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Decaying Logs and Habitat Heterogeneity: lmplications for Bryophyte
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Abstract
Bryophltes wcr'c in\enloied on cight different subsrraks in plots in rhc coasr and cascade Ranges of lveslem orcgon. Thc
relative conmbudon ofcach t]pe ofsubstratc lolvafds brvophyrc richness $as evaluared. of all substrates. logs in acl"anciri stages
of deca] had thc richest brloph)te tlora and supported the greatcsr perccnlaSe ofbryophyre tand\capc levei diversity. Such ligs
also coDtribuled lhe greatesl numbcr ofli\crwots unique to; subsir;re rlpe, i tritc,Iin.rai soit.nntrinuted thc greateir numberif
unique mosscs Htudwood bases. humu\. and rocks also added bryophltes not found on any oiher substraie !!pe. Habilat hererogenclty rncrcases bryophyte ditcrsitl in wcstern Orcgon forcsls. Fosrering biological and slrucrural legacies ciaractcristic ofoldgro\!th rn yourls. managed siands would contribute toward ibrest management from an ecoslsrem appfoach b] fostenng habjral
compierity and biodi|crsily in rhc course ofharvesLrls mner.

Introduction

Forest managers in the U.S. Pacific Northwest
have been directcd to take an ecosystem approach
to forest management to maintain and restore bio
logical divenity in late successional rd old-growth
lorests (USDA and USDI 1994). Old-growth fbr-
ests arc recognized as rescrvoirs of biodiversity
in this region (Franklin 1989. Norse l99O). and
olher areas of thc world (e.g.. Gustafsson et al.
1992). As ol' l990. as l irt le as 13cl. of old growth
remained in Oregon and Washingtor (Norse lgg0),
and cutting of that age class has continued. The
most important consen'ation impact ofcutting old
growth is the rcsulting ioss ofbiodiversity (Dudley
1992). A majority of the members of rhe Intema-
tlonal Association of Bryologists cited forcstry
nr i t c l i ce \  . r r  lhe  gre i l te . t  ion t r ibu tur  to  the  dee l rne
of species and ecological groups of bryophytes
(Christy 1992). Epixvlic and cpiphytic bryophytes
have been particularly negatively imprcted
(Andersson and Hytteborn 1991. Christy 1992).
The continucd existcnce of some bryophytes in
the Pacific No(hwest rnay well depend on old-
growth forcst habi|at. and forest managers iI1 this
region have been dirccted to protecl many desig
nated old growth-associated bryophytes (FEMAT
1993) through surveying and managenent strat
egies (USDA and USDI 1994).

Old-growth fbrest preserves alone are rnad
equate for protecting our remaining legacy ofbirr
logical diversity (Harris 198,1, Franklin 1989,
Wilcove 1989). To accomplish such proteclion.
the cflbfi to conserve biodiversity mlrst be ex-
panded into younger managed stands on multiple-
use public lands (Thomas and Salwasser 1989,
Wilcove 1989). Managed stands io the pacific
Northwest are usually plantations devoted to
monocultures of economic imponancc and high
productivity. Such stands do not support a level
of biodiversity comparable to that of ecologicall),
compJex. natural forests (Acharya I996.). young,
managed stands genelally lack the contplexity of
structural features upon which old growth-asso-
ciated spccies may depend (Hansen et al. l99l.
McCornb et al. 1993). Timber producing stands
.hou ld  be  n t rnaged nor  on l )  tb r  the i r  conrmer -
cial productivity, but also for those structural,
compositional, andfunctional attributes typically
associated with old growth (Franklin el al. 1981,
Hansen et al. 1991).

Decaling log: ure rc\otni/eJ r: one irnpor
tant stmctural component of old growth in the
Pacific Northwest (Franklin et al. 1981, Spies er
c l .  l988J .  Such cor r .e  \ \  oud)  dchr is  i \  imponu l t
in many ecological and physical processes in these
eco\ ) \ tem\ .  in l lucnc jng  \pec tc \  comlu \ i l i on .
nutnentcycling, productivity, and stream geomor
phology (Maser et al. 1979. Franklin et al. 1981,
Harmon et al. 1986, Spies et aJ. 1988). Decaying
logs also contribute to biological diversiry (Franklin
et al. I 981, Hansen er al. l991. Esseen er ai. 1992)
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by providing essential habitat 1br many plant and
animal species (Maser c1 al. 1979, Franklin and
Spies 1991). A large number of bfyophytes de
pend upon decaying logs for habitat in S$edish
tbrests (Andersson and Hyttcborn 1991. Berg et
al. 1993).

