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Absrract. Elk browsing and conifcr species mixing with aspen (Pol'lIlus rremllioides 
Michx.) prcscnt current challenges to aspen forest management in the western United State,. 
'We evalualed the effects of conifers and elk browsing on quaking aspen stands in and near 
Rocky Mountain National Park using tree rings to reconstruct patterns of aspen establish­
ment, growth, and mortality over the pa,t 120 years. Higfl conifer encroachment and elk 
browse were both associated with decreased aspen recruitment, with mean recruitment 
dropping over 30<;1,) from pure aspen to mixed stands and over 50% from low-browse to 
high-browse stands. Maximum aspen recruitment was lower in mixed stands than in pure 
stands with the same tree basal arl'a. High levels of elk browsing wcrc also associatl'd with 
a 30% decrease in stand-level growth or aspen. Neither high conifer abundance nor elk 
browse affected the growth of individual trees or aspen mortality. Aspen establishment was 
ncgatively influenced by conifers and elk browsing: however. aspen growth and mortality 
appeared to be resilient to these two external iniluences. Overall, these results suggest thai 
long-tcrm preservation of aspen forests could be achieved by enhancing aspen recruitment. 

Kl'y words: conU"t!rs; elk hrowsing; fort's/ succession; quaking aspen; tree rings. 

INTRUDCCTION Previous studies havc documented spallal variability 
in conifers and clk browsing among aspcn stands inForest management in the intermountain \vcst of the 
the Rocky Mpuntain region. Stands can persist throughUnited States balances the complex demands of bio­
time as pure aspen (Cryer and Murray 1992. Crawfordlogical conservation. rcsource extraction. water yicld. 
et al. 19l.J8, ROnlme eI al. 200 I), but many stands alsorecreation, public safety, and other ecosystelll services. 
include conifer species CMueggler 1989, Kay 1997,In the central Rocky Mountains. forcst managers are 
Banos 2001. Manier and Lavcn 200 I. Rogers 2002.challenged to accolllillodate two powl'rful factors: the 
Kayc ct al. 2003. Ell iott and Baker 2004). Conifers areefkcts of a century 01 lin.' Sllppres,ion and the recre­
orten described as invading aspen slands, however fewational demands madc by thc inuca.,ing human pop­
studie, have differentiated bel ween invasion ami co­ulation in the region. Management of quaking aspen 
establishment of aspen and conifers. Elk browsing in(Po/nt/us rremuloides MicllX.) fOlcsts in Rocky Moun­

tain National Park, Colorado. exemplifies these con­ the winter range of Rocky 'Mountain National Park has 
almost eliminated aspen regeneration (Olmsted 1979,nicts because lire suppression. tourism. predator-prey 
1997. Baker et al. 1997. Suzuki et al. 19(9). whcreasfeedbacks. and biodiversity all effect aspcn dynamics 
snrrounding areas within the Park and in thc adjacent(Mueggkr 1989. Siohlgren et al. 1997, Shepperd et 31. 
National Forcsts show remarkably bctter aspen rcgcn­2001 b, Hl'ssl 2002. White et al. 2003). Quaking aspen 
eration (Suzuki et al. 1999, Kaye et al. 2003). These 

intcrmonntain West (Pect 2000). covering < 10% of the complex interactions are ideal for an applied historical 

forested landscape yet providing a disproportionate ecology approach that maximizes the long-term infor­

amount of habitat for a diversity of plant and animal matipn available to resolve management challenges 

,"pecies (DeByle 1985, "J\lrchi ct al. 1995, Stohlgren et (!lolling and Meffe 1996. Swetnam et al. 1999). 

al. 1997, 1999, Chong et al. 2001). The high-quality In this stlldy, we used tree rings to reconstruct pat­

habitat ascribed to aspen has generally been associated terns of forest stand structure and growth over the past 

with pure aspen stands, and managers and ecologist arc 120 years to eV;JluaIe the impacts of conifers and elk 

conel'rned about the effects that conifers and elk may browsing in aspen stands in and adjacent to Rocky 

have on this valued forest type. J'vlountain National Park. Our objectives were 10 com­
pare aspen establishment, growth, and mortality among 

