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Abstract Dead wood patterns and dynamics vary volume indicated that ownership was important at the
with biophysical factors, disturbance history, owner- subbasin scale. Growing season moisture stress was
ship, and management practices; the relative important at plot, subwatershed, and watershed scales.
importance of these factors is poorly understood, Topography was important at the two coarser scales.
especially at landscape to regional scales. This studyMultivariate analysis of dead wood gradients showed
examined current dead wood amounts in the Coastalthat ownership was important at all scales, topography
Province of Oregon, USA, at multiple spatial scales. atthe subbasin scale, historical vegetation at watershed
Objectives were to: (1) describe current regional and subbasin scales, and current vegetation at plot and
amounts of several characteristics of dead wood; (2) subwatershed scales. Management for dead wood and
compare dead wood amounts across ownerships; (3)elated biodiversity at watershed to landscape scales
determine the relative importance, according to spatial should consider the distinct dynamics of snags and
scale, of biophysical and ownership characteristics, to logs, the importance of historical effects, and the
regional dead wood abundance. Dead wood plot datarelevance of ownership patterns.

were evaluated with respect to explanatory variables at

four spatial scales of resolution: plots, subwatersheds,Keywords Coarse woody debrisSnags Logs
watersheds and subbasins. The relationships of dead_egacy Forest management_andscape ecology
wood characteristics with biophysical attributes and Topography Forest history Climate Coast range
ownership were diverse and scale-specibc. Region-

wide dead wood abundance and types varied among

ownerships, with public lands typically having higher Introduction

amounts of dead wood and more large dead wood than

private lands. Regression analysis of total dead wood Dead wood is an important component of forest
ecosystems, through its inBuences on biodiversity,
long-term forest productivity and carbon sequestra-
tion, and the structure and dynamics of riparian

R. S. H. Kennedyd) T. A. Spies
Forestry Sciences Laboratory, U.S.D.A. Forest Service,

Pacibc Northwest Research Station, 3200 SW Jefferson ecosy;tems (Harmon et al98§ Lindenmayer and
Way, Corvallis, OR 97331, USA Franklin2002 Maser et al1988. However, because
e-mail: rebeccakennedy@fs.fed.us dead wood is difbcult to quantify over large areas
M. J. Gregory using satellite imagery or other remote sensing

Department of Forest Science, Oregon State University, technologies such as laser altimetry (Lidar) _(LefSky
321 Richardson Hall, Corvallis, OR 97331, USA et al. 2002 Wulder and Franklin2003, relatively

@ Springer



56 Landscape Ecol (2008) 23:55D68

few studies have addressed dead wood patterns andnags and logs, to support biodiversity goals
related processes at landscape to regional scaleqU.S.D.A. Forest Service and U.S.D.l. Bureau of
(Butler and SchlaepfeR004 Ohmann et al.2007%, Land Managementl994. Managers need frame-
Poulos et al.2007). Furthermore, whereas the eco- works for developing objectives and expected trends
logical importance of specibc dead wood attributes for dead wood across large diverse areas. Second,
(e.g., individual large, tall snags, or large logs) has species and ecological processes may cross owner-
been widely noted, these dead wood attributes are notship lines, and elucidating ownership-specibc
accounted for by the broader land cover or fuels patterns can assist habitat assessment. Third, pres-
classibcations typically used in landscape ecology ent-day dead wood patterns may not ref3ect current
research, except by inference (Wimberly and Ohmann management because they were generated by past
2009. We took advantage of a large, spatially events and the decomposition time of large dead
referenced forest inventory to assess dead woodwood may exceed the duration of management plans
patterns and relationships with biophysical variables (Sollins 1982; hence, effects of management on
at multiple spatial scales from mid-sized watersheds long-term dead wood abundance may be masked if
to a physiographic region. the relative contribution of legacy (from the previous
Understanding patterns and processes related tostand) dead wood is unknown. Fourth, the efbcacy of
dead wood abundance may be aided by examiningforest management to achieve goals related to dead
multiple spatial and temporal scales, because factorswood retention or production may be limited without
related to vegetation patterns and biodiversity may an understanding of the controls on patterns of dead
differ according to scale (Levia00Q Wu 2004). For wood and how they vary by scale.
example, infrequent large stand replacement bres This study evaluated current patterns of dead wood
may produce high amounts of dead wood, whereasand related patterns and processes in the Coastal
frequently recurring, small, low-severity Pres may Province of Oregon, USA, at multiple spatial scales,
reduce dead wood amounts at bPner temporal andfrom plots to subbasins. The study had three objec-
spatial scales (Skinn@002. Post-pre live vegetation tives: (1) describe current regional amounts of several
patterns also inBuence subsequent dead wood pro-characteristics of dead wood; (2) compare dead wood
duction potential. In managed forests, harvest amounts across ownerships; (3) determine the rela-
frequency and intensity may be related to dead wood tionship of dead wood abundance to current and past
amounts and types; regional vegetation patterns havevegetation conditions, ownership, climate, topography,
been found to be associated with ownership-specibpcand soils, and characterize how these relationships
management (Ohmann et &007). Landslides and  vary with spatial scale.
3oods contribute to dead wood production, migration,
and repositioning, especially near streams or on steep
slopes (Maser et al.988. Upper slope positions may Methods
be source areas and riparian areas and streams sinks
for dead wood (Kennedy and Spi@907), and site Study area
productivity and species composition are linked to
topography (Pabst and Spie$999. Soils and The study area was the Coastal Province of Oregon, a
regional climate gradients are also related to site mountainous region of approximately 30,000 %rim
productivity, inBuencing large tree and subsequent the Pacibc Northwestern USA (Fit). Elevation
dead wood production potential. Microclimate con- ranges from sea level to 1,247 m and there is a dense
ditions also infBuence decomposition rates of dead stream network. The maritime climate has warm, dry
wood (Harmon et al1986. summers and cool, wet winters; high levels of
The comparative importance of these factors to precipitation (250093000 mm®%4 occur primarily
dead wood abundance at different scales remainsas winter rains or snow. Growing-season moisture
unclear, but is relevant for several reasons. First, stress increases with ocean distance as temperature
landscapes are often managed both for long-term andincreases and precipitation decreases. Soils are
broad spatial scale ecological goals such as olderderived mainly from marine sandstones and basaltic
forest conditions, and individual structures such as volcanics (Franklin and Dyrnesk988.

