
// must be greater then 17.3 feet.

// pfIbProfile = pointer the the inside bark profile function

//

// Output

//

// Total height = return value

//nError = error code (0= no error, 1 = illogical inputs)

//

double HtFromDbhFC(double dDbh, double dFC, double dFCHt, double dMaxHt,
double dGFC, PROFILE pflbProfile, int& nError)

{
double dPHt, dTHt, dHtInc, dHtLower, dHtMid, dHtUpper, dFCTest, dMaxError;

nError = 0;
dPHt = dFCHt;
dTHt = dFCHt;
dHtUpper = dFCHY;
dHtInc = (dMaxHt - dFCH)/20.0;

dFC = dFC/100.0F;

while((dHtUpper = dHtUpper + dHtInc) < dMaxHt)

{
dTHt = dHtUpper;
dFCTest = (*pflbProfile)(dDbh, dTHt, dGFC, dPHt)/dDbh,;
if(dFCTest >= dFC)break;

}

if(dHtUpper > dMaxHt)

{
nError = 1; // Could not calculate a total ht for the FC. Check Dbh, Hm, and FC for logic
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return(dMaxHt);
}

dHtLower = dHtUpper - dHtInc;
dMaxError = dHtUpper - dHtLower;
dHtMid = (dHtLower + dHtUpper)/2.0F;

while((dMaxError = dMaxError/2.0F) > 0.25F)
{
dTHt = dHtMid;
dFCTest = (*pflbProfile)(dDbh, dTHt, dGFC, dPHt)/dDbh;

if(dFCTest <= dFC)
{
dHtLower = dHtMid;

}

else
{
dHtUpper = dHtMid,;
}

dHtMid=(dHtLower + dHtUpper)/2.0F;
}

return(dHtMid);
}

/I Cherry bark oak outside bark profile function

//

// Input

//

/I dDbh = diameter breast high

/I dTHt = total tree height

/I dPHt = height of output diameter

/I dGFC = Girard form class. This is for profile functions that
// use Girard FC.

//

/I Output

//

// Diameter outside bark at the height dPHt = return value
//

double CBO_DOB(double dDbh, double dTHt, double dGFC, double dPHt)
{
static double dPar[3] = {0.779945, 0.126221, 1.0412989};
double dDOB, dWorkA, dWorkB, dWorkC;

if( (dPHt < dTHt) && (dPHt > 0.))
{
dWorkA =dPar[0]*(pow(dTHt, dPar[1]));
dWorkB =-tan(dWorkA)/log(1.0 - pow((1.0-4.5/dTHt), dPar[2]));
dWorkA =dDbh/dWorkA;
dWorkC = -log(1.0 - pow((1.0 - dPHt/dTHt), dPar[2]))*dWorkB;
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dDOB = dWorkA *atan(d WorkC);

}
else
{
if(dPHt >= dTHt)
{
dDOB = 0.0;
}
else
{
dWorkA = dPar[0]*(pow(dTHt, dPar[1]));
dWorkA = dDbh/dWorkA,;
dDOB = 1.570796327*dWorkA;
}
}
return (dDOB);

}

/I Cherry bark oak inside bark profile function

//

// Input

//

/! dDbh = diameter breast high

/! dTHt = total tree height

/I dGFC = Girard form class. This is for profile functions that
/! use Girard FC.

//

// Output

//

/I Diameter inside bark at the height dPHt = return value
//

double CBO_DIB(double dDbh, double dTHt, double dGFC, double dPHt)

{
static double dPar[5] = {0.767290, 0.130027, 1.0560755F, 0.000,0.945};
double dDIB, dWorkA, dWorkB, dWorkC, dWorkD;

if( (dPHt < dTHYt) && (dPHt > 0.))

