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ABSTRACT. We evaluated the volume of down deadwood (DDW) and the basal area of 
standing deadwood (SDW) from a chronosequence of 110 silvicultural openings and 34 
mature stands (72-105 years old) across three Ecological Landtype Phases (ELTP; wet-mesic 
bottomlands, mesic slopes, and dry-mesic slopes) in southern Indiana, USA. The volume of 
DDW decreased with increasing opening age and was lower in clearcuts than in group-se- 
lection openings. Openings on mesic slopes and bottoms contained greater volumes of 
DDW than openings on dry-mesic slopes. Regardless of age and ELTP, openings contained 
low volumes of highly decayed DDW. The volume of small-diameter DDW decreased rapidly 
with increasing stand age across all three ELTPs. Mature stands contained low total volumes 
of DDW (maximum of 22.4 C 5.1 m3 ha I )  and low volumes of both highly decayed and 
large-diameter DDW. Most of the dead trees in silvicultural openings were small diameter 
and did not contribute significantly to  DDW volume. SDW basal area was very low in mature 
stands (maximum of 1.4 2 0.5 m2 ha I ) ,  suggesting that little mortality has occurred. Our 
results suggest that even and uneven-aged silviculture in hardwood forests have differing 
impacts on the volume and distribution of coarse woody debris (CWD). In addition, the 
mature stands that dominate forests across much of the Central Hardwood Region of the 
eastern United States contain relatively little CWD compared to younger and old-growth 
stands. FOR. SCI. 50(6):781-792. 

Key Words: Central Hardwood Region, deadwood volume, snags, even and uneven-aged 
silviculture, ecological classification. 

C o ~ ~ i s r  woovy DI:RIII\ (CWD), ~ncludlng dead vide\ hab~tat for a variety of vcrtcbrate \pecle\ including 
tree\ (\tanding deadwood; SDW) and fallen log\ \alamander\ (Duput\ et al. 1995) and \mall mammal\ (Loeb 
(down deadwood; DDW), 15 an important \tr~ictural 1999, Bowman ct al. 2000). It a150 prov~de\ ~mportant food 

and liinct~onal component of forc\t eco\y\teni\. CWD pro- and habltat tor in\ects and other ~nvcrtebrates (Hammond 

Michael A. Jenkins, Ecologist, Inventory and Monitoring Program, Twin Creeks Natural Resources Center, 1314 
Cherokee Orchard Road, Great Smoky Mountains National Park, Gatlinburg, TN 37738-Phone: 865-430-4742; Fax: 
865-430-4753; mikejenkins@nps.gov. Christopher R. Webster, Assistant Professor, School of Forest Resources and 
Environmental Science, Michigan Technological University, 1400 Townsend Drive, Houghton, MI 49931. George R. 
Parker, Professor, Department of Forestry and Natural Resources, 1159 Forestry Building, Purdue University, West 
Lafayette, IN 47907-1 159. Martin A. Spetich, Research Forester, USDA Forest Service, Southern Research Station, PO 
Box 1270, Hot Springs, AR 71902. 

Acknowledgments: We thank Michelle Boyd, Hal Kaina, and Mark Snodgrass for their field assistance and the staffs of 
Hoosier National Forest, Yellowwood State Forest, and Morgan-Monroe State Forest for their assistance. We also thank 
Shibu Jose and three anonymous reviewers for their helpful comments on an earlier version of this manuscript. This 
research was supported in part by grant NCFES RWU-4154 from the USDA Forest Service North Central Forest 
Experiment Station, Columbia, MO. Purdue University Agricultural Experiment Station Paper Number 15539. 

Manuscript received June 23, 2003, accepted July 29, 2004. Copyr~ght (0 2004 by the Soc~ety of Amer~can Foresters 

1 oiett  $ 1  i (w(  1, 50(0) 2004 781 





ne.scriptiort of Study Sites 
Tin\ \tudy wa\ conducted In hardwood li)re\t\ of 40~1th- 

central Ind~ana,  USA. Parent niater~al\ In thr\ area are 
dominated by Mi\s t \ \~ppian age \and\tone, \~ltstone, and 
\hale (Van Kley el al 1994). Soil\ arc mo\tly acrd $111 loam5 
(Udalf j  and Udulf\) dcl-~vcd ft-o~n a c ~ d  bedrock and a \mall 
'irnount ol lee\\ (Homoya et al. 1984) Deeply d~ssected 
itpland\ cornpo5ed ol \teep \lopes and narrow hollow\ tlotn- 
mate tlie topography of the 'lrca. Annual preclpttatlon 
range\ Irom 112 to 137 em and temperature average4 irorn 
13 to 16" C (McNab '~ncl A v e ~ \  1994) 

H o o t i r r  N r ~ t i o l l u ~  Fo~-r \f-P/ecl \ tmt Krrll Urlit 
The Plea\ant Run U n ~ t  of the H N F  (26,900 ha) I \  located 

III \outh-central l n d ~ a n a  approximately 16 krn southea5t of 
Bloonnngton (3C)"101 N, 86°35' W). Much of the area 
~ncorporated ~ n t o  the H N F  \Ince 1935 wa\ highly clepleted 
and abandoneel Iru-mland w ~ t h  h ~ g h l y  di\turbed natural plant 
cornmunltlc\ ( J e n h ~ n \  and Parker 2000) The mature 
72-105-year-old \lands we \ampled have been ~lnmanagcd 
\ince the11 Incorporatron ~ n t o  HNF. L ~ v i n g  ba\al area In 
thew \tandi ranged from 23.6 ~n'ha ' on wet-11ie\ic hot- 
tonlland\ to 26  8 m2ha ' on d r y - m e w  \lope\ (Jenkin\ 
1998). Clearcutt~ng ha\ been the most common harve\t 
methocl u\ed on  tlie HNF, although there ha\ been little 
harvest~ng 41nce the mid- 19805. Harve\ting operatlonj on 
HNF and \tale fore\t\ are not hlghly mechan~/ed becau\e 
crew\ typlcally u w  only c h a ~ n \ a w \  and \kidder\ (Jay\on 
Waterman, Indiana D ~ v ~ \ i o n  o t  Fore\try, Nov 17, 2003). 
Accorcl~ng to H N F  \land record\, the clearcut\ we \ampled 
ranged In w e  f-or11 4 to 20  ha, ;inti 111 age from 9 to 27 ye;rl-\ 

Y~~llovt~l.t~oocl Strrtc) F o r e s t  clrlrl M O I - g r ~ n - M o 1 1 r o ~  
Stcrtr F o r e s t  

Yellowwood State Forest and Morgan-Monroe State 
Fore\t are compo\itronally \tnnlar harciwood forest\ located 
In \outh-central Ind~ana  Mor-gan-Moroe State Fore\t 
(9,430 ha) I \  located ;~pprox~niately 15 hm north of Bloom- 
~ngton  'ilong the Morgan-Monroe Coilnty line (39"25' N,  
8 V 2 5 '  W )  Yellowwood State Fore\[ (8,700 ha) I \  located 
,~l)prox~nl,~tely I 6  k n ~  ca\t of 13loorn11igton In Brown C o ~ ~ n t y  
(18"501 N, 86"30' W )  Since the 19605, harve\t\ o n  the\e 
two Stdte Fore\(\ h ~ v e  been contlucted mo\tly t h r o ~ ~ g h  
\ingle-ticc ,111cl group \electlo11 on 'I 20-30-yc'tr cu t t~ng  
cycle Accordrng to \tclte lore\t rccorcl\, the g~oup-\clcctron 
openlng5 we \arnpled r,ingcd In \ ~ / c  from 0 07  to I (3 ha. , ~ n d  
111 age I ~ o m  8 to 26 y e x \  