@ Springer



Landscape Ecol (2008) 23:55D68 57

Fig. 1 Attributes of coastal
Oregon, USA: §) plot
locations, b) elevation,

(c) moisture stress index,
and @) ownership. See text
for description of plot types

The Coastal Province is in the western hemlock the forest margins was conducted by native Ameri-

(Tsuga heterophylla) and Sitka spruceRicea sitchen- cans. Euro-American settlement and timber harvest
sis) vegetation zones (Franklin and Dyrnet888. selectively removed large trees, and forests were
Dominant tree species include Douglas-Pyefidotsuga cleared for grazing and farming in the latter 1800s to
menziesii), western hemlock, western redced@fufja mid-1900s. In the early 1900s, railroad-based logging
plicata), and Sitka spruce, thettar prevalent near the was prevalent. Thereafter, most coastal forests were
coast. Hardwood trees, especially red aldétis rubra) intensively managed for timber production until the

and bigleaf mapleAcer macrophyllum), occur in patches  early 1990s, when large areas of the federal lands
in the coniferous matrix, often near streams or on were designated as reserves for the northern spotted
recently disturbed sitesF(anklin and Dyrness988 owl (Strix occidentalis) and marbled murrelet
Kennedy and Spie2005. (Brachyramphus marmoratus).
Land ownership is mainly public (Forest Service,
Bureau of Land Management, State of Oregon) or
forest industry, and is not strongly differentiated by Data sources
topography; non-industrial private land ownership
tends to occur in the valleys. Bureau of Land Dead and live vegetation data were obtained from peld
Management holdings tend to be interspersed with plot samples established for regional forest invento-
forest industry lands, whereas Forest Service, forestries: Current Vegetation Survey (CVS) (Siuslaw
industry, and State lands tend to occur in larger National Forest,n = 317, measured 1993D1996),
blocks (Fig.1). Forest age is typically up to Forest Inventory and Analysis (FIA) (nonfederal
150 years on public lands and up to 60 years on lands,n = 497, measured 1997), Natural Resources
private lands. Land ownership changes in the pastInventory (NRI) (Bureau of Land Management,
several decades have occurred primarily within and » = 116, measured 1997) (Fi@). All plots were
not between the three main ownerships (federal, regularly spaced at 5.5 km apart excepting CVS plots
forest industry, non-industrial private). (2.75 km apart), were about 1 ha in size, and were
Prior to Euro-American settlement and more forested. Data were combined into a consistent format
recent (mid-1900s) bre suppression, forest patternsand summary variables calculated for live vegetation
in the Coastal Province were mainly inBuenced by and dead wood attributes, on a units per hectare basis
large, high severity bres with a mean bre return for uniform land cover condition classes in each plot.
interval of 200D300 years (Agé®93. Large bresin  Because plot sampling densities were non-uniform
the past two centuries occurred on lands currently across component datasets, weighted mean values
owned by the State (1868; 1929P1951), and thewere calculated for area-based measures of plot data;
Forest Service (1850sB1880s). Windstorms alsoe.g., CVS plot mean values had one-fourth the weight
felled many trees. Historically, frequent burning at of other plot mean values. The minimum piece sizes
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considered were 12.5 cm diameter at breast heightcounty assessor plats; it was considered current for
(dbh) and 2 m tall for snags, and 12.5 cm large-end 1990D1996. Geologic types were obtained from a
diameter (led) and 1 m long for logs; this was the digitized geologic map of Oregon (Walker and
minimum uniform size across the three datasets. MacLeod 1991). Ecoregions originated from a digi-
Summary statistics were calculated for each plot for tized map of PacibPc Northwest Ecoregions. Historical
the number and volume of snags{teP? of various vegetation information was obtained for 1936 from a
sizes, snag biomass (Mg snag carbon (Mg C 73, digitized forest vegetation map (minimum mapping
number and volume of legacy snags, and percent of allunit of about 16 ha) developed by the Pacibc
snags that are legacy. Summary statistics for logs Northwest Research Station from surveys conducted
included the volume of logs for various sizes of logs, between 1933 and 1936 (Andrews and Covil#%0).

log biomass, log carbon, volume of legacy logs, and Historical vegetation data for 1900 was from a
percent of all logs that are legacy. Legacy dead wood digitized Oregon map of timber resources surveyed
was debned as that which was produced by a previousby township between 1898 and 1902 obtained from
forest stand, as determined by comparison of diame-the BLM.