{
dWorkA = dPar[3] + dPar[4]*dDbh;
if(dWorkA < 0.0)dWorkA=0.0;
dWorkB = dPar[0]*pow(dTHt, dPar[1]);
dWorkC = -tan(dWorkB)/log(1.0 - pow((1.0 - 4.5/dTHt),dPar[2]));
dWorkB = dWorkA/dWorkB;
dWorkD = -log(1.0 - pow((1.0 - dPHt/dTHt), dPar[2]))*dWorkC;
dDIB = dWorkB*atan(dWorkD);

}

else
{

if(dPHt >= dTHt)

{
dDIB=0.;
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}

}

else
{
dWorkA = dPar[3] + dPar[4]*dDbh;
if(dWorkA < 0.0)dWorkA=0.0;
dWorkB = dPar[0]*(pow(dTHt, dPar[1]));
dWorkB = dWorkA/dWorkB;
dDIB = 1.570796327*dWorkB;
}
}
return (dDIB);

// Cubic foot volume calculation function

//
// Input
//

// dDbh = diameter breast high
/ dTHt = total tree height
/I dGFC = Girard form class. This is for profile functions that

I

use Girard FC.

// dBeginH = height of the large end of log

/" dEndH = height of the small end of log

//dBoltLen = bolt length for Smalian’s cubic volume rule
// pfProfile = pointer to the profile function

/

// Output

1

// Cubic foot volume between the heights dBeginH and dEndH = return value

1

double GetCubicVolume(double dDbh, double dTHt, double dGFC, PROFILE
pfProfile,

{

}

double dBeginH, double dEndH, double dBoltLen)

double dPHt = dBeginH;
double dDLE = (*pfProfile)(dDbh, dTHt, dGFC, dPHt);
double dDSE;

double dCFV = 0;

while((dPHt = dPHt + dBoltLen) < dEndH)

{
dDSE = (*pfProfile)(dDbh, dTHt, dGFC, dPHt);
dCFV += 0.002727*(dDSE*dDSE + dDLE*dDLE)*dBoltLen;
dDLE = dDSE;

}

dBoltLen = dTHt - (dPHt - dBoltLen);
dDSE = (*pfProfile)(dDbh, dTHt, dGFC, dEndH);
dCFV +=0.002727*(dDSE*dDSE + dDLE*dDLE)*dBoltLen;

return dCFV;
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PREDICTING THE COVER-UP OF DEAD BRANCHES USING
A SIMPLE SINGLE REGRESSOR EQUATION

Christopher M. Oswalt, Wayne K. Clatterbuck, and E.C. Burkhardt'

Abstract—Information on the effects of branch diameter on branch occlusion is necessary for
building models capable of forecasting the effect of management decisions on tree or log grade. We
investigated the relationship between branch size and subsequent branch occlusion through diameter
growth with special attention toward the development of a simple single regressor equation for use
in future hardwood stem quality models. Data were obtained from 21 boards representing 3 logs

of the first 21 feet of one cherrybark oak originating from a planted stand north of Vicksburg, MS.
Double cross-validation methods were used to evaluate fitted models. A non-linear model form
(Y=a'BK  °, where Y =overwood, BK = maximum branch-knot diameter and a and b are
parameters) provided the best fit. The model explained approximately 50 percent of the variation in
overwood.

INTRODUCTION

Silviculturists have long realized the importance of tree or log grade. However, the implications of
silvicultural activities on stem structure have been largely overlooked. This is particularly the case of
recent large-scale replanting efforts in the Lower Mississippi Alluvial Valley (King and Keeland 1999,
Twedt and Wilson 2002), where many monospecific plantations lacking natural analogs are being created.
Unlike some softwood products, grade production in hardwood trees is a more important factor in
valuation than volume because of the great differential between the highest and lowest grades of lumber
or veneer products produced. For example, the price differential between red oak FAS and 1F alone and
FAS and 2A alone was 219 percent and 264 percent in March of 2005, respectively (Hardwood Market
Report, 3/05/05). Therefore, understanding the impacts of silvicultural activities on the production of
hardwood tree grade is critical.

Experimental methods of acquiring causal information regarding the impacts of management activities on
tree structure are needed, and in some cases are underway (Clatterbuck and others 1987, Oliver and others
1990). Complementary techniques that can expedite acquisition of needed information are necessary.
Stem analysis techniques combined with modeling methods can improve our understanding in the interim,
and help guide current and future land management decisions.