Ilescription of BILTl'L~ 
('WD W,I\ \ ; i ~ ~ ~ p l e d  acio\s t h ~ e e  hl.TI-'s tliat Ieplc\ent 

common pli,~\c\ ol thrcc b ~ o ~ l d e ~  ecoIog~c,il I'~ndtype\, hot- 
tom\. mcstc \lope\. .inel dl y \lopes T h e w  three ELTP5 .ire 
clc\cirhccl below 'tntl rep~escnt  ,I gt,tcIrent of 5lle ~nois t i r~e  
,iv,trl,th~l~ty In ,tdcttt~on, they .Ile '1 rn'llor loctt\ ol loie\t 
iii~ln~igcriient 111 sotlthet n Ind~,tn,i 

I'lrrtrrn~r \ /A\(~I . I~IH Wc>t-Mcirt B o t t o ~ l l l c r ~ ~ d r  
Thr\ t:12 rI> (herc,~ftci wet-rnc\rc bottoiiil~i~~cl\) I \  'I ~ I I ' I \ C  

w ~ t l i ~ n  the t3ottornlc~nd\ E1.T '~nd  typ~c~i l lg  occ t r~ \  111 the 
na~ro\v hottom\ of Illtermittent to perennr,tl stic,1111\ ,tt low 

elevation\ (190-200 m) wrth \lope\ of le\\ than 5'h. Soils 
are deep compared to other ELTP\ ( I 3  i- 4 cm) and overlay 
bedrock of weathered 51lt\tone - 1 m below the \u~-face 
Dominant over\tory specte\ inclucie \ugar maple (Ac er \(I( - 
t l~rrrum Mar\h. j. Arnerlcan \ycainore (Platanur oc c rdcrz- 
rtrlrr I, ), ancl Ai-ner~can beech (F'(l,qrr\ ~lnrzrlrfolrcr Ehrh ) 
The subcanopy 15 typ~cally dom~nated by \apling\ of \Llgar 
maple, Amer~can  beech, and whrte a511 (Frrrrrrllrc rrrllrr-rc rr11rr 

L ) ,  with paw paw (Arrrnrtln rrrlohcr (I,.) Dilnal). mu\- 
clewoocl (C 'LI~I~I I I I~ \  ( (/~oIrrircr~i(r Walt.), and flowering dog- 
wood (Cortlrtr jlorrrlrr L ) al\o common. 

I-irgu\-Acpr \ c I c ~ ~ ~ I ~ ~ I Y u I ? I / A ~ ~ \ c I ~ I ~ ~ N  M r \ i c  S l o p e \  
Th15 ELTP (hereafter mc\lc \lope\) 1s a pha\e w ~ t h ~ n  the 

M e w  Slope5 ELT and typ~cally occur\ on \teep \lope\ 
(35 + 10%) at rnoderate elevations (I9O-260 m). A\pect 1s 
generally northerly ant1 range\ trom 31 5 to 135". Soil\ are 
clcr~ved m a ~ n l y  from weatherecl \~ l t \ tonc  w ~ t h  bedrock 
depth\ of ( 1  111 ant1 an 'Iverage A-hor~/on  depth ot 6 i I 
cni. Sugar maple, t t t l~p poplar (Lrrroclrndror~ tulrprf~rcr L.), 
Amerrcan beech, and northern red oak (QIIPI*(.II\ I-~ihrcr L.) 
typlcally donnnate the over\tory of t h ~ \  ELTP. The undcr- 
\tory 15 dominated by w g a r  niaple and Amer~can  beech, 
with \Ilppery elin (Ulln~r\ rul?rcr M~rhl.),  flowering dog- 
wood, and ~ronwood (Octrva vrrgrnrtrr~rr K. Koch) also 
common. 

Quer.cu\ crlha-Acer ~crc*c~hur~rnz/Pc~rtI~t~no~~i~\~~~ D r y -  
M c  \ ic Slope  s 

T ~ I \  ELTP (hereafter dry-meuc slope\) 15 a p h n ~  wrthln 
the Dry Slope\ ELT and occur\ mo\tly on \outherly 
(1 35 3 15") aspect5 Elevation typically range\ frorn 160 to 
240 rn and \lope\ average 23 i- 9'k. So115 are typically 
\]It-loam formed Irom weathered sand\tone. The A - h o r ~ ~ o n  
depth of this ELTP I \  the \hallowe\t ol the three we \tudled, 
with an average depth ol 4 i 3 cm. The ovcr\tory of t h ~ \  
EL1'P 14  dom~nated by wlnte oak (L)~rcrclrs (rlhrl L.), w ~ t h  
blach oak (Qlrrl-c r r \  \~c~l~rtrr~rr Larn.) and wgar  maple a5 
cornmon a\\oclate\ Sugar inaple typically dom~nate \  the 
trnderstory, w ~ t h  American beech, Ilowerrng dogwood, and 
red maple (Ac cJr I rrht 11111 L ) '14 common a\\ociate\. 

Field Sarlzplirtg 
We sampled 49  clecircut\, 61 g r o ~ r p - \ e l c c t ~ o  openings, 

.uid 34 rn'lturc \tancis M ~ t u ~ e  \tanel\ ~'lngecl III  age from 
72-105 ye,u\. Becai~\c  there wa\ no m,i]or c ~ l t t l ~ ~ g  on the 
HNF between 1986 ancl 1906, we did not \ample ~ i n p  
opening\ le\\ 111,ln X yc,lr\ 111 .lgc to en~ui -e  that opening age\ 
w e ~ c  conlpat~ble betwcc~l g ~ o u p  \elect~ons and clearcut\ 
0 1 1  wet-me51c bottoml,~ncI\, we sarnplecl 12 clearcut\, 16 
g ~ o ~ r p  \elcctlon\, .ind I0  matul-c \rand\ On tnc\lc \lope\. we 
\~l l l lpkd I X cIc,irct~t\. 28 g~ct~rl>-select~on opening\. and 12 
111,1tnrc \tClnd\ O n  (11 y - m e \ ~ c  slope\, we \ampled 19 
cle,ticut\. 17 group \elect~on\, ,lntl 111 mattrlc \tanti\ 

We c \ r ~ m ~ ~ t c d  DIIW volume w~thrn 'I c~rcui,t~- 500-nil 
plot We pl'~wcd the plot w~th in  the centel of \niC~ller open- 
1ng4 ‘inti ~,~nclornly withrn I,iiger openlngs ,~ntl rnatir~-c 
st,tnci\ Wrthin c,1c11 plot, we nlc,i\~r~ecl the ~iiicilto~nt di,lm- 
c t e ~  .tncl Iengtli ol ,111 down clc,ldwood 10 cm or glc'ltel 111 

clian~cter E,IC!I log wet\ L I \ L I ~ I I I ~  cI'1\\111ed Into one of l ~ v c  



decay stage\ (adapted from Maser et al. 1979, Pyle and 
Brow11 1998) ( iee Table 1 ,  Flgure 1). Decay \tage\ ranged 
fi-om 1 (freshly fallen) to 5 (near complete deconlpo\~t~on). 
No decay \tagc 1 niaterlal wa\ found In any of the plots. If  
a log contamed more than one decay \tage, we meawred 11 

a\ ieparate \egment\ by dccay \tage. The d~ameter at breast 
hetght (dbh) ol all \tandlng dead tree\ 2 10 cm wa\ alio 
meawred. 