ters and decay classes with characteristics of the

present-day stand, after beld data collection. Dead

wood was considered as legacy if either (1) plot Data analysis

has<40% cover and snag or log,i$0 cm dbh; or (2)

plot has, 40% cover, plot quadratic mean diameter Statistical analyses were conducted at four scales
(QMD) is <50 cm, and snag or log dbh is at least across the Coastal Province region. From the Pnest to
50 cm greater than the plot QMD. Plot-level summa- coarsest grain size, these scales were: plots
rized dead wood data were converted into a point (r = 930), subwatersheds (6th code hydrologic units
coverage in a GIS using geographic coordinates (HUs),n = 345), watersheds (5th code HUsz 84),
obtained for each plot. and subbasins (4th code HUs;= 18). Subwater-

A suite of 98 potential explanatory variables were sheds had a maximum size of about 225%km
evaluated based on hypothesized relationships withwatersheds 1,265 ki and subbasins 3,260 Km
dead wood and on mapped data availability. Some of The hydrologic units-level analyses were conducted
the variables are associated with patterns of live by summarizing plot-level data for each hydrologic
vegetation in the region (Ohmann and Spik398. unit, as follows: for continuous variables, mean per
To obtain mean (for continuous variables) or maxi- hydrologic unit; for categorical variables, percent of
mum (for categorical variables) plot values for each hydrologic unit in each class. Subwatersheds were
mapped explanatory variable, plot locations, debned nested within watersheds, and watersheds within
as a window of 13, 30 m pixels arranged in a subbasins. We used hydrologic units because they
diamond pattern and centered by the plotOs X and Yprovided a means of linking plot data to riparian and
coordinates, were superimposed on 30-m-resolutionin-stream processes, which have been strongly asso-
GIS grids of each variable as described in Ohmann ciated with dead wood patterns (Bisson et E#36
et al. 2007). This shape approximates the plotOs Fetherston et al1995.
layout on the ground (Ohmann et &007. Climate Median values were calculated for each plot for
variables were obtained from Daymet (Thornton each dead wood variable, and for each ownership
et al. 1997 rasters at 1 km resolution based on type. To test for differences among ownership
18 years of weather station data. Topography-relatedgroups, two-sided Wilcoxon rank-sum tests were
variables were derived from a digital elevation model performed on the medians, because dead wood data
having 30 m resolution, excepting potential relative are commonly skewed and would not meet normality
radiation (Pierce et al2005 and topographic posi- assumptions (Ohmann and Wadd20l02. Weighted
tion index (calculated as the difference between a mean values are reported (Appendix A) for each plot
cellOs elevation and the mean elevation of cells within for each dead wood variable province-wide and for
a 300 m radius window). Land ownership data ownership groups, to facilitate comparison with other
originated from a GIS coverage based on many datastudies (Ohmann and Wadd@002 Spies and Cline
sources including bre protection district maps and 1988.
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Stepwise multiple linear regression was conducted assessed for multiple scales using Canonical Cor-
for total dead wood volume on a suite of biophysical respondence Analysis (CCA) (ter Braak986.
factors and forest management at plot, subwatershed Seventeen dead wood variables were included, to
watershed, and subbasin scales. Univariate statisticalspan the variety of dead wood attributes (TaBje
analyses were carried out using SAS (SAS Institute The analysis included all sample units containing
Inc. 2004). Twelve candidate explanatory variables dead wood; 27 plots and eight subwatersheds with
were considered (Tabl®) at all scales, after the no dead wood were omitted. Because CCA is
following selection process: (1) we omitted those that sensitive to the number of explanatory variables
were highly correlated ] > 0.8) with any other  considered in relation to the number of sample
candidate variable at a given scale; (2) we trans- units, the 96 explanatory variables were reduced to
formed skewed variables; (3) we developed an up-to- the same 12 variables used for multiple linear
6-variable stepwise multiple linear regression model regression of dead wood volume. The contribution
for each single dead wood variable at each scale; (4) of explanatory variable sets to explained variation
we evaluated variables that appeared in a range ofin dead wood gradients was calculated. For each
univariate models and scales, to ensure inclusion of CCA model, all signibcant explanatory variables
variables with relatively highk? values for at least (P < 0.05) were included. A Monte Carlo permu-
one univariate model at each scale; and (5) we tation test on the reduced model with 999
retained two variables from each of six subsets of permutations (& no relationship between matrices)
factors (climate, topography, current vegetation, was used to test for signibcance. To determine the
ownership, historical vegetation, ecoregion/geology) percentage of total inertia contributed by each
(Table1). Regression models were developed such subset of explanatory variables and avoid con-
that each explanatory variable must have a paRfal ~ founding correlation among variables from different
value of at least 0.05 to remain in the model. We subsets, subset-CCAs were conducted. The relative
carried out statistical tests using a permutation test contribution to explained variation was reported by
under the reduced model, following the procedure subsets of variables summarized for Axes 1 and 2.
and rationale described by Wimberly and Ohmann Multivariate analyses were conducted using the
(2009. computer programs PC-ORD (McCune and Mefford

The multivariate relationships of dead wood 1999 and CANOCO (ter Braak and Smilauer
gradients to potentially related factors were 1997).