Bryophyte divcrsity increased with increasing
numbcr of suitable habitats. such as logs and rocks,
in New York State forcsts (Slack 1977). In North
Wales, bryophyte dchness wls positivcly corre
lated with thc availabil ity of diverse woodland
habitats such as rocks (Ed$'ards 1986). Likewise,
bryophyte richness was positively conelated with
the numbcr of different substrates in fbrest com-
munities of Jasper National Park, Canada (Lee
and La Roi 1979). However. quantitative infbr-
n.ration on the relative contributions of different
substrates towards bryophyte richness in thc Pa-
cific Northwest is gcnerally lackng. For bryo-
phytc species conservation. it is impoftant that
those habitats with high bryological value be iden
tified so that they may be protected in the course
of forest management.

This study examincs bryophyte richness on a
varicty of forest substrates, including decaying
Iogs. mineral soil. rocks. and hardwood tree bases.
Study objectives were: l) to inventor), bryophytes
and sun'ey 1br species dcsignated for federul agency
protection. 2) to quantify and evaluate the rcla-
tive contributions of the range of bryophyte sub
strates towards bryophyte richness, and 3) m cx-
amine nhether bryoph),tc chness was assocrated
with stand age. The study providcs infomation
that will aid eftbrts to implement an ecosystem
approach to lorest management and conscrvcbryo-
phyte diversity in older stlnds. lt rvil l  also be of
value to fbrest managers when developing strlt-
egies to encou[age old growth-associatcd bryo
phyte diversity in younger managed stands.

Study Area

Sites werc in tbe Coast and Cascade mountain
ranges ()fcentral westem Oregon on federal lands
managed by the Eugene District, Bureau of Land
Management (BLM), and the Willamette Nltional
Forest (Figurc l). Plot iongitudes fell between
122 '22 .8 'W on the  western  s lope o f  the  Cas
cade Range and I 23'43.3' W on the western slope
of the Coast Range, while latitudes f 'ell bctween
:t3' 36.8'and 4,1' 25.5'N. Plots were in forest
stands from 50 to ovcr 200 years old, typically

CALIFORNIA

Figure L Disrribution of \!udv plols in n estem Oregon, \ho\r-

ing the three counties in which the) were located.

situated on lower to upper s)opes with a full range
of aspects. Elevations ranged between 215 and
795 m, with one exception (1220 m). Averagc
annual rainfall for the vicinities of these plots ranges
fiom approximately 180 cm in the western Coast
Runge to I l0 cm on it. ca.t slope. increasing lgJn
easterly to 160 cm in the Cascade Range (O*enby
and Ezell 1992). Mean annual tempemtures range
fiom 10.2'C (interior), to 12.0'C (coastal). Mean
temperaturcs fbr the coldest month (Januar),) nnge
tiolr 3.,1'C (interior) to 5.0'C (coastal). while
those fbr the warmest month (August) range be-
tween 17.6" C and 19.3" C (Owcnby and Ezell
t992).

Oventory vegetation was generally dominated
by Douglas-fir (Pseudotsuga menziesii)- with
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Pacific yew (Ia-i-u.i brzi.fi1la), western hemlock
(Tsuga he te rophy Ila), and westem red cedar (Tlaya
pllr'cta) also prcscnt. Hard*oods included bigleaf
maple (Ater nncrophtILtun), cascara buckthom
(Rhannus purshiuna). and red alder(Afiurs rzDra).
Understory shrubs typically included hazel
(Corius conutal, red huckleberry (Vcrccittiunt
pan, (itliunt), ocean sprav (Holodiscus discolor'1,
and vine naple (Acer ciriraturr). Conifer basal
areas ranged between 23.9 and 76.2 m, ha ' with
the exception of one plot, dominated by red al
der. that had no l ive conilcrs. Hardwood basal
areas wele 0.0 20.2 mr har.