Data Preparatiort and Analysis 
Volulne (ni') of each log was detenn~ned u\lng the 

equatlon ti)r the VOIUIIIC of il cyl~nder. Hecau\e highly 
dec~iyed log\ are typ~cally oval h p e d  In cro\\-\ectlon, t h ~ s  
equat~on may over e\t~mate the volume of decay \tage 4 and 
5 material. Itlowever, ~t 1 i  wldely tised and allow\ for clulch 
f~elcl measurements (e.g., Spet~ch et '11. 1999, Idol et al. 
2001). Volurne and abundarice (log\ ha I) of CWD III each 
plot wa\ determrned for each dccay ~tagc .  For graph~cal 
comparl\on, DDW volume wa\ al\o determlncd for four 
~nldpolnt dlameter classe4: 10-20, 2 1-30, 3 1-40, and 
41-50 em. Becau\e large-drameter DDW 1s tmportant to 
many organ~\tn\, we perlormed \ ta t~\ t~cal  analysi\ (dl\- 
cu\ied below) on volumes In two diameter cla\\es (10-40 
and >40 em). 'The\e cla\ses were selected for ease of 
cornpanson wtth other studle\ III the eastern Un~ted States 
(e.g., Goodburn and Lorrmer 1998). In addrtion, the basal 

Table 1. Characteristics of DDW decay stages adapted from 
Maser et al. (1979) and Pyle and Brown (1998). 

Sr'ige l 
B't~h I~lmly ,ttt,tehed 
ExpoicJ *ood il\it  itriinclJ by ii.eCithcriiig 
Log 1s iound 
Sn1'111 h~,tn~lie\ presctll 
Log 1s ~esting on su1fctce 
PI r r n , ~ r  y sul l,tce sub st^ 'ttc sounel ~ ' I I  I\ 

St,tgc 2 
Bark riot I lrmly att,~~Iiccl. pdt~liy 
Exposctl wood mcry he hleCtched 
Log 1s lound 
S~n,tll b~,t~ielie\ ,rb\ent 
Woocl Is 1110stly sOllC1 

Log 1s lestlng 011 surl~tec 
1'1 lnr,tl y \LII I ,ice Ii,lr cl nood, dec,~y ecl b'irh 

'it'ige Z 
13'11h gener,rlI) ,~h\ent, hut mdy he present in p'trches 
Log struetu~e 15 \oltd, not br~ttlc. t ~ l n r  wllen h ~ ~ h e d  
DI y log surl,tce fl'lhy 
Wet log su~tace jpongy 
Log p,i~tr~tIlb s~111h Into ground 
PI IIIICII  y ~ L I I  lrtce suh\ t~~~te  \olt woocl 

St,tge 4 
Log 1s n o  Iongel sol~cl, ,ilthot~gli some f'r111) sol~cl 

\Cglllelll\ lClll'lll1 

120g breaks ~nto pieus wliell h~chccl 
I>og ov,il or Il'tttened, one t l i ~ r t l  0 1  Illole sunh ~nto g~ountl 
1'1 I I ~ I L I I J  sill I ~ L C  silhstl 'IIC spoligy 01 1>owdc1 y WOOCI 

3t'lge 5 
Log I \  Il,tt. rl.to\tly sutiheti into the g~o~lncl 
1-og 1s soft  rid 1x)wdely In tcxtule 
1.og 1s often obsctltcd by lrttel 
1'1 I I I I ~ I I  y st11 lrlee s ~ ~ h s t ~ ~ t t c  loosely .~gg~cg~ttecl I>loil\s 
-- 

Figure 1. Decay stages of DDW measured in the field. Stages 
were adapted from those of Maser et al. (1979) and Pyle and 
Brown (1998). 

area (m' ha ' J ot \tand~ng dead trees waj calculated for 
each plot. All value\ were convertetl to a per-hectare bavs 

We u\cd a comb~nat~on of' rnult~plc linear rcgre\slon 
technlquc\ to evaluate the ~nfluence of openlng type (group 
\electron or clearcut), openlng age, and ELTP on the vol- 
ume and abundance of DDW and the hau l  alea 01 SIIW 
Square root and 11atural log tran\format~ons on the response 
vartables were used to homogenl/c variances when nece\- 
\ ~ y .  Plot\ 01 studcnt~/ed re\~dual\ versus f~ttcd value\ were 
used to the regre\slon a\\ur-t~ptron of con4tarlt var I- 
,ince (Neter ct al. 1996) Rcs~d~ral plot\ 'ind 4tandard tech- 
nlque\ were used to screen lor ‘inti cval~~ate  the ~nfluencc ol 
potcntral outl~ers (Nettcr et al 1996). Opcn~ng fype 'ind 
ELTP\ were repre\cntcd by K-l categor~cal var~'lble\, 
w h e ~ e  K was the number of clas\e\ (Netel- et al. 1996) 
Catego~~cal var~able\ In t h ~ \  cu\e have a value ol 1 11 true 
.tiid 0 11 falie A \lgnlhc,~nt categorical v,lrtablc tn the I'lnal 
rnociel rnd~c,ite\ that that cafegory ha\ ,I srgnlf rcantly d~fiel-  
ent ~ntcrcept term than the baselrnc c o ~ i d ~ t ~ o ~ i ,  wh~ch I \  

rcp~e\enied by the category that wa4 om~tted By m ~ ~ l t ~ p l y -  
Ing '1 categoi~cal vcirlable hy the cont~tluou\ age varlahle, ~t 
1s also pos\~hlc to ev,iluate whether the slope ter-111 a5soc1- 
,itcd w ~ t h  the cont~nuous \,~r~,ible v:trles s~gn~f~cant ly  be- 
tween c'itegol (Chafterlee cr~td Pr~ce  I99 1 ). 

To $educe our lull ~iiodcl, which ~ncludcd opctllng type, 
opcv~~ng age. ELTP, and 111~11  respective rnteractlon terms, 
we u\cd ,I hacl<w,ircis stcpw~w legrc\\ron proccclure 
(M~~t r f~ ih  12 23, 2000) The crltcrla lor ,I vnr~able to \t,iy In 





\bowed that the data d~ci not \rgnif~cantly violate ,i\\uinp- 180 
tlon\ (P > 0.05). A 

We u\ed Kr~~skal-Walli\ one-way ANOVA on rank\ to 7 160-  m 
r 

cornpaie DDW vol~tine and SDW basal area acl-os\ EI,TP\ m 140-  
E In mature \tands Before between-group comparison\, we ,- 120 - u\ed the Kolniogorov-S~i~irnov te\t with L~lliefor\' correc- 
4 

tlon to te\t norrnal~ty and the Lebene inedtan te\t to te\t for '3: 100 - 
fn eclusl varrance4. Although varr,ince\ .tinorig ELTP\ did not " 8 0 -  

drfIcr \~gn~licantly for DDW volurne ( P  = 0 464) or SDW 0 

ba\al area (I-' = 0.359), data were not ~ioirnally dl\tributed 2 60 - 
0 

loi- clther DDW or SDW (f' < 0.001 fix both) Becauw of g 4o 
thi\ v~ola t~on of the a\\umpt~on ol norinality, we u\ed the - 
nonparamctrlc procedure. Separate nnaiyse\ were con- 3 20 - 

ducted lor total DDW volume. \mall-diameter DDW vol- 

Dry Mesrc Slopes 
A Meslc Slopes 

A o Bottoms 

d 

A i  2 
8 O 

a ‘i 

Mes~c slope a d \A 

clearcuts . o x , 6 ................... 
6 hA- * - . a O 1 e . .  O --- 

Mes~c slope group- , f - : -A- - - A - A _ 
select~on openlngs , , f A - i ! - & b . - - - . .  - - - - 