Table 1 Mapped explanatory variables included in scale-related analyses of dead wood in Coastal Oregon after reduction from a
96-variable set of candidate variables

Variable code Class-DePnition
ANNGDD Climate-Total annual growing degree days
SMRTP Climate-Moisture stress during the growing season, calculated as SMRTMP/SMRPRE,

where SMRTMP is the mean temperature in MayDSeptemiB#mm)®) and SMRPRE
is mean precipitation from May to September(mm)

RIVBUF100 Topography-Within 100 m of streams

SLPPCT Topography-Slope(percent), from 30-m DEM

USFS Land Ownership-USDA Forest Service

NIP Land Ownership-Non-industrial private

QMDAALL Current Vegetation-Quadratic Mean Diameter(cm) of all live trees

BAA4 Current Vegetation-Total basal area of all trees in size class 759100 cm dbh
OONONFOR 1900 Vegetation-Nonforest

36CONOG 1936 Vegetation-Douglas-Pr, old-growt56 cm dbh

ECOVOL Ecoregion-Volcanics

ECOSED Ecoregion-Mid-coastal sedimentary
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Table 2 Median amount per hectare of dead wood characteristics, for the Coastal Province of Oregon (CP), and by ownership group,

using plot-scale data

Variable CP Public PrivateP-value USFS BLM  State FlI NIP
n: 694 282 412 81 117 84 271 141
Total dead wood volume-12.5 cm 121.1 1921 926 <0.001 204.86 136.6° 233.4 1288 455
Total dead wood volume-50.0 cm 63.9 116.6 43.4 <0.001 1188 80.*° 169.0 67.9 12.6
Snags

Number of snags-12.5 cm*(STPH12) 82 227 0 <0.001 3283 208 180 22 ¢°
Number of snags-50 cm*(STPH50) 0 27 0 <0.001 998 26 222 o° o°
Number of snags-50 cm,>15 m tall 0 0 o0 <0.001 G oP 0° o¢ o
Volume of snags>-12.5 cm 73 164 0 <0.001 408 11.8 132 26 0™
Volume of snags>50 cm 0 82 0 <0.001 318 67 28& (° 0°
Volume of snags 12.5925.0 cm*(SVPH1) 0 0 0 <0001 08 07 0* o o°
Volume of snags 25.0950.0 cm*(SVPH2) 0 1.0 0 <0.001 35 o° o° 0° 0°
Volume of snags 50.0D975.0 cm*(SVPH3) 0 0 0 <0.001 3.8 o° o° 0° 0°
Volume of snags 75.09100.0 cm*(SVPH4) 0 0 0 <0001 068 ¢° 0° 0° o°
Volume of snags>100.0 cm*(SVPH5) 0 0 O <0.001 162 0° o° o° o°
Snhag biomass (Mg) 19 52 0 <0001 102 46 4% 05 (°
Snag carbon (Mg C) 10 27 O <0.001 54 24 23 0F
Number of legacy snags*(TPHREMS) 0 0 o0 0.03 9 o® 0 oP 0°
Volume of legacy snags12.5 cm*(VPHREMS) 0 0 o0 0.03 ¥ o 0? o° o°
% of all >12.5 cm snags, legacy*(REMPCTS) 0 0 O ns. ®0 0*® 0 o o°
Logs

Volume of logs>12.5 cm 103.8 149.4 781 <0.001 1358 1157° 201.9 1145 33.7
Volume of logs>25 cm 91.6 138.3 66.7 <0.001 125.8° 100.2° 188.% 101.9 25.1°
Volume of logs>50 cm 53.1 96.7 37.2 <0.001 63.8° 62.0° 1467 657 99
Volume of logs 12.5925.0 cm*(DVPH1) 81 7.3 87 0.04 16629 7.9 108° 5¢
Volume of logs 25.0950.0 cm*(DVPH?2) 257 324 238 0.001 ®7.127.F 34.8 29.° 116
Volume of logs 50.0075.0 cm*(DVPH3) 201 262 172 0.02  26.20° 39.8 247 (°
Volume of logs 75.00100.0 cm*(DVPH4) 0 0 o0 0.001 *0 0% 3.0 «¢° o°
Volume of logs>100.0 cm*(DVPH5) 0 0 © n.s. o) 0?° 422 o 0
Log biomass (Mg) 281 39.0 243 <0001 334 304 593 346 107
Log carbon (Mg C) 145 203 124 <0001 17.8 158 309 17.9¢ 5%
Volume of legacy logs>12.5 cm*(VPHREMD) 0 0 o© n.s. D oP 79.0 2219 O
Legacy logs, % of al->12.5 cm logs*(REMPCTD) 0 0 o0 ns. 20 o 33.8 205 o

Only plots occurring on the 5.5 km spacing grid were ugedalues indicate difference in dead wood amount between public and
private ownerships; for the Pve ownership classes, different superscript letters indicate signibPcant differeric5) between

classes in dead wood amount, from two-sided Wilcoxon rank-sum tests. Asterisks indicate dead wood attributes used in canonical
correspondence analysis (CCA), and abbreviations are codes used in CCA biplots. Fl is forest industry. NIP is non-industrial private.
Snag size is dbh; log is led; volume units i$.MVeighted means are available in Appendix A