Methods

LocaLions fbr l8 plots on BLM lands were ran-
domly selected using their Geognphic Infbrna
tion Systen database. Use ofthis svstem enabled
us to minimize edge effccts by restricting plots
to stands > 4 ha. Five more plots on Willamette
Nat iunr l  Fore . r  land .  uere  p laced u . ing  r ' r i te r ia
to achicve broad characteristics consistent with
those of the [andon]ly selected plots (c.g., eleva
tlon, stand age. minimun stand area). Plots were
square. 35 x 35 nr (0.1225 ha). Surveys for pres-
ence ofbryophytes were l imited Lo two hours per
plot. Shrubs and tree boles and blanches were
sur re)ed  u l  tu  tu r r  meter \  rn  hc igh t .

BNophyte richness was inventoried on eight
dit ' lerent substrates: 1) shrubs, 2) hardwood tree
bases.3) conifer bases,4) logs in early stages of
decay (decay classes I & II. Maser et al. 1988),
5) logs in advanccd stages ofdecay (dccay classes
III V),6) humus, including incorporated liuerlall,
7) mineral soil, and 8) rock, including soil over
rock. Logs in early stages of decay had much in
tact bark. were at least somewhat elevated abovg
the tbrest floor by branch stubs. and had wood
thatrcmained mostly hard. Logs in advanced stagcs
ol decay were largely decorticated. rcsted in contact
with the lbrcst t'loor, and had wood that was sofG
ened trom decomposition. These substrates rep
resent the diversitv olhabitats made available for
bryophytes by the compositional and structural
heterogeneity that can characterize weslcm Or-
egon forests.

Two levels ofrichncss are discussed: 1) aver-
age plot level richness (o dive$ity), and 2) land-
scape-level dchness across all plots (Tdiversity).
The perccntage of bryophytc y diversity contrib-
uted by a substrate type was calculated by divid-
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ing the dchness (fbr either mosses or liverwofts)
found on a substmte across all plots by the 1di-
versity of either mosses or liverworls.

Regression analyses with untransformed data
were used to evaluate associations between bryo-
phyte richness by substrate type and stand age
(SPSS 1994). Residual scatter plots were exan-
ined fbr normality and acceptable distribution.
Nomenclature tbr mosses and livel\\,orts follows
Anderson et al. (1990) and Stotler and Crandall-
S to t le r  (  lg77  r .  respec t ive l l .  Voucher  'pec imen:
are in the author's herbarium at the University of
Califomia, Davis.

Results and Discussion

Eighty-seven bryophyte species were found across
the 23 plots: 58 mosses and 29 liverworts (Ap-
pendix). Three of the mosses, Antitrichiq
curt ipefldula, Bux baumia viritlis, and Ll lottt
megalospora, have been designated for protec
tion in this rcgion through survey and manage-
ment standards and guidelines (USDA and USDI
199,1). The average plot level bryophyte dchness
(o divcrsity) u'as 32.1 species: 2l.7 mosses and
10.,1 l iverworts (std. enors = 1.52, 1.09.0.68.rc-
spectively).

Decaying Logs and Humus

Logs in advanced stages ofdecay contributed the
greatest average richness of both mosses (10.9
species, std. error = 0.67) and liverworts (6.8 spe-
cies, std. enor = 0.56) to plor level s diversiry
(Figure 2). Likewise, the greatest percentagc of
landscape-level bryophyte richtess across all plots
(y dive$ity) oortributed by a substnre type was
lbund on logs in advanced stages of decay (Fig-
ure 3, Appendix). Such logs were habitatfor 82.87c
of all liverwon species and 55.27o of all nross
species.

Twenry-six bryophytes (17 mosses, 9 liverworts;
29.97o ofl diversity) were restdcted to one sub-
strate type (Figure ,+. Appendix). Many of these
species are also known to occuron other substrates
in thc Paciflc Norlhwcst (Lawton 1971: Schofield
1976- 1992; Jonsson 1996). The presencc of a
species on a substrate type may be influenced by
its more common occurrence on another nearby
type. For example. the establishment ofNecicrd
doaglcsil on humus is commonly associated with
its occurence as an epiphyte in the overstory.
Establishmcnt ofthis and other usuallv epiphytic
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Figure 3. Percenlage ol bryophyle richness (1) found on a
sLrbstrate t,vpc across all plots (r = 23). calculated
by diriding the richncss (tbr cilher nosses or IiF
erwofis) found on a substratc across all plors by
the'/dilersitl ofeither mosses or lilerworts. Shrb
= shrubs, Hard = hardroods. Clons = conifers.
LogE = logs in early dccay, LogA = logs in more
adlanced deca]'. Hum =humus. Soil = mineralsoil.
Rock = rock & soil over rock.