Manuscript received 8 December 2003; revised 8 November stand types to determine how conifers and elk browse 
2004; accepted 1 December 2004, final velsion received 6 Jan­

is the only widespread deciduous tree species in the 

cffcLl a.spcn forl'st devclopment. \Vc tcsted thc hy­
uary 2005. Corresponding Ediror: M. Ci Turner. 

pothesis that high levcls of eithn browsing or conifer; Present address: School of Forest R""lurces, 204A Fer­
gmon Duilding, Pennsylvania Slat" Univasily. trniversiry would decrease aspen establislllllcnt and growth and 
Park. Pennsylvania 16X02 USA. E-mail: m",!.: t 2(!Dpsu.edu increase aspen mortality. Tests of these hypotheses may 
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'L\BLE I. Characteri"tics of 16 aspcn slands sampled in Roeky MOlllllain National Park and adjacent areas tt> determine 
Ihe innu~ncl's of conifers alld elk browsing on aspen stand dynamic,. 

Establishment/ Conifer 
Stand Browse Pure or Slope Elevatlon stand age ..;;pccics 

Ill). level mixed Aspecl ldegrees) lm) (yrj present·)·,:!: 

low pure S 7 2725 1879/121 
2 low pure E 5 2755 1859/141) 
3 I\)w pure N 1 2685 1890/11 I 
4 low pure NE 10 27lJ 18801121 
5 low mixed SF 12 2719 1879/121 PICO, PSME, PIFL. ABLA 
6 low mixed SW 4 2798 1873/126 ABLA, PIEN, PICO, pSME 
7 low mixed E 3 2576 1893/106 ABLA, plEN, PICa, PSME 
8 low mixed N 2 2609 1862/139 PICO, PIEN, AHLA, PSME 
9 high mixed NE 7 2585 1866/134 PIPO, pIEN, PSME. ABLA 

10 high mixcd E 3 2682 1847/154 PICa 
II hilth mixed NE 6 263.1 1860/141 ABLA, pIEN, PIca 
12 high mixed E 10 2688 1873/128 psrvfE 
lJ high pure SE 5 2566 18971103 
14 high pure NE 3 2583 1876/1 24­
15 high pure NE 2 258() 18711129 
16 high pure E 2560 1862/139 

Notes: Browse refers to whet.her a ~tand had evidence of high or low levels 01 elk brow~ill}[. Purl' or mi\ed refers to 
wh(;'th~r a stand was purl' aspen lJr mixed a~pl'n-conifl"r. E~(abJishment rerer:-. to t11L~ ycar Ih,H lilc oJdesl aspen in thc "land 
est.ablished. Stand ages \~lerC' cHlculal~d by using (he c:slablishnlcflt year of t.he old(~s{ aspen in t~le stand <.IS age 0 and increasing 
the age hy 1 with each ~t1b~equent year. 

t Conifer ;-;pec.:ics me ordl~red from highesl to lowe~l ba~al area al the liml~ of sarnpling.
 
t Species abbr~vialions: PICO, Pinus eOl1lOnl1: PSME, I""eudo/I'ug<l lJ,cflzesii: PIFL, !'llllJsjiexilis: ABLA. Abies /<lsioe,,,p<1;
 

PIEN, Pi,~ea engelmanii: PlPO. PillU.'; pOlldernsa. 

provide a foundation to dev~lop management prescrip­
tions for th~ conserval.iou of asp~n ;,I'ands in l.hc central 
Rocky Mountains. 