A b A  A. a 
0 ~ r ? 5 1 ~ l , , , + A ,  

trnie, large-d~anieter 1)DW volume, low-decay DDW vol- 0 2 4 6 8 10 12 14 16 1 8 2 0 2 2 2 4 2 6 2 8 3 0  

ume, high-decay DDW volume, and bawl area 01' SDW. 180 - 

Becauw none ofthe ANOVA analy\e\ wa\ sign~ficant ( P  > - 
7 160-  

0 05), no po\t hoc multiple compuri\on\ were made. 11: m 
m 140 - 

Results E 
3; 120 - 

LID W Volume and A burzdance Versus Silvicultz~ral ca 
100 - Opening Type fn 

Our re\ult\ \ilgge\t that group \election and clearcutt~ng 2 8 0 -  
0 

have produced different volumes of DDW in regenerating 2 6 0 -  
\tand\ (Figures 2 and 3). Overall, total volu~ne of DDW wa\ o 

0" 4 0 -  greater in group-selection opening\ than in clearcul4 (part~al - 
F', ,,,, = 20.8, I-' < 0.001, Table 2), \ugge\ting that a greater 3 2 0 -  
volume of DDW remain\ in group \elections after harve\t. 
Group-\elect~on openings al\o contaliled a greater volume 0 -  

0 

A A 

8 

t ~ ~ k f l ~ ~  
0 

f s . i O A : .  A r :  8 .  
I 3 I : - 4  ! ! 9  ? : $  + s f - +  I 1 

of low-decay rnatcr~al (decay cla\\c\ 2 and 3) tliaii did 0 2 4 6 8 10 12 14 16 1 8 2 0 2 2 2 4 2 6 2 8  30 
180 - 

clearcut\ (F~gure 3, partial I;, ,,,, = 16.8, P < 0.001). The 
160 - volume ot high-ciecay DDW (decay cla\\e\ 4 .tnd 5) wa\ not 

A 

\rgilif~cantly correlated with opening type (overall F ,  Ic,s = ..- 'm 140 - 
1.24, P = 0 269). Overall, opening\ contarned greater vol- 11: 

mE 120 - ume\ 01' low-decay material than h~gh-decay material. - 
The volume\ ot large-diarneter (>40 cm) arid \mall-dl- - 100 - 

0 
ametcr (10-40 cni) DDW were \~gnif~cantly greater in > 

group \election\ than In clearcut\ (l'able 2). The ditference 5 - n 
60 - in mall-d~aineter DDW voluine between group \elect~ons - 

m - 4 0 -  2 
120 ---- 

--7 20 - 

G r o u p  Selection A ... 
100 - 

D Group select~on on bottoms 
a &  and meslc slopes 

d 
- - - - 

, A ' O  Clearcuts on bottoms \ 0 

and meslc slopes ' ....... . ........... 
t! A. 

:Q, : 
" kk. 

< 
a A:=-<, A C. 

'4 
n 'r 6 , 

A 

A";.... --o-----a 

; . . -'-- A i r - & - - - - .  
& b O  n . A. . 6 

O - l k 3 8 8 ~ , 3 1 , , , , ,  

c O Clearcuts 
m 

0 2 4 6 8 10 12 14 16 I 8 2 0 2 2 2 4 2 6 2 8 3 0  
E 80 - - Silvicultural Opening Age (years) 
3 

60 - 
C3 Figure 3. Trends in DDW volume by decay stage as a function 
- of silvicultural opening age. Trend lines represent solutions to 
9 40 - equations in Table 2. 
- 
m + 
0 20 - 

I- and cleCircut\ (pait~al F ,  ,,,, = 6.29, 1' = 0 014) wet\ zippar- 
ent iicio\\ the I-ange of openirlg age\ cxannned, hut showed 

0 ,  \ome evidence oi'coilvergence in older opcnlng\ (Figure 4) 
Bottoms Mesic Slopes Dry Mesic Thl\ t~end with opening age w'l\ not ob\crveci lor large- 

Slopes d ~ a m e t e ~  DDW (partial F ,  ,,,, - 1 23, P = 0 268) On 
average, group-\elect1011 opening\ contained five t~rne\ 

Figure 2. Total volume (mean rt 1 SE) of DDW (m3 ha ') in 
group~selection and clearcut openings across three Ecological grealer volume ol large-d~aiiiete~ DDW than did clearcut\, 
Land Type Phases. reg:ireJlcs\ ol opcnlng 'ige o r  ELTI' (23 9 ? 3 6 m' ha ' 





harve\t (Table 2) Altho~tgh \mallei log\ were cju~ckly lo\( Discussion 
to dec'iy, I'trger log\ were more pcr\t\tent. We d ~ d  not 
oh\ervc a \ ~ g n ~ l ~ c a n t  dccl~ne In the ,thundance 01 larger- log\ 
w ~ t h  Inciea\ing openlng age (part~al F, ,,,, = 044 .  
P = 0512)  

IIIIW Volume urzd Abundance Versus ELTP 
S~lv~culttir,~l opern~ig\ o n  dry me\lc \lope\ cont,l~ned 

\~gn~l~can t ly  lowel volume\ ol DDW than [lid opening\ on 
i-nc\rc \lopes and bottom\ ,I( any glven .lge (partial F ,  ,,,, - 
1.97. P - 0 028, Table 2) In add~ t~on ,  .it a glvcn age, 
s~lv~cultural opcnllig\ oil m a l e  \lope\ contained \rgn111- 
cantly greater volume\ 01 low-decay mater~al than d~ci open- 
Ing\ on other ELTP\ (partla1 F, ,,,, = 10.6. P - 0.001. 
'Table 2). 'The volume ol large-diamcte~ and h~gh-decay 
mater~al d~cl not vary among E1,TPs (F1gure5 3 ct~id 4). The 
abund'1ncc ot log\ 21%) d ~ d  not vary \~gn~f~can t ly  by ELTP 
( P  2 0 668). 

SDW Basal Area Versus Opening Type, Openirzg 
Age, arzd ELTP 

The bawl area of SDW var~ed with openlng type, open- 
Ing age, and E1,TP (Table 2) Wet-rnem bottomland\ had 
\~gn~licantly lower basal area of SDW than did [ n e w  or 
dry-mew \lopes (part~al I . ,  ,,,, = 4.54, 1' = 0.036, Table 
2). Acre\\ all El-TPs, the bawl area ol SDW ~ncrea\ed w ~ t h  
increa\lng openlng age (Table 2). Overall, clearcuts con- 
tamed greater ba\al area of SDW than did group \elect~on\ 
(partial F ,  ,,,, = 40.1, P < 0.001, Table 2). 'The low haul 
area ot SDW w1th111 openlnp (max~niurn 01 1.4 -t- 0 2 
m q l a  I) revealed that \tand~ng ciead tree\ did not contnb- 
ute greatly to total CWD In thew \land\. 

DD W Volume and SD W Basal Area qf 
Mature Stands 

Although DDW volume In mature \tand\ on d ry -~ne \~c  
\lope\ wa\ twlce that of wet-1ne51c bottom\, the h ~ g h  val-I- 
a b ~ l ~ t y  ofthe data rewlted 111 a lack of \ tat~st~cal  \~gnii~cance 
(Table 3). Generally. 11lilture \tan& acl-o\\ the three ELTP\ 
had relat~vely low volume\ ol DDW comp'~red to \~ lv~cu l -  
turd opening\. Mo\t of the DDW we ~neasured wa4 coill- 
po\ed ol \mall-diameter anci low-decay log\ l'hc ba\al area 
ol SDW wa4 les\ than 2 111' ha ' 'tcro\\ all three ELTPs, 
wgge\trng that there w,l\ l~ttle tnput of new DDW In the\e 
\tand\ (Table 3). 