As gross crown dimensions are proportional to and determinants of tree growth (Assman 1970, Rennolls
1994), the number and size of branches within the crown are major determinants of stem structure and,
therefore, wood quality. Wood quality is heavily affected by the development of first-order branches
within the crown, particularly the self-pruning and subsequent occlusion of branches as crown recession
occurs (Makinen 1998, Makinen and Colin 1998, Makinen and Makela 2003). Thus, a logical first step is
to evaluate the effects of variable branch sizes on the stem diameter needed for branch occlusion.

Information on the effects of branch diameter on branch occlusion is necessary for building models
capable of forecasting the effect of management decisions on tree or log grade. However, little is known
regarding the relationship between branch size and the occlusion of that branch through diameter

growth following crown recession. The knowledge gap is particularly large for hardwoods, including
highly valuable species such as cherrybark oak (Quercus pagoda Raf.). Models combining growth and
development of stem structure, including internal characteristics, are in development (Maguire and others

! Christopher M. Oswalt, Graduate Research Assistant, The University of Tennessee, Department of Forestry Wildlife and Fisheries,
Knoxville, TN 37996-4563; Wayne K. Clatterbuck, Associate Professor, The University of Tennessee, Department of Forestry
Wildlife and Fisheries, Knoxville, TN 37996-4563; and E.C. Burkhardt, Burkhardt/Hardwood Associates, Vicksburg, MS 39180.
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1994, Makela and Makinen 2003). However, researchers have focused
primarily on conifer species [e.g. Norway spruce (Picea abies (L.)
Karst), Scots pine (P, sylvestris L.) and Loblolly pine (P taeda L.)].

The primary objective of this research was to quantify the relationship
between branch size and subsequent branch occlusion through
diameter growth. Special attention was paid to the development of

a simple single regressor equation for use in future hardwood stem
quality models.

METHODS
Data

Data were obtained from 21 boards representing 3 logs of the first 21
feet of one cherrybark oak. The tree originated from a stand of planted
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cherrybark oak on land owned by Anderson-Tully Company, north of
Vicksburg, MS (322553N, 0904306W). The tree was blown over in

a local windstorm event in 2002, but the bole remained intact. Tree
diameter at breast height (dbh) was 41 cm and total height was 31 m at
age 36 years. Three logs, representing the merchantable portion of the 1@ 1 6
tree were removed for sawing.

Equation 2

Q>< ®

Development Evaluation
dataset dataset

Equation 3

Each log end was divided into quarters and marked for reassembly
following sawing. All boards were flat sawn in the field using a Wood-
Mizer (Wood-Mizer Products Inc., Indianapolis, IN) portable band
saw with a 2mm kerf. The first cut for each log followed the log pith.
Boards were carried to the laboratory and the logs were reassembled. Model predictipns
Distance from the pith to each board face was recorded. Mean sawn SO)
board thickness was 2.82 cm with a range of 2.3 to 4.6 cm. cross-validation

results
Branch-knots were numbered and mapped along 3 axes according
to board-face location, height from base of tree, and distance from ol
the centerline of each board (board centerline corresponded to | dataset L
initial quarter lines drawn for reassembly). In addition, branch-knot . ® )
diameter was recorded at each location. Branch-knots retained a 1
unique identifier among sequential boards to chart the development Final
of each branch. For each branch, maximum diameter and stem radius equation

at the point where a branch no longer appeared (hereafter referred to
as overwood) were calculated for development of simple predictive
equations.

Figure 1—Flowchart illustration of
model development and evaluation.

Model Building and Evaluation

Branch-knot mapping produced a total of 287 points and 105 unique branches for the 21-foot length.