METIIODS 

Swdy area 

The study area was between 2400 and 2800 m ele­
vation in the eastern slope or Rocky ]Vlounlain National 
Park and the Arapahoe and Roosevelt National Forests, 
in the Colorado Front Rangc- of the Rocky Mountains. 
Average annual minimum and maximum temperatures 
near Esles Park (105°30' W, 4(t24' N) at 2400 m el­
eV<ll.ion are -1.5 and 14.0'·C. Growing season (May­
Octohc-rJ temperatures average 4.0 to 21.0v C, with an 
average of 370 mm/yr precipitation (NOAA data, avail­
able olllille)" Vegetation types include ponderosa pine 
(Pinus ponderosa DongJ. ex Laws.); lodgepole pine (I'. 

conforla DougJ. es Loud. J; mixed conifer including 
ponderosa pine, lodgepole pine, Dongla" IiI' (Pseudo­
Isuga mellziesii (Mirb.J Franco), subalpine fir (Abies 

lusiocarpa Hook. Nun.), and Engelmann .'pruce (Pic('a 
el1gelmullii Parry ex Engelrn); and .,pnlcc-lir forests, 
as well as wet and dry meadows, riparian corridors, 
alpine tundra. and qnaking aspen forc-,ts lPeet 20nO). 

Field alld laboralory merhods 

\Ve sampled four types of aspen stands in a :! '< 2 
factorial design comparing pure aspen and mixed as­
pen-conifer stands (hereafter called pUle and 
"mixed" stands) and stands with high and low levels 

, (hnp://edo.ncde.noiJ:J.gov) 

of elk browse intensil.Y. Thirty-five potential stndy sites 
were identi tied on USGS 1;:!4 UOO topographic maps 
with current aspen stands mapped from aerial phOlO­
graphs (1: 15 800 J of the stndy area. We only considered 
stands located between 2400 and 2800 m and excluded 
slands on steep slopes. The 35 stand., were visited in 
ranclom order to determine which stands met the fol­
lowing criteria: 

1) Stand radius >2U rn; 
2) Not within a riparian zone, meadow edge, or ridge 

top; 
3) Slope less than 30 degrees; and 
4) Conifers present must not be older than the aspen. 

This was determined by collecting increment 
('ores from two or three of lhe oldest looking aspen 
and conifer trees in l.he ~tand dming field recon­
naissance and in the laboralDry dating the timing 
of establishment of each sampled tree uSing the 
tree-nng :In;Jlysis methods outlineu helow. 

Stands with major influences of processes nOl in­
duded in this study (e.g., hydrology, species range, or 
extreme mierosite conditions) were eliminated. Stands 
were evaluated until four stands of each type (II cc 16 
total) were selected (Table I). Aspen stands were clas­
sified as pure aspen (if they had no conifers reaching 
1.37 rn in height) Dr mixed (if conifer basal area was 
>5 m'/ha). Aspen swnds that had visible signs of elk 
browsing on aspen sprouts and stems were dassilied 
as high browse level and stands thaI had no visible 
signs of elk brow;,ing were classitied a,,, low browse 
level. 
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We established a circular IO-fll radius pl(H (314 m') 
in 14 of the 16 stands and adj usted the radius to 8 fll 

and 18 111 in the lIlost dense and sparse stands, respec­
tively, to ensure a similar tree sample size, Within cach 
plot, tree-ring samples wen: taken from all living and 
dead aspen and conifer stems (> 1.5 m lall and >4 cm 
diameter at core height) at :::'0-30 elll above the root 
collar. \Vc collectcd incremcnt cores or cr"ss-sections 
cut Vdlh a handsaw fnlm all dead aspen and conifer 
Slems Wilh bark or beetl,~ galleries lo assure the ability 
lo identify the last year of cambial growth of each dead 
tree, The presence of beetle galleries on a dead aspen 
stem indicates that the outermost ring on the tree is 
preserved becanse bark beetles build lheir galleries in 
the vascular cambium. which is located between lhe 
outer-most ring (xylem) and inner bark (phloem), Di­
ameter and core height, bark thickness. and tree species 
were recorded for each sample, 