Ejfects of Mnrzagemerzt orz CWII 
Many \tudle\ oi CWI) Irr hardwood \ccondary fo1-c\t5 01 

the ca\tern Un~ted State\ liC\vc focujed o n  \ta~ld\ that I-egcn- 
elated ,tftcr logg~ng 111 the e a ~ l y  twent~eth century 01 ,iftc~- 
model-11 c learc~~t t~ng (c  g , McCn~thy ,lnd Ba~ley 1994. 
Gocbel ,rnd Hlx 1996, Idol et '11 2001) There 11,tvc bccn 
fewer \tudie\ comparing CWU inputs after dif tctc~it model-n 
rnanagerncnt tcchn~cl~~e\ (Goodburn and L O I - I I ~ ~ I  I998, 
Fravcr et '11 2002) In northern hardwood lore\t\, Gooelburn 
'~nct Lor~inei (1998) lotirld greater amount\ of CWD In 
\elect1011 stand\ than In 65-75-year-old even-agecf \tancis In 
the Acati~an lorc\t of ce~itral Mane,  stand5 managed tinder 
,In exp,tnd~ng-gap Iiarve\t~~ig \y\tern conta~ned a greater 
volume of CWD alter harvest (braver ct al. 2002) Although 
thew ant1 other \t11(11~\ have quantll~cd CWD at the \tand 
level, we were t~nahle to 11ncI .~ny \tuci~e\ that compareti the 
amount ot CWD w ~ t h ~ n  rndlvidual opcnrng\ ol drlf'er~ng 
\1/e 

S~ t rp r~ \~ng ly ,  we iound that dillerent ,nnount\ ol CWD 
remained w ~ t h ~ n  openlng5 alter clcarcutt~ng and group-se- 
Icct~on harve\t. We ob\ci-ved s~gn~ficantly greatel- volu~ne\ 
of DDW 111 group \elect~on\ than In clearcut\. National and 
\late fore\t record4 drd not \how a greater preharve\t vol- 
ume ol t~rnber In \tand5 we \ampled that received group- 
selection cutting. Although the total number 01 log\ drd not 
vary \ign~l~cantly betweeti opentng type\, the length and 
d~a~nc te r  of log\ In group-\elect~on opening$ were greater 
than tho\e in clearcut\. Consequently, we found a greater 
volume of both large- and \mall-diameter log\ In group-\e- 
lect~on opening\ 

There are numerou\ poj5ible explanat1o11\ lor the higher 
volume of DDW we ob\erved In group-\election openlng5 
The mo5t l~hely ]elate to market force\ a\\oc~ated w ~ t h  each 
liarve\t~ng \y\te~n. In \mallcr opening\, loggcrs may not u\e 
a\ much oi the topwood a5 logger\ harve\t~ng in clearcut\. 
Haul~ng o ~ ~ t  th15 relatively low-value material may not be 
econom~cally worthwh~le becau\e 01' the coniparat~vely low 
volu~ne produceti by '1 d~\per\ed cutting \y\tem. I n  nddrt~on, 
\hrdcI~ng long tree length\ ~n pa1-11,llly cut stand\ pre\ent\ 
p ~ ~ h l e m \  becau\e ~e \~d t i a l  trees are often damrtged by the 
\ k ~ d d ~ n g  operation, and movlng \kldder\ between trees 1s 

Table 3. Mean + 1 SE of total DDW volume, small-diameter DDW volume (10-40-cm diameter), large-diameter DDW volume (140-cm 
diameter), low-decay DDW volume (decay stage 2-3). high-decay DDW volume (decay stage 4-5), and standing deadwood basal area 
( > I 0  cm dbh) within mature stands on dry-mesic slopes, mesic slopes, and wet-mesic bottoms. 

l-Ot<ll IllIW 
S1n,111-d1,iineic1 1X)W 
l.ci~ge-cl~,rmetcr DDW 
L20w-tie~,iy 1)l)W 
Iligh-clec'ty DDW 
SIIW l7<l\'ll 'ile'i 
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d~tficiilt and t ~ m e - c o n \ i ~ i i g  (Aniei~can Pulpwood A\ \oc~-  
atlon 1988). Howevel-, the larger volunie of t h ~ s  material 
centralt/eci w ~ t h ~ n  clearcut\ may make 11 cconom~cally tea- 
\ ~ b l c  to haul 11 out for u\e 111 pallet bolt\ and othe~ lower 
value product\ Becau\e lnd~ana lack\ u pulp market, tree5 
Ic\\ than 30.5 em dbh are not removed from \tan&, al- 
though they niay be cut and left a\ cull\ (Jaywn Waterman, 
Indt,uia Department of Natural Iic\ource\, Nov 17. 2003) 
To ni,thc h, i~v~\(i i ig nloie p~o l~ t~ tb le ,  g io~ip  \e lec(~o~i \  nicty 
a150 be ~n~trhed to ~nclude niore larger ancl taller tree\ of 
better econoinlc val~ic Iicgre\\~on\ thd ~ncluded \~git~i.~cant 
treatlnent effects expla~ncd between 20 and 43% 0 1  the 
vanatlon In tlie voluine and abundance of DDW, \Ltgge\tlng 
that add~tional quant~tat~vc va~-~ablc\ may be nece\\a~-y to 
lully explCt~ti DDW clyrtum~c\ In tlic\e \tand\. 

The amount of edge 31-ound \mallel- opennig4 )nay al\o 
contl-~hute to then- li~gher volume of DDW Sm~111 opertlng\ 
have ,I 1i1gh ratlo of per111iete1--to-open~ng area titat could 
Inclea\e the ~ntluence of deadwood lall~ng Into the openlng 
trom the \urround~ng lore\t matrlx. However, we found that 
the nlature fore\!\ \urround~ng opening\ contatn I~ttle CWD 
compared to younger and older fore\t\ 

Recau\e of the \ ~ g ~ i ~ l ~ c a n t l y  greater volume ol DDW 
louncl 111 group-\elect~on opening\, thi\ \~lv~cultural tech- 
nlcluc has created relat~vcly \mall ~\olated pocket5 of h ~ g h  
DDW volume w ~ t h ~ n  a lnatrlx of former clearcut\ and 
mature \tand\ that contain rclat~vcly little DDW. Although 
gl-oup-\clect~oit opelitng\ conta~ned a greater volun~e of 
large-dl'unetcr DDW (>40 em dbh; F~gure\ 4 and 5, Table 
2) than d ~ d  clearcut\, they d ~ d  not contan greater volume\ 
of h~ghly dccayeci DIIW H~ghly decayed mater~al 14  v~cwed 
,I\ ,I cntlcal hab~tat re\ource lor Inany organl\in\ (Hagen 
and GI-ove 1999). For example, othei \ tud~e\ have \hewn 
that larger log\ prov~de Inore cover and a longer duratton of 
u\e for \alainande~-\ (Cline et al. 1980) and arc a prcfel-red 
lood ha\e loi- \onie ~n\ect\  (Hanilla 1996). Howcvel-, low- 
decay mnter~al I \  not h~ghly u\ed by \alamander\ (Herheck 
1998). 'tnd may not read~ly he led upon by \omc rypc\ ol 
loie\t tn\cct\ (Graham 1925). The g~oiip-\election open~ng\ 
we \ampled continned large volume\ 01 decay cia\\ 3 ma- 
te~-la1 (F~gurc ?), wh~cli may re\ult i n  grc'tter volulne\ of 
h~gli-dcc,~y 1)DW (cla\w\ 4 itncl 5) w ~ t h  cIcco~npo\~t~on 
how eve^. the volume of DDW In g1-oup \election\ >20 
yeai5 ol ,lge wet\ Ie\s th'in 40 111' ha ' ( F ~ g ~ i r e  3) ,lnd wcl\ 
le\\ th,rn 23 ~ n '  ha ' In mature \tancis (Table 3) Although 
\ucce\\~ve g~o~ip-\elect~on harve\t\ In thew \tand\ will 
once ,tg,1111 Incrca\e the voltimc of CWD, I,nge-d~,nncte~, 
h~ghly dec,tyccl ma te~~n l  w ~ l l  \ t ~ l l  be I,ick~ng 