Results

Regional patterns
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occurred as logs (Appendix A). Very large logs
(>100 cm led) comprised about 65% of total log
volume, and very large snags-100 cm dbh) com-
prised about half of total snag volume. The volumes
Much of the dead wood present in the Coastal of moderate-sized logs and snags (25D50 dbh or led)
Province was in the form of logs: about 85% of the were about the same as the volume of large logs and
biomass and 70% of the volume of dead wood snags (759100 cm dbh or led), indicating there were
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probably fewer larger-sized pieces. Legacy shags and(12.5925.0 cm led), which occurred at slightly higher
logs were each about 20% of the total volume of volumes on private lands. In general, the volume of
shags and logs. About 70% of total dead wood small logs on private lands was about 60D80% that of
volume was>50 cm dbh or led. public lands, whereas the volume of large logs was
about 45D70% that of public lands. Log volumes for
all sizes of logs were much lower on non-industrial
Relationships with ownership private than on forest industry lands. Neither legacy
log nor snag amounts as a proportion of the total
Snag amounts differed according to ownership differed signibcantly between the generalized public-
(Table2). The volume of snags was much higher private ownership groups (TabB.
on public than private lands (mean 44.3 vs.
13.0 n?hePy, as was the number of large snags
(mean 7.9 vs. 2.3 snags g in fact, federal Total volume of dead wood and scale
ownerships had higher snag amounts than private
ownerships for all the snag metrics considered The total volume of dead wood varied at fairly Pne
(Table 2). Among public owners (USFS, BLM, and scales. Variability among subwatersheds was high
State), the USFS had about twice the mean amountsand apparently clustered (Figa). At watershed and
of the other public ownerships for all snags (67.7 subbasin scales, the variation decreased. For exam-
(s.e. 4.2) vs. 37.9 (7.1) and 29.7 (4.4), respectively), ple, total dead wood volume in the interior forested
and for large snags (55.8 (3.7) vs. 32.0 (7.0) and 19.7 watersheds and subbasins of the Coastal Province
(4.0), respectively). State lands were similar to tended to be consistently low relative to the more
private ownerships for some snhag metrics, such ascoastal watersheds and subbasins, regardless of scale
the volume of 750100 cm dbh snags (TaBleln (Figs. 2b, c).
general, the number and volume of small snags per The factors most strongly associated with variation
hectare on private ownerships was about 50D70% ofin the total volume of dead wood differed by scale
that of public ownerships, whereas the number and (Table 3). Climate was the most important at all but
volume of large snags was only about 20D30% the subbasin scale: lower dead wood volume occurred
(Appendix A). where growing season moisture stress was greater at
Public ownerships had higher log volumes than did the other scales. Current vegetation (basal area of
private ownerships for nearly all sizes of logs large trees) was also positively associated with total
(Table 2). The exception to this was very small logs dead wood volume at all but the coarsest scales.

Fig. 2 Total volume of a b c
dead wood (i haP} in
coastal Oregon, USA,
summarized by

(a) subwatershed,

(b) watershed, ) subbasin.

I
Twelve subwatersheds, ‘

outlined in black, contained ,’ggég{@‘g}? o

plots but no dead wood. %?-{.;ﬁ:» 1 1-100 7 <100 7 <100
Thirty subwatersheds, fgﬁi“pfﬁ: 3 100-200 1 100 - 200 [ 100-200
colored white, were non- {i‘fﬁ.‘}z{r g gggigg [ 200 - 300 g éggigg
forested (not sampled). Two SR w400 500 E pPog B 400500
central interior watersheds . >500 . - 500 N 500

contained only two plots
(primarily non-forested)

T

0 2550 100 Km
[ AR
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Table 3 Stepwise regression models used to predict total dead wood volume at four spatial scales in coastal Oregon, USA

Model Variable Coefbcient F P-valué® Partial R> © CumulativeR®
Plot SMRTP P10.09 157.11 <0.001 0.14 0.14
BAA4 (In) 1.71 99.66 <0.001 0.08 0.23
Subwatershed SMRTP P12.50 162.56 <0.001 0.32 0.32
BAA4(In) 1.77 46.31 <0.001 0.08 0.40
36CONOG 4.70 44.55 <0.001 0.07 0.47
Watershed SMRTP D233.50 46.34 <0.001 0.36 0.36
SLPPCT 3.18 22.05 <0.001 0.14 0.50
BAA4 (In) 41.40 10.35 <0.001 0.06 0.56
Subbasin NIP D292.32 22.37 0.028 0.58 0.58
RIVBUF100 218.59 5.90 <0.001 0.12 0.70

& Plot and subwatershed dead wood volume square-root-transformed to meet normality assumptions
b Derived from a randomization test based on permutations under the reduced model
¢ Value of 0.05 required for inclusion in model