Core samples were IIlounted and cores and cross sec­
tions were sanded with progressively tiner saud paper 
ranging from 250-mm lO 15-fLm gril to maximize lra­
cheid and vessel definition and dislingllish annual 
growth nngs, All samples wer<~ examined under a bin­
ocular microscope, skeleton plolled, crossdat.ed, and 
calendar years were assigned to cach ring (Stokes and 
Smiley 1968), Radial growlh rates near the pith were 
examined to idel1lify any trees thal may have persisted 
for many years as sprouts rlue to elk browsing before 
experiencing a growth release to rcach tree size. Sup­
pressed growth near the pilh would indicate a time lag 
bet ween sprouting and tree establishment and our goal 
was to reconstruct the liming of tree estahhs!tmenL If 
a radius did not intercept the pith, coneenlrie circles 
were used to estimate the number of rings between the 
innemlllsl rings clI1d the pith (Applequist 1958, Biondi 
19(9), We assigned (estimated) establishment dales to 
all samples and death year was estimated with the date 
of the DUlL'r-most ring on dcad samples, Ring-width 
series were crealed fDr each sample by measuring an­
nual rings with a slide stage micrometer of (LOI-rom 
accuracy interfaced to a personal computer. A master 
tree-ring chronology was created from the ring-width 
series of 54 of the oldesl aspen slems with the program 
COFECHA (Holmes 1(86). Daled ring-width series of 
living and dead aspen were cOIn pared with the m,ls!er 
chronology to contirm the accuracy of thc crossdating 
and the e'tablishment and death dates. 

DII/a analysis 

To assess inlluences of L'onifers and elk browsing on 
aspen establishment and mortality, eSlablisbment and 
monality dates of aspen and conifers wcrc aggregatcd 
into decadal frcquencies (due to thc resolution of es­
tablishment and death dates; Veblen 1992). and decadal 
frequencies of establishment and monality wilhin lhe 
plot were scaled [0 a hectare basis (stems,ha'"'' 
decade-i), 

To evaluate the influence of conifers and elk brows­
ing on aspen growth, tree-ring dara were used to re­
eonslruet stand basal area (8A: m'/ha; see below for 
derivation of terms), tOla] basal area increment (tBAT; 
m'·ha-"yr-·'), average basal arca increment per tree 
(aBAl; cm'lyr), and tree density (slems/ha) for conifers 
and aspen for each ,qand from the time of stand estab­
lishment (lime zero) to the present. Stand establishment 
was identified CIS the pith date of the oldest aspen stern 
sampled in lbe plot. To calculale basal area and BAT 
lhe radius of cach trce I'm caeh year was first ealeu]ated 
with the following equation: 

R, ~, (DCH,I2) - WI', 

where y = the year the slaml was sampled (either 1999 
or 20001, ( = number of years prior to y, ranging from 
I to the age of the oldesl aspen stem. R,. = tree radius 
measured in the field for year y, DClI, = tree diamder 
at core height fur year y, RT, = bark lhickncss mea­
sured in the field in year y, Rh -,) = tree radius for I 

years before y, R\\""'-n = ring width measurement for 
year y"'-/, The annual radius of a tree for each year was 
converted into ;mnual hasal area with the following 
geomt'lric equation: 

where BA'".... ,) is tree basal arca for year y"·-I. Annual 
basal area increment was calculated based on annual 
hasal area: 

8Al,,_n = EA,y_, 11 - EACY­ W 

wherc BAJo_', is the trec RAJ for year v - I, 

Basal arca and BAT of each tree in a plot, as well as 
the number of trees. were summed lo create lime series 
of annual aspen and conifer growth and tree density 
sr.arting from time of stand origin, Annual values of 
basal area, tBAI and aBAI, and density were averaged 
by decade to create decadal time series that accentuate 
lower-frequency (> 10 yr) variability in aspen and co­
nifer gwwth due to stand dynamics rather than high­
frequency «]0 yr) variability due to annual climate 
fluctuations, Time since death of samples from across 
the study area was evaluated lo assess how far back in 
time aspen establishment, growth, and morr.ality could 
bc reconstructed reliably (Johnson and Fryer 1(89), 