tll~\ton (1996) \~~gge\ ted  that the effect\ ot CWI> o n  
b~oclrvei vty ,uc ~iio\t pi on11 nent In the decoinpo\er tood 
web\. where a co~iiplex ,III ay ol \pccle\ I-cly on tlie cnelgy 
,tnd \tri~ctu~,tl dtvet\ity ol lo~e\t-lloor habttrit\ l~rov~clecl by 
CWII 'I'hc amoiints of CWI) ,ipproptI,ite lo1 \pec~ftc fore\t 
type\ , I I ~  not known, but 11 C I P ~ X ~ I \  that. I" ii~o\t c:~\e\. 
~ n \ u l l ~ c ~ e n t  CWI) I \  be~rig i e c ~ ~ n t c d  111 inanagecl forc\t\ 
(Sptm et '11 1088. Ht~nnell et '11 2002) Mole ~nlo~m' t t~on I \  

neeclcd to clcter~n~nc whit propo~t~on of lo~e\ted Irt~id\ c~tn  
be ~ i n d e ~  I I I ~ C I I \ I V C  Iii,inagcment hc lo~e  CWU-dependent 

\pecle\ hecome affected or cxt11-pated (Hagen and Glove 
I 999). 

The re\ult\ of' our \tudy exh~b~ted  \ ~ r n ~ l a ~ -  rc la t~o~i \h~p\  
between CWD volu~ne and tllne \Incc harve\t as \tttdre\ 
conducted In other part\ of the ca\tcrn US hardwood totc5t 
In nol-ther-n hardwood tol-e\ts, Gore and Patter\on ( 1986) 
obwrved ~ n i ~ c h  lower DDW volume\ In SO-year-olcl \tan& 
than ~n ~ecent clearctrt\ ,113cl old-growth lorest\ The litgh 
volume ol DDW pre\ent In recent \ I I V I C L I I ~ L I ~ ~ I I  opening\ 
re\i~lt\ 11o1n the adci~t~on of po\tliarve\t \lash and \tiimp\. 
OLII \tudy lacked data h-orn opening\ 1 - 8 year\ In ,tge 
However. the\e younger opennig\ tend to contaln even 
greater volume\ of po\tharve\t \lask (McCai-t11y ancl Bailey 
1994). The Inajorrty of this DDW ~nput 1 4  ~e la t~vely  \mall In 
dldrncter w ~ t h  a large \~l~-lace :u-ert-to-volume ratlo that lead\ 
to rap~d decompo\~t~on. Once the 111ajo1-1ty of t h ~ \  \m,tll-ci~- 
nrnetel- mater~al decay\, DDW volume gl-adually decl1ne5 a\  
\tnnd\ mature hecause the voluine of DDW Input from the 
dcvclop~ng \land I \  le\\ than the lo\\ trow clcco~iil,o\ttto~i. 
Altlio~igli mortal~ty cioe\ occur rn thew develop~ng \ t a d \ ,  
mo\t \tnndtng dead tree\ are \inall in d~ameter and the 
volume of' ntatertal they produce 14 neglig~ble compared to 
the volume of po\tharve\t \la\h. 

Variation in CWZI Across ELTPs 
Although prodiictiv~ty ,icro\\ tlie three EI,TP\ 15 51rn1lar 

(Jo4e and Gille\p~e 1996, Jo4e and G~lie\pte 1997), we d ~ d  
ob\erve difference\ In the volurne of DDW among ELTP\ 
Geneialiy, we obwved  a greatel volume ol IIIIW In 51lv1- 
cultural opening\ o n  m e \ ~ c  \lope\ and wet-~iiec~c bottom- 
land\ than o n  dry-rne\~c \lope\ The relat~on\hip between 
CWD and topog~~tpliy ha\ received l~ttle 5tudy ~n tlie fole\t\ 
of ea\tei t i  Nol-tit Amer~cd Crook\ ct '11 ( 1998) obsei ved no 
change\ In CWD w~tli land\cape cln\\~ficat~on unit\ In 
P~edniont lore\t\ ol South Carolrn'l However, In tore\t\ of 
\outhein Oli~o,  R L I ~ I I I O  'tnd McC'uthy (2003) lound gieate~ 
DDW abundance on lowei and le\\ steep \lope\ 

Varlatron\ In DDW volume w ~ t h  ELTP may rc\ult from 
d~ l fe~ence \  In \pecle\ compo\itlon and the rate ot decoin- 
po\ltion m o n g  Although the difle~ence w,t\ not $1'1- 
t~\t~c,tlly \~git~l~c,lnt (P = 0 1 13). matuie \t,tnd\ or1 d ~ y -  
iiic\~c \lope\ had thice tllne\ the volume ol \rn;~ll-dia~nete~ 
DI)W t11'11i ol tho\e o n  wet-tne\~c bottomland\ Lowel rel- 
a t~vc h i i ~ n ~ d ~ t y  'lnd rccliiced si t txt~~tte m o ~ \ t u ~ e  o n  d ry - ines~~  
slope\ ~n'iy \!ow deconipo\~t~on In 'tdd~tion, the\e \tCnid\ 
'ne do~tl~nnted by o'tk (Q~ccr ( 1 0 )  \pecle\ (Jenk~n\ .tnd P,irht.i 
1998), wli~ch h'tve slowel I,ite\ ol decay than otlic~ hard- 
wooci spccle\ (MacM~ll'ln 1988) In \~lv~cultu~,il openlrtg\. 
t h ~ \  (lend wa\ ~evcr\ecl D~y-ii lc\~c \lope\ conta~ned lowel 
volume\ ol DDW tIi,tn d~cl m e \ ~ c  \lope\ ot wet-mew bot- 
tonllantl\ The highel volume ol Qirclr c ~ r ,  \pec~e\,  wh~ch 
h u e  h ~ g h  valire .I\ t ~ n i b e ~ ,  o n  dry-me\rc \lope may h'tve 
~est~ltecl In 5ho1ter .tncl lewe~ \l,i\1-1 I~ ,~gme~i ts  be~ng left ,iitei 
11'11 ve\1 

CWZI in Motzlre Stnr~ds 
The 71-105-yeal-old rn,tttn-e \t'nid\ we \nrnpled ,ne In 

the eLtlly \trige 0 1  under\tory ~ c ~ n ~ t ~ , i t ~ o n ,  :I\ del~necl by 





( ; o o o ~ ~ r ~ ~ c u .  I M . , \YI) C G I.o~<inlr ic I098 C'av~ty trees 'tnd 
co,t~ se woody clebt 1s 111 olcl-g~owth .tnd 1ila11,tgecl not the1 11 
h,irdwood lotest\ In W~\con\tn ,tntl Mt~Ii~g,rn C,II~ J l+o~ Kes 
28 327-138 