species on humus or soil in the Pacific North-
westhas beenpreviously reporred (Peck et al. 1995.
Rambo and Muir 1998a). However, we found three
mosses only on hunrus. Eurhlttchiun pulchellum.
Plagiomnium lnsigne, and Trach-tbn-um
tnegaptilun.

Figure 4. Numberofspecies unjquc !o a substraG qpe. Shrb
= shrubs. Hard = hard\\'oods. Cons = conifers.
LogE = logs in earl] deca,v, LogA = logs ir Dlore
adranccddecay.Huln=humus.Soi l=mincralsoi l .
Rock = rock & soil over rock.

Logs in advanced stages of decay supponed
lhe  greu les t  number  o f .pcc ie .  lha t  were  un iquc
to a substrate type (Figure 4): two mosses
(Bwbauuia piperi and B. viridis) and eight liv-
erworts (C.rl1?.rgela nuelleiqnu, C. suecica,
Cefhalo:io bicutpidttu. L,'pho:ia inti ' ;a.
P lagioc hi la asp le nio ide s. Ric curdia latifrctns, R.
palmato, and Scapania unbrosa). Thus, logs in
advanced deoay had the dchesl bryophyte flora.
the greatest number of unique bryophytcs, and
suppofted the greatest percentage ol bryophyte T
diversity of all substrate types. These results arc
consistent with other studies in Pacific Northwest
tbrests that have found higherbryophyte richncss
with greater amounts ofdecaying wood (Jonsson
1997, Rambo and Muir 1998a), and where there
was a lull range of log decay stages (Rambo and
Muir 1998b). Similarly, the abundance ofcoarse
uood l  Jebr is  in  a l i  s lage\  o fdecr ;  uu .  impor -
tant for bryophyte diversity, especially liverworts,
in Swedish forests (Andersson and Hyttebom 1991,
Ohlson et al. 1997).

The pafticular importance oflogs in advanced
decay for liverwort richness is emphasized by the
large number of hepatics found only on this sub-
strate (Figure 4). Decaying k)gs provide favor-
able bryophyte substrate and a humid microcli-
mate pafiicularly lavorable for hepatics (Custafsson
and Hallingblick 1988. Andersson and Hyttebon
1991). Logs in advanced stages ofdecay are gcn-
erally decortjcated, their wood hasbecome spongy,

2. Average moss and ]ilerlvoft richness contributed
by a subslratc !ypc. \!ith standard erforbars. Shrb
= shrubs (20). Hard = hardwoods (ll). Cons = co-
nifers (22), LogE = logs in carly decay (12), LogA
=logs i r  lnore advanced decay (21),  Hun=humus
(23).  Soi l  = mineral  soi l  (17),  Rock = rock & $i l
o!er rock ( l9). Parentheses indicatc the nunber of
plots in which a rubstratc occuned (/r = 23).
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and they are in close contact with the forest floor.
Such characteristics enable these logs to absorb
and letain moisture betterthan logs in earlier stages
of dccay. thus increasing available moisture for
cryptogams. More decayed wood is also better
uh lc  t , '  hu l ' i . ' r  thc  humrd i t l  o f  i t r  m ic roenr  i lon-
ment dudng periods without precipitation, and
influences the general fbrest environruent by con-
tribuling to more equable stand humidity (Frantlin
e t  a l .  l9E l ) .

Rcgrcssion analysis did not show a significant
collelation between stand age and bryophyte rich-
ness on logs in advanced decay (P = 0.26). How-
cvcr grealer availability of this substrate favors
liver$'ofis (Siiderstrom 1988a.). and decaying wood
generally accumulales as shnds age (Bingham
and Sawyer 1991, Franklin et al. 1981). Decay-
ing wood associated bryophytes. especially liv-
e ruor l . . , . l i l ' l i ren t i r ted  n lJ  g rou th  f iom )oung
stands in western Oregon (Rambo and Muir
1998b), and other published accounts have also
fbund more bryophytcs and rare epixylic liver-
worts associated with old growth than withyoung.
managed stands (c.g.. Gustafsson and Hallingback
1988, Sriderstl 'dm 1988b, Lesica et al. 1991).