Decadal lime series of the means of five measure­
ments (establishment, BA, aBAI. lBAL and mortality) 
were l'ompared among stand type's Cor periods begin­
ning al tile time of sland origin (stand age 0 yr) and 
ending wilh the decade when less than three stands had 
dala. \Ve used repeated measures analysis lo e"mpare 
means of the live measurements reeonstrueted as time 
series and determined the significance of time. etlllifers, 
browsing, and the intcraetions hetween these variables 
((~ = 0.05). Based on the lime span of reconstructions, 
repeated measures analysis and comparisons of means 
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were conducted to compare decadal averages of aspen 
data for two stand agc pcriods: 0-129 yr (13 decadc 
values) and 70-129 yr (six decade values). The second 
period of 70-129 yr was chosen for two reasons: I) to 
emphasize thc dynamics of "maturc" stands and 2) to 
isolate trends in the data for recent periods when lim­
itations of trce-ring rceonstruetion methods would be 
less influential. 

Stand basal area of pure aspen (m 2/ha of aspen) and 
of mixed aspen-conifer (m 2/ha of aspen and conifers) 
was tre·iHed as a conrinllolls independent variable for 
regression analysis to determine whether the presence 
of conifers in mixed stands had a diller-enl effect on 
aspen stand devclopmcnt than thc effects of aspcn alonc 
in pure stands. Exponential decay models were fit to 
thc relationshi p bctwccn stand basal arca (in pure and 
mixed stands) and aspen measurements, Stand bas,t1 
area and aspen measuremcnts wcre converted to a log 
scale and slopes of regression lines werc compared with 
ANCOVA analysis to determinc if the rate of rcsponse 
(slope) of aspen nleaSUremellts to stand basal area were 
different in pure and mixed stand., This analysis was 
only conducted on aspen variables that were not found 
to have timc as a signiticanl effect in the repeated mea­
sures analysis because basal arc'a of stands inlTcased 
(covaried) with tim\", 

To further investigate the effects of increased elk 
populations following the initiation of thc policy of 
natural regulation in the Park, aspen establishment in 
stands with high levels of hrowse was compared with 
ANOVAs bctween the three decades before and after 
1968. Additionally, aspen establishment in the three 
decades following 1968 was compared between slands 
of low and high levels of browse. 

Rates of density-de[Jendent aspen mortality were 
compared among stand types by transforming the data 
to the format of the -3/2 thinning rule (also known as 
the self-thinning rule or the 3/2 power law of self thin­
ning: Yoda et al. 1963). Density (stems·hai·yr') and 
basal area (m 2/ha) were natural-log transformed from 
10 stands that initiated Wilh an even-aged cohort of 
aspen eSlablishment. Best-lit regression lines were cal­
culated for each stand staning with the year of ma,~i­
mum density and cOlllinuing to the year when the stand 
was sampled, Slopes of lines were compared among 
stands and to thc expecLCd slope of - 3/2. 

RESULTS 

All stands with high levels of hrowse were located 
within Rocky Mountain National Park and three of the 
four stands Wilh low levels of browse WlOre located 
adplOent to the Park in the Arapahoe and RousevelL 
National ForlOsts, Tn total. !rce core samples were (;01­
leeted and analyzed from 643 living aspeu, S48 dead 
a'pen. 327 living conifers. and 37 dead conifers. The 
correlation in patterns of ring widths among trees (the 
interseries correlation) was r > 0,6 ror aspl'n and r> 
0.5 for conifers. ,.\11 living and all but nine dL'ad stems 

were crossdated. For these nine samples, ring-width 
series of samples with the same diameter and core 
height and degree of decay were substituted. Pilh was 
present on 46'k of the S<llllpies and 0-4 yr were esti­
mated between tbe inner ring on tbe core and the pith 
on >92% of tbe samples. Over 98% of dead stems had 
visible beetle galleries on thc wrface of the stems and 
death dates were assigned to each stelTl. Dead aspen 
sterns were preserved for up to 92 years within tbe 
stand, and 7'!c of dead stems v,'ere smaller than 5 em 
diameter. The number of dead aspen recorded per de­
cade dropped steadily from 1950 back to 1900. Low 
levels of conifer mortality were recorded in three of 
the eigbt mixed stands and no mortality was found in 
the remaining five stands, 