(;OI<I . I A . . \ \ I )  W A I'ZI i t  I<\OY 1986 MGt\\ 01 dow~icd c\ood 
111 no~t l ie~n l~~ttclwoocf lo~csts 111 New H , ~ ~ n p \ l i ~ ~ c  I'otent~~tl 
etlects ol lotest m,ili,tgenient C'tn J t4o1 lie\ 10 3 35-330 

Ciii,\ir,\n~, S A 1925 The lellccl tree t~unh ,is ,In ecoIog1e~11 t1111t 

1:cology (7 397 31 6 

Gici I h.  P .  zYI)  (; E PI I I  IeKf N 1907 VLl~~ '~ t~o t i  111 ttie 'tmottnt of 
dead wood rn the woocll,incl\ of the Idowel Wye V,tlley, IJK 111 

rel,~tton to tlie rntenstty of m,tn,lgement t*or Iscol Mcincige 
08 229-238 

ll,\(,t Y ,  I M , ,<hi) C I. Gitovl I900 Co,nse woocly clchtr\ J I.OI 
97 0-1 I 

I~AMMO~I), H E  1 I997 A~ih~opod  hlOdl~el\lty 110111 f 'O/) l l / l l \  

c o , ~ ~  \c woody ~ i i ~ ~ t e t  t'tl 111 riorth-ce11t1'1l Alhe~ tCt -A revlew ol 
r,ix,i 'tnd collectton 111ethod\ CItll E~ltomol 129 1009- 10'3 1 

H A N ~ V  A. I L 1996 Rel,ttton\htp of wootl-fced~ng ~nscct\ anti 
co,i~sc woody debr~s 1' 55-65 r r ,  Proc Woihshop lor coarse 
woody dehtts In southern lore\t\ Elfects 011 htodtvetstty, ML- 
Nlrnn, J W . '11id D A Crosslcy. 11 (ed\ ) USDA 1.o1 Serv 
Cien Tech Iiep SE-94 

I-li:i.~. C., Y. BI-K(;IIRON, A N I )  M.11. FI.ANNI(;AN. 2000. Coarse 
woody debris in the southeastern Canaciian horcnl forest: C o ~ n -  
position and load variations in relation to stand repl;rcement. 
Can. J. 1;or. lies. 30:074 --687. 

H o b i o ~ , ~ .  MA.,  11.13. Ai31<1.,i.i.. .I.]<. AI.I)I<I(.I~, )\xi) T.R. I'os~I'. 
1084. The ~~a tu ra l  regions of Itidiana. Proc. Indiana Acad. Sci. 
94: 235-26 8. 

Iiils.ron. M.A. 1906. Models ancl management i~nplicalions 01' 
coarse woocly clebris inipacts or1 hiocliversity. P. 130-113 it1 

I'roc. wol-kshop l'or coarse woody debris in so~ttlier~i I'orests: 
1:ffects on biodiversity. McMi~in. J.W.. 2nd 11.A. Crossley. 11.. 
(eels.). IJSI1A I-'or. Serv. Gen. l'ecli. liep. SI<-01. 

IIIOI, ,  'r.w.. K.A. I:I(;I.I;I~, I'.I<. I'OI>I:, :\xi) IF. I)OKI)I;R. 2001. 
-, . ,ti ,~ctcri/ntion of co;trse woody dehris across a 100 year 

chrotioscclue"~'c 01' upland o;ik-liickory I'orc\ts. 1;or. I<col. 
Manage. 1.10: 153--10 I .  

JI  KIN\. M A 1998 The tc\ponse of pl,tnt coui~nuti~trc\ to h ~ t ~ n ~ u t  
cf~srurb,tncc In \o~ttl te~ n Ind~,tna fotc\t\ 1'11 I 1  cll\sett,tt~on. Put- 
due IJnl\ , West I,,~l,ryette, IN 280 p 

.Ir,r\.r<i~s. M.A., ,\xi) G.K.  I ' ; \ l i ~ i i l < .  1997. Changes in d o u ~ i  dead- 
wooel vo1~11ile :tcross ;I C ~ ~ ~ O I I O S ~ ~ L I C I I C C  of s i l \ ~ i e ~ ~ l t ~ ~ ~ - ; ~ l  open- 
ings in \o~~ther-11 Indiana l'orcsts. 1'. 1 ( > 2 1  60 i r i  I'roc. of the I I th 
central Ilardwoocl fi~rcht conf., Pallartly. S.Ci., 1i.A. Cccicll, 
H.G. (;arretr, anti P.S. Jollnsotr (eda.) LISIIA For. Sel-v. Cien. 
'1'ecl-i. Rep. NC- 188. 

sity of woody vegetation in silvic~~ltural openings of sout1te1-n 
Indiana forests. [:or. ltcol. Manage. lO"167-74. 

JI;NKINS, M.A.. ANI)  C.li. PARKI:I<. 2000. Chzinges in tlie fol-est 
I:rntlscapc of tlie Ctlarles C. I)eam Wilderness, aoutllern Iridi- 
ana. 1939- 1990. N ~ I L I ~ .  Areas J .  20:4(,-55. 

Josri. S., ,\iui) A.K. (3il.i.iisl~li:. 1990. Aboveground production 
efficiency anci canopy nutrient contents of mixecl-hartlwoocl 
f'orcst co~nmunities along :a moisture gradient i l l  tlie central 
U~iitecl State\. Can. J. I-;or. Res. 26:2213-2223. 

Josi:, S., AKI)  A.K. <;II.I.I:.sI'~I:.. 1097. 1.eitf itrea productivity rcla- 
tiotiships anlong mixed species h;irdwoocl I'orest comn~utiitics 
of' the Ccnlral Hardwood Region. 1For. Sci. 43:5(?-64. 

L~ii;. 13.E.. P. B~c;r:~.ou-, A N I )  T.M. Woi<si.~iu. 2002. Rectnittiient of 
wood to streams in olcl-growtli and second-growth reclwoocl 
forests, northern Calil'orni:~. IISA. Can. J. For. Rcs. 32: 
l460--1377. 

LISI.~:. 'I-.b:. 1995. Efl'ects of coarse woody debris and its removal 
on a chantlcl affected by the 1080 eruption of Mou~it St. 
Helens, Wasliington. Water Kesourccs Kes. 3 1 : 1797-1 808. 

Lorirj, S.C. 1909. Iicsponses of small mn~nmals to coarse woocly 
debris in n southeastern pine forest. J. Mant~nal. 80:460--471. 

I . o ~ c ; ,  X.T.. W.P. CAI<SON, ANI) C.J. PIJI'I:RSON. 1998. Can ~ISIUT- 
hancc create reli~gia from herbivores: An exatnple with hem- 
lock regetteration o n  treefall mounds. J .  Torrey Rot. Soc. 
125:lh5-168. 

MA('MII.I.AN, P.C. 1981. Log decomposition in Donaldson's 
Woods, Spring Mill State Park, I~idiana. Aln. Midl. Natur. 
106:335-344. 

Mi\c'Mir.l.i\s. P.C. 1988. I)ecornpositio~i ofcoarse woociy debris in 
an old-growth 11icii;tna titrest. Can. J. 1:or. lies. 18: 1353-1 362. 