Only branches that could be followed from inception at the pith were used for model-building and model
evaluation (n = 66). Figure 1 illustrates the analysis procedure. Data were randomly split into two datasets.
One dataset was used for model fitting and parameterization (hereafter known as the development
dataset). A holdout dataset was used for model evaluation (hereafter known as the evaluation dataset).
Observed data in the development dataset were fitted to each model form (table 1) using the PROC REG
and PROC NLIN procedures (SAS Institute Inc. 1989). Ordinary least-squares were utilized for parameter
estimation. Mean square error (MSE), error sum of squares (SSE), coefficient of determination (R2) and
the PRESS statistic were used to evaluate the appropriateness of each fitted model and choose the “best”
performer.
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Table 1—Summary statistics for each fitted model of branch-
knot diameter and overwood

Model form

Statistic Y=Y, +aX Y =a (1-e®) Y =aXx®
R 0.61 0.63 0.68
R? 0.37 0.39 0.46
a 0.12 9.5 3.49
SE{a} 0.03 0.87 0.65
b 0.17 0.29
SE{b} 0.05 0.06
Y, 5.16

SE{Y,} 0.66

MSE 7.54 7.33 6.48
SSE 233.6 227.28 200.95
PRESS 269.54 254.22 219.84
SEE 2.75 2.71 2.55

Note: Empty cells are a result of incomplete alignment of parameter labels.

Three biologically reasonable candidate model forms consisting of one regressor, maximum branch-knot
diameter achieved (BK ) were proposed:

Model Form (1) Y=Y, +a BK,,,

Model Form (2) y_, (1 _

—b*BK max
e

Model Form 3) y = ;g *

where

Y = overwood
Y, a, and b are parameters

The predictive capability of the chosen model was evaluated. The developed model was used to predict
each case in the evaluation dataset and the mean squared prediction error (MSPR) (Neter and others 1996)
was calculated with:

n A 2

Y|vi-vi

. 1

MSPR = ! )
n

where

Yi = the value of the response variable in the ith validation case
Yi = the predicted value for the ith validation case based on the development dataset
n = the number of cases in the evaluation dataset

Comparison of the MSPR with MSE of the model fit with the development dataset can be used as indication
of the predictive ability of the model. The mean (é) of the prediction errors for all cases of the evaluation
dataset was computed as an estimate of model prediction bias (Zhang 1997). In addition, the model was
quantitatively tested by a double cross-validation procedure (Neter and others 1996, Zhang 1997). Following
the evaluation of the initial model, the evaluation dataset was used to reparameterize the model. The
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reparameterized model was used to predict each case from the development dataset and the same metrics
were calculated and compared. Cross-validation is considered an effective method for model evaluation
and obtaining nearly unbiased estimators of prediction error (Neter and others 1996, Zhang 1997). Final
estimation of model parameters were derived from the full (n = 66) dataset (Neter and others 1996).

RESULTS

Model Selection

No significant evidence was observed for problems of unequal error variances. Residual analysis resulted
in no significant trends in the plots of residuals against the predictions. Therefore the assumptions of least-
squares were satisfied.

The linear model Y =Y, + a"BK,,,, and non-linear models Y =a(1—e"**™ ) and Y =a'BK,,” were fitted
to the development dataset. Regression analyses revealed that the model ¥ = a*BK " fit the development
dataset best (table 1). The linear model Y =Y, +a BK . was the poorest fit. The correlation coefficient
and coefficient of determination was highest for ¥ = a’BK " and the MSE, SSE and PRESS statistic
were lowest (table 1). The standard error of the estimate was also smaller for the ¥ = a"BK , " model
(table 1). The model chosen was Y =a’BK__°.

Model Evaluation

Examination of the residuals from the regression solution of the chosen model revealed no
heteroscedasticity. All parameter estimates were statistically significant at o = 0.05. The fitted model
resulted in the following equation:

Overwood =3.49" BK__ "% ()

The SSE for the model fitted with the development dataset was 200.95 (table 2). The PRESS statistic
(219.84) was reasonably close to the SSE and supports the validity of the fitted regression model and of
MSE as an indicator of the predictive capability of this model (Neter and others 1996). The initial fitted
model resulted in a significant moderate relationship with only moderate predictive power (R = 0.68,
R?>=0.46, P <0.001) (fig. 2A).

Using equation (2), each case in the evaluation dataset was used to predict overwood (fig. 2B). Calculated
mean prediction error was -0.36 cm and MSPR was 4.85 (table 2). MSPR of the evaluation dataset was
comparable with MSE of the development dataset suggesting that MSE based on the development dataset
is a valid indicator of the predictive capability of the model.