Patterns of aspcn stand dcvelopmcnt 

The majorily of aspen establishmcnt in all stands 
occurred within the [irst 30 years of stand development. 
with continued pulse, of recruitment (Fig, I a and b). 
Aspen basal area increased ,teadily from Ihe time of 
stand establishment to the present. with no decline ap­
parenl by [he time "tands reached 120 years of age (fig, 
2a and Ill. Stand-level ba,al area increment (tBAl) of 
aspcll reached a plateau het\veen 40 and 90 years (F'ig. 
3a and b) 'lnd average basal area increment per tree 
(aBAI) either continued to increase, stayed relatively 
Cl1nstant. or decreased depending on the type of aspen 
stand (Fig. 4a and b). Dead aspen stems began to appear 
in stand., after 10 to 50 years of development and in­
creased in numbers up to the present (Fig. Sa and b). 
No stands experienced pulses of synchronous aspen 
death (i.e., clusters of deatb dates within a decade of 
each other) that would indicate a stand disturbance such 
as a blow do\vn or a tent caterpillar (lvlalacosonw dis·· 
sfria Hubner) outbreak, 

Time was a signi ficant variable for the period 0-129 
years in repeated-measures analysis for all factors ex­
cept aspen establishment Cfable 2a), Time was not sig­
niJicant for mature stands (70-J 29 yr) for IBAL aBAJ, 
and mortality <Table 21». Due to significant interactions 
of time with coni fer and aspen basal area, we only 
regressed aspen establishment data (no signiticanl in­
teraction with time) with stand basal area of pure and 
mixed stands (sec resulls below; Fig. 6). 

['affems oj" cOIliter dei'e!opmellt 

The initiation of conifer establishmelll in' mixed 
stands ranged from 10 and 80 years after initial aspen 
estahlishment. Conifer establishment occurrcclthrough­
out stand development, wilh peaks present early in stand 
development and after 100 years (Fig. Ic), Conifer basal 
area (Fig. 2c) and basal area increment (data not shown) 
increas",d L'clilti nually with stand age. Average basal area 
increment per tree remained constant or decreascd 
slightly as stands aged, Conifer mortality was minimal 
in all stands and in percentage of total stems (0--9'));), 
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FIG. I. Establishment or aspen and ,onifers over 120 
years of stand developmcnt in 16 aspcn sblnds in the From 
Range, Colorado, USA. Each line represents mean values 
I::'eSE) or rour stands. Four types of stands were sampled: pure 
aspen stands with low kv"b of elk browse (panel a. solid 
circles). mixed aspen-conifer SWIllls with low levels of elk 
brllwse (punel a, open Lircle~). purl" a::;p~n stands \Vilh high 
levels ofelk brows" (panel b, .",Iid circksi. and mixed aspen­
conifer stand~ wilh high Ievel~ or hrow...;e tP;.ln~1 b, open cir­
cles). Conifer eSlablishmellt wa~ ~alllplcd ill mixed aspcn­
conifer stunds with lC'w levels of browse (pand c. sulld cir­
cles) and high levels (II' browse (panel c, open circles). 