MASI:I<, ('.M.. K.(;. ANI)I<RSON, K. CORMAC'K. J.M. TI<AI'PI:, AN1)  

1% HANSI:N. 1979. DIIAI) A N I )  I )OWN WOOIIY MA.~ ' I~ I<IAI . .  P. 
78-05 ~ I V  WII.I>I.II;I; ~{AI~ITA'I 'S I N  bi,\N1\i;i3> I:OI?I:STS: T I I F  B ~ ~ t ~ i :  
MO~JN.I .A~NS oi. OKI<(;ON A N I )  W A S I I I N ( ; ~ O N ,  'I'OMAS, J.W. 
(iir).).  USDA Foli. SI:I<V. A(;I<I('. HANIIB. 553. 

Mc~Cn~:,r~~tv. 13.C.. A N D  K.R. Bnll.liu. 1994. Distribution and abun- 
dance of coarse wootly ciebris in  u ~tianagccl forest Inndsc~rpe 01' 
the central Appalachians. C:tn. J. For. lies. 24: 13 17-1 329. 

M('121:i:. W.W.. A K ~ )  1<.1,. SI'ONI:. 1966,. The persistence ol'decay- 
ing wood i l l  the Iit~mus layers 01' norther11 forests. Soil Soc. 
Atncr. I'roc. 30:s 13--5 16. 

M('(;i..ii, ('.E. 1983. I-lcavy mortality and succession in a virgin 
~~lixccl mesopllytic 1i)rest. IISI1A 1:orest Service, Sottthern 1Sxl1. 
St;t. Rcs. Pap. SO-209. 9 p. 

M(~;I:I;. G.G., A N I )  J.1'. Ui i<hi i~( ;~i , \~i .  1997, llec:~yi~ig logs :IS 

ger~riitration sites i l l  northcr11 IiitrcIwoocI I'oI-CS~S. North. I .  Appl. 
For. 13: 178-1 82. 

M('NAII, H.W.. A N I )  P.E. A V I ~ R S .  1094. l+;cologicaI st~bregio~ls of 
the Ilnitcd St;ites: Section descriptions. Ad~ni~iistrative I'i~bli- 
cation WO-WSA-5. IISIIA For. Serv., Washingion. DC. 207 p. 

MINI.I. ,ZI~, IN( ' .  2000. Minitah 13 for Winclows. State College, PA. 

M~'I.I .I:K, R.N. 2003. L:tndscal~e p;~tta-ns of change i l l  coarse 
woociy clebris accumulation i l l  an oltl-growth deciduous forest 



o n  the ('~t~nhcrl,ir~cl 1'll,tte,tu. so~ithe,~stcrn Kentucky Can J 
I4o1 lies 33 763 769 

M ~ J I  I I it, R N , ,\hi) Y 1,111 1991 Co'i~se woociy clehrrs In 'In 
old-giowth forest on  the Cttmbc~l,tncl Pl,tte,t~~, southe,tste~n 
Kentr~chy C,tn I kor Re\ 21 1567- 1572 

YI 1 1  R. 1 , M H K ~ J I V I  I<. C' I N i t  riisrri rzl, I N I )  W W \s\r I < ~ / I A ~  

1996 Appl~ed Irne,tr stCtt~\tic,il models, 4th t-cl K~ch ,~ rd  D 
11 w ~ n .  Inc . Homewood. 11, 1,408 p 

h ) ~  ,\hi>, li D I996 S ~ l v r i ~ ~ l t t t ~ e  ioncepts dncl , t pp l~~ , t t~ons  The 
MLCI'IW-Hz11 Cor~ll~~tntes,  11ic , New Yoth 033 11 

01 I V ~  it. (. 11 , ,$hi> B C i2,\1<50h I906 I-ote\t st'111c1 dy11~11111cs. 
upd'lte ed~tion John W ~ l e y  .tnd Sons, IIIL . New Yorh 520 p 

P $1 M I  it, M W I987 1)1ametc1 drstl ~butron\ 'tnd the est,tbl~\litnent 
of tlee scecilr~igs In the t le~iry M Wi~glit 1-'1c\ervc, Macon 
Cot~nty,  North C,rioltn,i Cast,~nc,t 52 87-94 

PYI I , C . ,\vi) M M Briowu 19'43 A ~ ~ l p ~ c l  system of d e ~ d y  
clCt~s~lrc,rtron lo1 ti,t~dwoocl log\ ol the castcln dec~cluou\ forest 
I loo~ J T o ~ ~ e y  Rot Soc 125 237-245 

I i o o ~ ~  Y, T P I997 F,sc,lp~ng I lcrb~vo~y lieiuge cliects on  the 
mo~phology and shoot deniogr,iphy ol the clon,tl iore\t h e ~ h  
M r r r t r r r t 1 7 c ~ r ~ l l r r i 1  c o r ~ t r c l c ~ r i \ c ~  1 I'oircy Rot Soc 124 280-285 

RIJBINO, D L , A N D  R MC CAIII H Y  2003 Evctlu~ttrori 0 1  LOclf\C 

woody debir\ 'tnd tote\t vcget'it~on ~icross topogtdph~c gl'tdl- 
elit\ In a \outhc~n Ohlo forest For hcol M'tn'tge 183 
22 1-238 

Sli,sr31:1<, 11.Ci.. A N I )  (i.L. LARSON. 1983. A cotnlxtrison of streanis 
in logged and unloggcd areas of Great Snioky Mo~tt~t;tiiis 
National Park. Hydrobiologia 102:99-1 1 1 .  

SI>I,:IICII, M A . ,  S.U. S I I I I :~ ,~ , ,Y ,  , \ ~ i >  G.U. P..\I<KI:I<. 1099. l iegio~~al  
distribution and cly~iatliics of coarse woody dclxis in Miilwest- 
ern old-growth Sorcsts. For. Sci. 35:302-3 13. 

SI>II:S. T.A.. ,IKI) 13.V. B-\~tn.r,.s. 1985. A 111ultiS:ictor classificntio~i 
of' the northern hartlwood ~tnci conifkr ccosysterns of' the Syl- 
va11i;t Recreation Area. Upper Peninsula, Michigan. Can. J .  I:or. 
Kes. 15:94t)--9t~0. 

S~>ir:s, T.A.. J.F. I:II,\NKI.IK, A K I )  'I'.R. TIIOMAS. 1988. Coarse 
woocly ciehris in Ilouglas Sir forests oS westci-n Oregon and 
Washington. Ecology 69: 1089-1 702. 

S~l'r:it'rr:v,\N~r. R.K.. J.A. Bissourrn.~:, J.N. I a o ~ c ; .  IINI) D.W. I i o r 3 -  
i:i?,rs. 1997. Coarse wootly debris :is a St~tiction of age. stand 
strncturc, anti disturhitrlce in boreal Newfo~~ndland. Bcol. Appl. 
7:702---7 1 2. 

VAN Kr.r:v, J.E., G .R .  P,\RKI:R, 1I.P. I;n,~xz~i..rr:~<, A N I )  J.C.  AN- 
I > O ~ . I ~ I I .  1904. Field grricie: I<cological classification of the Hoo- 
sier Natio~ial 1:orest ariil sur ro~~nding areus of Indiana. USDA 
For. Serv., Hoosier National Forest. Bedford. IN. 75 p. 

VAN I,I:AR. 11.t-i. 1996. D ~ I I ~ I U ~ C S  01' coarse woody debris in 
sot~thern forest ecosystems. P. 1--17 in Proc. workshop i'or 
coarse wootiy ctchris in southern forests: Effects o n  hiodiver- 
sity, McMinn, J.W., and D.A. Crossley. Jr. (eds.). USDA For. 
Serv. (;en. Tech. liep. S13-94. 

Iieprrntctl l ~ o m  l i ) r c , \ r  \( rcJrlc ( I ,  Volume 50, No 0, I1cce1nber 2004 Not lor fir1  the^ I epr oct~ict~on 