Current and historical vegetation patterns (basal arearelative dominance of gradients and importance of
of large trees and 1936 conifer old growth) were some variables shifted among scales (BgTable 4).
signibcant at the subwatershed scale. Topography wasAt both plot and subwatershed scales, the full set of
signibcant at coarser scales, with dead wood volume explanatory variables explained 17% of the cumula-
increasing with % slope at the watershed scale, andtive variation in dead wood gradients (Axes 1 and 2);
increasing with proximity to streams at the subbasin at the watershed, 32%; and at the subbasin, 56%. At
scale. Ownership was most important at the coarsestplot and subwatershed scales, the dominant gradient
scale, with a strong negative association between theof explanatory variables was associated with large
amount of non-industrial private land ownership and diameter trees, high basal area stands and USFS land.
total dead wood volume. Total dead wood volume was Dead wood variables scoring low on this axis were
most predictable at the subbasin scale (Ta)le related to legacy logs and snags, whereas high-scoring
Total dead wood volume was most highly corre- variables were related to snag volume. The second
lated with total log volume at all scales (Pearson axis differed between the two scales. At the plot scale,
correlation coefbcient 0.97 at the plot scale and it ranged from USFS lands, steeper slopes, or volcanic
higher for other scales). Thus, these regression sites, to sites with high amounts of old forest in 1936,
models tend to describe dead wood-environmental high amounts of nonforest in 1900, or high growing
pattern-process relationships for logs more than season moisture stress. Dead wood characteristics
snags, and since most of total log volume comes scoring low on this axis were legacy snags, while
from large logs, for large logs in particular. There- volume of large logs scored higher. The second axis at
fore, to evaluate the inBuence of environmental the subwatershed scale showed a stronger inBuence of
patterns in terms of a more complete suite of dead percent slope and area of nonforest in 1900. Dead
wood characteristics, we also characterized multivar- wood characteristics scoring low included volume of
iate dead wood gradients and their relationships to large snags and those scoring high included volume of
environment according to scale. small diameter snags and logs.
At the watershed scale, the dominant gradient
ranged from steep slopes, old forest in 1936, high
Multivariate gradients of explanatory variables percent area within 100 m of streams, and volcanic
and dead wood soils, to area of nonforest in 1900, many annual
growing degree days, and high growing season
The gradients of explanatory and dead wood variables moisture stress. Dead wood variables scoring low on
were generally similar among the scales but the this axis included legacy log volume and those
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Fig. 3 Biplots from CCAs of dead wood attributes at four variable to the explanatory variables. Dead wood variable
scales: §) plot, (b) subwatershed,c] watershed, andd) codes (triangle labels) are debned in TableExplanatory
subbasin in coastal Oregon, USA. Vectors show important variables are listed in Tablé. An OLO variable name sufbx
explanatory variables; line length indicates magnitude of indicates logarithmic transformation. Axes are labeled with
contribution to explained variation in dead wood variables. dead wood attributes based on dead wood variable scores in
Triangle locations indicate relationship of each dead wood biplot scaling

scoring high included volume of small snags. The relative importance at watershed and subbasin scales
second axis ranged from sites with large diameter than at plot and subwatershed scales.

trees, high basal area stands, and occurrence of At the subbasin scale, the dominant gradient was
USFS land, to NIP lands. Dead wood variables from high percent area within 100 m of streams to
scoring low on this gradient included density and high percent area of non-forest and NIP ownership.
volume of large snags; variables scoring high Dead wood variables scoring low on this axis ranged
included percent of legacy logs and shags and from volume of very large snags and logs to volume of
volume of small logs and snags. Ownership and small snags and logs. The second axis at the subbasin
historical vegetation variables were of greater scale ranged from NIP land to USFS land, high basal
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Table 4 Relative contribution to explained variation (Axes 1 and 2) in dead wood gradients by subsets of factors in coastal Oregon,
from CCA, at four scales

Percentage of total inertia

Scale of Model

Plot Subwatershed Watershed Subbasin
Subset of explanatory variable n =903 n = 337 n=284 n=18
Climate(ANNGDD, SMRTP) 2.0 2.4 12.2 154
Topography(RIVBF100, SLPPCT) 1.0 1.8 11.0 32.9
Current Veg.(QMDAALL, BAA4) 143 11.8 10.6 20.8
Ownership(USFS, NIP) 7.7 6.7 15.0 32.9
Historical Veg.(36CONOG, 0ONONFOR) 1.4 2.8 16.5 33.1
Ecoregion/Geology(ECOVOL, ECOSED) 1.9 2.6 9.0 16.1

Seventeen dead wood variables were included (see Table 2). Percentage of total inertia is from a CCA on each subset; thus
correlations among variables between subsets may result in totals of greater than 100%. Percentages should be compared amon
subsets at each scale, not among scales