Influences (~r (,oll/Jers on aspen 

Du~ to the large number of d~cades during which 
aspen establishment was zero (70% of all potential de­
cad~s of establishment), we regressed stand basal area 
in pure and mixed stands \vi lh maximum aspen estab­
lishment recorded for a given basal arca rallge. For 
~xample, a maximum aspen establishment o[ 4 7 7 
slems·l1a- l·decaJe'l was recorded in pure aspen stand, 
and 98 stems·ha--I·dccad~-I in mixed s[ands for stand 
basal area values ranging between 10 and ,< 15 m'/ha 
(Fig. 61. Maximum aspen establishment decreased ex­
ponentially in pure and mixed stand:.. as stand basal 
area increased (Fig. 6). No pure sland had aspen re­
cru.itmcnt when stand basal area was :>47 m 2/ha and 

no mixed stand had aspen recruitment when sland basal 
area was >38 m 2/ha (Fig. 6). The comparison of slopes 
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of linear regressions of log-transformed stand basal 
area and maximum aspen esrahlishment. valUeS for 
mixed slands (log[max aspen establishment] ~c 4.60 .­

2.373 X log/stand HA/; P < Cl.otlJ) and pure :..tands 
(Iog[max aspen establishment]'" 4.278 - 1.543 X 
log/stand HAl; P = 0.0(4) showed the rale of decrease 
of maximum establishment was higher in mixed stands 
than in pure stands (P = 0.(26). Aspen mortality was 
not sigrllficantly different between pure and mixed 
stands (Table .3). 

All nleasurcs of aspcn growth (BA, IBAI, aBAI) and 
monality showed no significant difference between 

pure and mixed stands for the full period of stand de­
vdopm~nt and in mature stands (Table 3a and bl. When 
plotted, aspen basal area, total aspen basal area incre­
m~nt, and average basal area increm~nt per tree showed 
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Ftc;, 2. nasal area or :!'ipcn and conifers over 120 :year~ 

u( ... land r.kvclnpmenl in 16 <lspen sLlnd~ in lhe Front Ralli!e, 
Coloradu. CSA. Til each ... tand, basal area values w~re av'cr­
aged by decade. EdCh line represents lllean va,lues \:::!::SE) of 
four stands. Four lype ....; or ,stands were sampled: pure a\pen 
stand, with low lel'ch of elk brow"e (panel a, solid circles). 
mixed aspen-conifer slands wiTh low levels (If elk browse 
/panel a, open cin;le~). pure aspen ~tallds with high levels of 
elk brows" (]land b, solid circle'), and mixed 'Ispen-conifcr 
slands wiTh high levels of brow,e (panel h, open ,ircles). 
Conifer basal area \1,,'(.1<.; sampled in mixed aspen-('unifer 
stands with low levels of browse (pallel c, solid circlc.,) and 
high levels (If browse (panel c. open ciITles). 
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FIG. 3. Total bi",al area increment (BAI) of aspen over 
120 years of sland development in I (i aspen sWllds ill the 
Frolll Range, Coil'rado. USA. In each stand, tutal BAr valnes 
were averaged by decade. Each symbol repres~n[s m~an val­
lles ( +: SEC) "f four Slands. Four types of slands were sampled: 
pure aspen slands with low levcls of c1k browse (pand a, 
i-olid circles). mixed aspen-conifer srands wirh l(lW leveh of 
elk hrcJ\vsc (panel a. open circle:-'J, pure (.\"IK'11 :-;lunds \.Vilh 
high kvcls of elk brows" lpanel b. solid circle,), i.md mixed 
a"pen-conifer stand" Wilh high levels of hn)wse (panel b. 
open circles). 

no cvidencc of decline in maturc mixed stands, and 
av ... rage tre ... -Ievel BAI appeared to be increasing evell 
when these stand, were oldn than 100 years (Figs. 2a, 
b, 3a, h, and 4a, hI. Aspen mortality was highcr ill pure 
stands than in mixed slands, although the di fference 
was not significant (Table 2 and 3). 