Sample and plot sizcs in this study may have
been too snall to allow demonstration of a sig-
nificant rclationship between stand age and rich-
ness on decaying logs. Of thc loul plots in stands
olderthan 170 years. one had no logs in advanced
decay. Western Orcgon lbrcsts can ha\,e continu-
ity without najor disturbance tbr 1.000 years and
only be initiating development ofold growth char-
acteristics at 200 yerrs (Spies and Frankl in 1988.
Norsc 1990). The few 200 year-old stands in this
study likely did not have enough time 1br devel-
opment of the bryophyte richness associatcd with
old--srowth stands in other studies (e.g.. Gustafsson
and Hall ingbiick I 9U 8. Sijderstri jm l9tl l lb, Lesica
et al. 199l. Rambo and Muir 1998a). Stand con-
tinuit) ' without major disturbance pronotes di-
velsity of dispersal limited organisms by allow-
ing morc time fbr their successful colonization
and establishmcnt (Edwards 1986). Forest f loor
bryophltes generally have limited dispenal abilities
(Khanna 1964, Crum 1972. Sdde$trdm 1987).

Hardwoods

Of the three epiphytic substrates, only hardwoods
contributed uniquc spccics to y diversity (Figure
,1). Three ntosses (Honulothacitrm uenewn-

27,1 Ranbir

Metaneckera menziesii, ar'd Orthotricl rn strio
lirrn) and one liverwon (.Porelld corddeana) \\iefc
only lound on hardwood tree bases. Hardwood
tree bases also had higher average rnoss and liv
erwort richncss (Figurc 2), and wcrc habitat fbr a
higher percentage of landscape level dchness
(Figure 3) than shrubs or conifer tree bases.

In a prior study in western Orcgon, tbrest floor
bryophyte richness increased with the dilersity
and number of hardwoods present (Rambo and
Muir 1998a). This was attributed to hardwood
associated epiphytic bryophytes that were either
temporarily incorporated into the ground layer
via litterfall, or established in the humus. Hard
woods also int' luence their environment through
variations in light, leachate nutrients, and pH of
precipitation throughf all, all of which potentially
affect bryophyte communities.

Rocks and Nl neral So I

Rocks contributed three unique mosses to T di-
\ ersity. Brdc hlt he citrm.fri gidunt. Hete roc latlint
procurrens, antl Rucomitriun obestun. Tree lup-
rooting erposes rocks and nineral soil in the re-
sulting tip-up mounds and pits (Beatty and Stone
1986. Jonsson and Esseen 1990). Such habitats
were irnportant for maintaining high bryophyte
diversity in a Swedish boreal forest, doubling the
bryophyte diversity compared to undistufted forest
matrix (Jonsson and Esseen 1990). Infrequent rock
substmte, apparently exposed by mechanical dis
turbance from logging operations, also contrib-
uted appreciably to bryophyte richness in q'est-
em Orcgon forests. especially formosses (Rambo
and Muir l99Ea).

Mineral soil stands out as the substrate that
contrihutr'd thc grcrlc.l numh(r of uniqu( mo.\e.
to ldiversity (Figure 4). Six acrocarpous mosses
were found only on m lneral soil. Bryum t api ll a re .
Dicranella heteronulla, D. yarie, Pol)-trichunl
juni)erinun, P. longisetun, and Timniella
.rrd-rj lxen is. In matue Scots pine (Pfu.6 J)hcJ lrln)
stands in the Netherlands, pioneer acrocarpous
rrlosses were negatively affected by litter accu-
mulation. Moss community cornposition changed
when soil was exposed by removing litter and
hurnu:  l r l c ' r ' . .  $  i th  an  inc rc r .c  in  p ioneer  spe-
cies and an accompanying decrease in species
characteristic of later seral communities (DeVries
et al. 1995). Similarly, disturbance by l itter rak-
ing  changed mors  communi t )  compos i t ion  in  a



Noru'ay spruce (Piced ables) stand in southwest
Finland (Lindholm and Nurnmelin 1983).