area stands, and large diameter live trees. Dead wood This study illustrates the importance of being
variables scoring low on this axis included legacy log specibc about which components of dead wood are
volume and small log volume; variables scoring high being evaluated, with regard to size, type, and origin.
included volume of large snags. Univariate analysis of individual log and snag vari-
ables at the plot level (multiple linear regression;
results not shown) showed strong relationships of
shags with current vegetation and USFS ownership,
Discussion and logs with historical vegetation; this is consistent
with the results of the plot-level multivariate analysis
This study illustrates that dead wood patterns are (Fig. 3a). The dead wood volume regression analysis
spatially complex and highly variable depending on primarily reRects the volume of large logs, where most
the type of dead wood assessed. Relative to ourof the volume is concentrated. Volume-based mea-
original objectives, dead wood volume varied highly sures are useful because they are related to carbon
across the region, and coarser resolutions decrease@equestration and wildlife concerns, and an overall
the variation in dead wood volume among spatial measure of dead wood volume may be easier to obtain
units. Our evaluation of the relative importance of than one parsed by size or type of structure. The
biophysical and ownership characteristics to regional multivariate analysis, with snag characteristics more
dead wood abundance indicated two main attributes evenly weighted against logs, brought forward other
of these relationships in coastal Oregon forests. First, important biophysical and ownership relationships,
the importance of biophysical characteristics and such as the importance at multiple scales of current
ownership patterns to dead wood differs according to vegetation and ownership to snags, that would be
scale. Second, their relative importance also changesmissed in an evaluation of dead wood volume alone.
depending on which dead wood attributes are These relationships are important because (1) the
considered (e.g., snags vs. logs). These generalprocesses creating and decaying these two types (snags
patterns lead to a great deal of complexity in dead and logs) are different, and (2) wildlife habitat and
wood relationships with biophysical and ownership piece longevity varies by dead wood type. The
factors. However, the root of this complexity is the persistence time of an individual snag may be quite
specibcity of the relationships, not a lack of relation- shortNon the order of 10020 years, whereas a large
ships between dead wood patterns and the processeg may take centuries to decompose (Harmon et al.
considered. 1989.
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Relationships with ownership time for dead wood, during which it is subject to
numerous infBuences on decomposition.
Ownership was especially important in this study at
the scales of watersheds and subbasins. Its relevance
at these scales ref3ects in part the scale of ownershipCurrent and historical vegetation
patterns in the Coastal Province. A single ownership
dominates in many subwatersheds, especially for The importance of historical vegetation is highlighted
Forest Service, State, and forest industry ownerships.by legacy logs comprising over one-third of log
However, BLM parcels may be as small as 2.25°%km  volume. Although the area that was coniferous old-
interspersed by forest industry lands. Non-industrial growth in 1936 in coastal Oregon has declined to
private lands tend toward a more linear conbguration, about 44% of prior amounts through conversion to
ref3ecting their location near larger streams. Manage- younger forest (Wimberly and Ohmarg2904), dead
ment varies according to the size and spatial and wood from past older forests contributes much to
temporal distribution of land allocation types within todayOs dead wood pools at broader scales. The
each land unit: e.g., on private lands, clearcuts are inverse relationship of historically (1900) nonforested
typically located in upslope areas in patches as large (but presently forested) areas with large dead wood
as 49 ha and industrial forestry rotation lengths may abundance at subwatershed, watershed, and subbasin
be ~30D50 years, whereas thinning or no-action scales (Fig3), indicates that aforestation may not yet
areas are typically located along narrow, riparian be producing high quantities of large dead wood, and
corridors. Forest Service, State, and forest industry that land use effects remain for long time periods.
are the major landowners, so larger blocks predom- The difference in the explanatory variables between
inate and ownership is mainly patterned at larger logs and snags (i.e. historical vegetation and climate
patch sizes. Private non-industrial lands historically vs. current vegetation) reRects the differences in the
tended to be cleared, whereas forest industry landsprocesses and longevities of snags and logs. Snags are
historically contained older, higher productivity for- typically the brst stage of dead wood after trees die,
ests, and public lands were sites of recent historical hence are more proximal to live trees than are logs,
bres. and fall to become logs in relatively short time
Research in other regions has also found that deadperiods. Logs tend to persist longer and would more
wood varies with management history and distur- likely be related to historical disturbance and longer-
bance (Grove2001; Sturtevant et al.1997 Tinker term vegetation patterns and broader climatic trends.
and Knight2000. In research evaluating unmanaged
and managed stands with varying levels of manage-
ment intensity (Green and Peterk&897 Krankina Relationships with climate
et al.2002, older or less-intensively managed stands
had dead wood amounts more similar to those of Climate was of some importance in the watershed
natural stands, and disturbance history was important.scale multivariate analysis. This may re3ect a com-
In the Coastal Province, Wimberly and Ohmann plex of inBuences including productivity and decay
(2009 found that ownership was always the most rates. Sites with lower summer moisture stress in the
important predictor related to change in the amount Coastal Province are more productive and have the
of large conifer forest cover over 60 years at similar capacity to generate larger pieces of dead wood
scales and with similar potential explanatory vari- (Franklin and Dyrnesd4988. Dead wood on these
ables to this study. The results of the present study, sites may also have lower decomposition rates,
with biophysical and historical factors also important resulting in longer retention times (Harmon et al.
to dead wood volume patterns, imply that there may 1986. The importance of climate at intermediate
be more intricate inBuences on dead wood patternsscales may be a function of the pattern of climate
than those affecting change in large conifer forests asresulting from the combination of elevation, oro-
indicated by Wimberly and Ohmanri2@04). This graphic and maritime gradients that divide the
probably ref3ects the diversity of disturbance types province into smaller climatic subregions. Further
that can create dead wood, and the long persistencework is needed to determine how much climate

@ Springer



66 Landscape Ecol (2008) 23:55D68

within this region inBuences processes that affect Conclusions
dead wood abundance.