Reparameterization of the model using the evaluation dataset resulted in the following equation:

Overwood =2.83* BK__°* (3)

The SSE and PRESS statistic were 152.96 and 167.94, respectively (table 2). Similar to the model fitted
to the development dataset, the model fitted to the evaluation dataset ([equation (3)] indicated a significant
moderate relationship with moderate predictive power (R = 0.74, R*=0.54, P < 0.001) (fig. 3A). However,
the model fit was slightly improved over the model fit to the development dataset. Using equation (3),
each case in the development dataset was used to predict overwood (fig. 3B). Calculated mean prediction
error was 0.33 cm and MSPR was 6.32 (table 2).

Parameterization of the model using the full dataset resulted in the final equation:

Overwood =3.17* BK,_ " " 4)

The final model was similar to the previous model fits and indicated a significant relationship with
moderate predictive power (R =0.70, R2=0.50, P < 0.001) (table 2, fig. 4).
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Table 2—Double cross-validation summary for the fitted nonlinear
model form Y = aX® for branch-knot diameter and overwood

Model-building Validation Full
Statistic dataset dataset dataset
a 3.49 2.83 3.17
SE{a} 0.65 0.53 0.42
b 0.29 0.35 0.32
SE{b} 0.06 0.06 0.04
SSE 200.95 152.96 357.59
PRESS 219.84 167.94 374.18
MSE 6.48 4.93 5.59
MSPR 6.32 4.85
R? 0.46 0.54 0.5
R 0.68 0.74 0.7
SEE 2.55 2.22 2.36
e 0.33 -0.36

Note: Empty cells are a result of not calculating some metrics for the full dataset.
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Figure 2—Branch-knot diameter and overwood with nonlinear
model fitted to the model-building dataset (A) and actual by
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Figure 4—Branch-knot diameter and overwood with nonlinear
model fitted to the full dataset for cherrybark oak planted in
Vicksburg, MS.
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DISCUSSION AND CONCLUSION

The model presented in this study will be used in the development of future models for forecasting stem
quality in hardwoods as a result of silvicultural decisions. Although the predictive power is intermediate,
this equation, to the authors’ knowledge, represents the first attempt of its kind to quantify the relationship
between branch size and branch occlusion in cherrybark oak. As a result, limited information exists
regarding insights into the relation of branch size to overwood.

The final equation explained only 50 percent of the variation in the full dataset. A share of the unexplained
variation may be explained by the constraints of the data collection methodology. The methodology
involves very low longitudinal resolution (2.3 to 4.6 cm). That is, branch-knot observations were only
available on cut board faces. As a result, accurate measures were unavailable for some branches. For
example, a branch may have been completely occluded 0.5 cm within a 4 cm board. The recorded measure
of occlusion would include the actual 0.5 cm and the error of the additional 3.5 cm of the cut board. The
use of computer tomography (CT), such as that used by Moberg (2001), may be the only method capable
of reducing this type of error. However, such equipment is often not available. Additionally, the resolution
obtained through CT-scan image analysis makes it difficult to capture accurate small branch-knot
observations (Gronlund 1995, Oja 1999).

Some of the unexplained variation in the model may be due to differences in the length of the residual
dead branch following breakage from the stem. One key assumption in this model is that pruning of dead
branches happens in a static manner. This assumption may or may not be valid. However, incorporation of
variables to describe or predict the variation in branch breakage or length of branch stub is quite complex.
This complexity was not considered when the model was developed and evaluated.

By removing the temporal aspect from the dataset and not attempting to predict occlusion rates, the
developed model should have application outside of the tree in which the data was collected. Furthermore,
by focusing on a linear measure of wood required to completely occlude a given branch, the effect of site,
crown position and growth rate should be removed. However, as the dataset only consisted of occluded
branches from within one tree, further tests are required to evaluate model predictions from a completely
independent dataset. In addition, model performance should also be evaluated when incorporating data
from different sites and stem development histories.

The results from this study represent one planted tree. Relationships may vary between plantation and
natural stand development. Variable stand density may also impact this relationship. As such, additional
datasets are desired for future analyses and to further test this quantification of the relationship between
branch size and branch occlusion.
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