Bryophyte dchness on mineral soil was posi
tively correlated with stand age (r2 = 0.40, P =
0.006). Bryophytes dependent upon temporary
habitats. such as mineral soil or decaying logs.
must continuously disperse to newly genefated
habitlt as their former ones degrade (Sijderstron
1993). In order lor such species to colonize new.
suitablc habitat. it must be within fteir cff'ective
dispersal range. With relativclv limited dispersal
abilities, many tbrest lloor pioneer bryophytes
depend upon disturbances oflow to intemediate
in tens i ty  and l requcncS to  fumi .h  r  eonr inu ing
supply of nearby habitats suitable for coloniza-
tion. As these habitats dcgrade over time, they
host intenncdiate-seral bryophyte communities.
Long-term fbrest continuity provides the time
necessary for both successtul colonization by dis-
persal-l imited species and devclopment of the
disturbance-generated habitat heterogeneily upon
which they depend.

Evidence from other studies supports the role
that modemte disturbance plays in enlnncing bryo-
phyte diversity (e.g., Jonsson and Esseen J990).
For example. low to moderate severity wind dis-
turbance enhances forest structural and habitat
divenily by converting grcen tees to snags and
coarse woody debris. and by exposing soil and
rocks fiom tree uprooting. Such features are of-
ten found nlo[e common]y in oid growth than in
mirnirgcJ rtJIJ. (Han'en et al. Iaa IL A cornpui.on
of maturc (100-150 yrs) and old-growth (> 200
)'rs) Douglas-fir itnd westem hemlock stands in
westem Oregon found that tree mortality by up
rooting was more than twicc as comnron in the
old growth (Spies et al. 1990). In another corr-
palison between young (55 yrs) and old-growth
stands (>,100 yrs) in \\,estern Oregon forcsts. four
mosses occurring on mineral soil of root tip-ups
\\"ere lestricted to thc old growth (Rambo and Muir
1998a). Bryophvte diversity on a riparian cliff in
soulhwcstern Wisconsin similarly increased with
the amount ofpatchiness caused by flooding, with
highest diversit ies at moderate levels offlood dis-
turbance (Kimmerer andAllen 1982). Bryophyte
lichness in riparian lreas of a westem Oregon
tbrest also peaked where soil disturbance tiom
flooding was moderate in intensity (Jonsson 1997).
Such examples ar(] consistent with the lnterme
diate disturbance hypothesis, which suggests that

highest levels of diversity are maintained at in
termediate scales of disturb;ince (Connell 1978).

To optimize bryophyte richncss in young.
managed stands, structural and compositional
features characteristic of oldef stands should be
maintained and fostered when harvesting timber.
The importance ofdecaying wood to other forest
ecoslstem components in the Pacific Nofihwest
has been well established. This study shows that
logs in advanccd stages of decay are also par-
ticularly important for bryophyte richness. For
est management should encourage and protect
unique habitats such as decaying logs. hardwood
l rce \ .  rnd  ro \k  uu lc rops .  Add i t ionr l l ) .  re len l jon
of some mature overstory conifers will cnsure
iulurc treeltl l  di. lurbance. conlrihutin! u continu
ing supply of coarse woody debris to the forcst
floor. and crcating patches of disturbed mineral
soil and rocks, thus renewing tenrporary habitats
critical for many bryophyte species. Rctention of
.uch  b io log ic r l  i rnd  \ l ru \ ' lu r l r l  legrc ie .  in  roung.
managed stands would contdbute towards fofest
managemenl trom an ecosystem approach by fbs-
tcring habitat complexity and bryophyte diver
sity in the course of harvesting timber.

This work provides insights into those st[uc-
tural characteristics of older forests that may be
of particular impoftance to bryophyte diversity.
Howevel inferences are limited by the number
ofstands sampled. More region wide analyses of
this type are needed to elaborate and strengthen
these insights, and improve ecological unde$tand-
ing  o f  b r l  oph l  te .  und the i r  hab i ta l  requ i ren  ren l . .
Federally mandated protcction of late slrccessional-
associated species makes the gathering of such
information all the more important.
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