This study illustrates the importance of a multi-factor,

multi-scale perspective in understanding dead wood
Topographic effects characteristics and patterns. Snags and logs should be

considered separately if snags are of concern. Forest
The potential importance of topography to amounts history is important, especially to large log abundance.
of dead wood has been widely noted. Higher Scale relationships are not straightforward; climateOs
topographic positions have been shown to have proposed inBuence at broadest scales was overridden
higher potential for tree death and higher mass and by disturbance and mid-scale dynamics (ownership
volume of dead wood (Gal200Q Muller 2003, but and current vegetation). This leads to a management
steep slopes and high landslide and debris RBow challenge in setting dead wood targets because of the
potential in areas of great topographic relief and dynamic nature of dead wood, and the importance of
dense stream networks may result in high amounts of historical effects. Because ownership now drives much
down wood accumulating in areas near streams of the pattern of dead wood, efforts to manage and
(Kennedy and Spies2007 May and Gresswell develop policies for dead wood at watershed and
2003. This was refRRected in the present study by landscape scales should take ownership into account.
the importance of topography, in particular the
characteristics of proximity to streams and percent Acknowledgments Thanks to Lisa Ganio for statistical

consulting advice, Janet Ohmann and Michael Wimberly for

slope, to dead wood patterns at the broadest Scalevaluable discussions, and Mark Harmon, Julia Jones, and John

(subbasin) we evaluated. Hayes for comments on earlier drafts of this manuscript

Implications for regional biodiversity and future Appendix A
dead wood patterns

Weighted mean amount R and standard error
Management for dead wood on lands currently (s.e.) of attributes of dead wood in coastal Oregon
depauperate in dead wood would increase habitatand by public and private ownership classes, using
for dead wood associates and promote regional plot-scale data. Snag size is dbh, log is led; volume
biodiversity. Non-industrial private lands, with their ynits is n?
low dead wood amounts, probably provide a small
contribution to dead-wood-associated biodiversity,

though they may provide other components of Variable Coastal Al All
biodiversity, such as hardwoods in the coniferous (P“ivg‘;fg) F u?hscll) I(3 rIYazﬁg)

. . n = n= n =
landscape (Kennedy and Spi2305. If other habitat Mean(s.e) Mean(s.e) Mean(s.e.)

requirements are met, biodiversity of dead wood-

associated Species m|ght be h|ghest on State androtal dead wood 186.5(6.4) 249.6(10.4) 140.2(7.0)

Forest Service ownerships, because they had more Y0'Ume>125cm

large log volume and snag volume, respectively. Toég:udni:i;\é)ogdc 132.8(5.8) 188.9(9.8)  91.7(6.0)
Some Coastal Province management practices have nags sem

only been in effect for_ a few decades, so future dead Number of 341(20)  438(27) 26.9(3.0)

wood patterns may differ. For example, federal land snags>12.5 cm

management for late successional and old-growth \,mper of 4.7(0.3) 7.9(0.5) 2.3(0.2)
forests began in the mid-1990s. Likewise, the long-  snags>50 cm
term effect of intensive management on forest pro- Number of snags 0.6(0.1) 1.2(0.1) 0.2(0.1)

ductivity and dead wood is poorly understood (Harmon  >50 cm and
et al. 1999, but simulation modeling indicates that ~ >15m tall
future live vegetation patterns will more strongly Volume of snags
follow ownership patterns (Spies et aD07). >12.5 cm

26.3(1.7) 44.3(3.0)  13.0(15)
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Appendix A continued

Variable Coastal  All All
Province  Public Private
(n=930) (n=511) (n=419)
Mean(s.e.) Mean(s.e.) Mean(s.e.)
Volume of 19.6(1.6) 35.5(2.9) 8.0(1.3)
snags>50 cm
Volume of 2.6(0.2) 3.2(0.3) 2.2(0.3)
snags 12.5925.0 cm
Volume of 4.0(0.3) 5.7(0.5) 2.8(0.4)
snags 25.0D50.0 cm
Volume of 3.0(0.3) 5.4(0.5) 1.2(0.2)
snags 50.0D75.0 cm
Volume of 4.2(0.4) 7.3(0.7) 2.0(0.4)
snags 75.00100.0 cm
Volume of 12.4(1.3) 22.8(2.4) 4.8(1.0)
snags>100.0 cm
Snag biomass 7.4(0.5) 12.5(0.9) 3.7(0.5)
(Mg)
Snag carbon (Mg C) 3.9(0.3) 6.5(0.5) 1.9(0.2)
Number of legacy 1.4(0.1) 1.9(0.2) 1.0(0.2)
snags>12.5 cm
Volume of legacy 7.1(0.8) 10.0(1.3) 5.1(1.0)
snags>12.5 cm
% of all snags 19.9(1.4) 22.0(2.2) 18.3(1.8)
>12.5 cm, legacy
Logs
Volume of 160.2(5.7) 205.2(9.2) 127.2(6.5)
logs>12.5 cm
Volume of 149.0(5.6) 194.8(9.1) 115.3(6.3)
logs >25 cm
Volume of 113.2(5.1) 153.4(8.5) 83.7(5.6)
logs >50 cm
Volume of 11.3(0.4) 10.4(0.6) 11.8(0.5)
logs 12.5925.0 cm
Volume of 35.8(1.1) 41.4(1.7) 31.6(1.4)
logs 25.0D50.0 cm
Volume of 40.1(1.7) 49.1(2.7) 33.5(2.2)
logs 50.0D75.0 cm
Volume of 34.2(2.1) 50.3(3.8) 22.4(2.0)
logs 75.00100.0 cm
Volume of 38.9(3.2) 54.0(5.5) 27.8(3.3)
logs >100.0 cm
Log biomass(Mg) 44.2(1.6) 54.4(2.4) 36.8(1.9)
Log carbon(Mg C) 23.0(0.8) 28.3(1.3) 19.1(1.0)
Volume of legacy 55.2(3.3) 63.4(5.0) 49.2(4.3)
logs>12.5 cm
Legacy 21.9(1.0) 20.2(1.3) 23.1(1.4)
logs, % of all

>12.5 cm logs
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