influences of elk brOlvsing 011 aspen 

Aspen establishment over the full period 01 stand 
development wa,,; significantly higher in stands with 
low levels of browse than stands wilh high levels (Table 
2a and Ja; Fig. I a and b). Despite overall higher levels 
of aspen establishment in low-browse stands, at some 
ages (e.g" 60-80 yrl aspcn establishment was higher 
in <;lands with high levels pf browse (Fig. Ia and b). 
In stands with high browse Ieve],;, aspen establishment 
was not significantly diffcrent (P 0.74) in the three 
decades before 1968 (4 1.\ 2: 26.2 sterns·ha-J·dccade- I; 
mcan :i:: I SE) and aftcr (61.0 :i:: 47.2 stcms·ha- I. 
decade-I). Mean aspen establishment in stands with 
high levels of hrowse was not signitiuUltly difCcrent 
(p = 0.56) for the period 1'011 owing 196R I'rom estab­
lishment values in stands with low browse (128.2 2­

60.9 stems·ha-J·deeadc- I). Rcpeatcd-mcasmcs analysis 

comparing establishment beCore and after 1968 found 
timc to not be a signiticant factor (P 0.(1). 

Measures of stand-level aspen growth mA, tBAI) 
were consistently and .significantly lower in stands with 
high levels pf elk browse (Table 2 and J. Fig. 2'1 and 
b, Ja and b), while average tree growth (aHAI) was not 
significantly lower in stands with high hrowse levels 
thall those with low levels Cfable 2 and 3, Fig. 4'1 and 
b). Timc and browsc levcls interacted significantly for 
BA and tBAI for th ... full period of stand development 

Cfable 3'1), the only significant time interaction in thc 
datil. 

Aspen mortality was higher in stands with low Icvels 
of elk brows... than stands with high levels (Tabl ... J). 

Mortality during tilt' past 50 years in stands with low 
clk hrowsc had ncarly 70',{, variance cxpjained by the 
maximum aspen density recorded in a stand, however 
this relationship did not exist in stands with high lcvcls 
01' elk browse (Fig. 7). The "lope of the self-thinning 
Line of aspcn stands showed no pattcrn relating conifers 
and elk browsing with d ... nsity-dependent mortality (Ta­
ble 4). 

DISCUSSION 

Aspen forest developmcnt over 120 years ineiudcd 
long-term trends relatedt() the c-xogenous influences (If 
conifers and clk browsing as well as intra-specific dy­
namics. Despite the capacity of living aspen to develop 

>.;;;­
E
.£ 

~ 
Q) 

~ 
§:« 

10 

8 

6 

a) Aspen average SAl with low browse 

-+- Pure aspen 
-0--­ Mixed 

b) Aspen average SAl with high browse 

-+- Pure aspen 
-0--­ Mixed 

4 

2 

0 
'--~~~~-~-~---~-~--' 

10,--------------------, 

8 

6 

o 20 40 60 80 100 120 140 

Stand age (yr) 

FIG, 4. Average ba~al area in('retnenl per free (BAr) of 
aspen over 120 years of sland ,kve1opmem in 16 aspen srand.s 
in (he Front Range, CO!llrauo. liSA. In cach stand. average 
BAI value, \Vere averaged by decade. Each symbol represents 
mean \':llu~s (~·_~F.) of fOllr slands. Four typl':S of '>tJnds were 
\i:Hllpltd: pure a~pcn stands Wilh low levels of elk bnnv~e 

lJ'ilnd a, solid L'irdc,», mixed d~pl'n·,,·cullif~r .... laucb wirh hl\v 
levds of elk hrow:;;e (pand a. open circles). pure asp~n srand" 
with high levels or elk bruwse (panel b. ,,,lid circles), and 
mixed aspen-conifer ... lands v.'ith hjgh k"ds of brow,se (pant:1 
h. open circles). 
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FIn. 5. Mortality of aspen over 120 years of sland de­
velopment in 16 a:-.;pen stands in the Front Runge. Colorado. 
LISA. In each stand. nlDrtality values Wet'e StIm/Tled hy decade. 
Each symbol represel1ls mean values (::leSE) or four stands. 
Four types of stands werc sampled: pure asp"n stands with 
low level., of elk browse (pal1e1 a. solid circles), mix,'d aspen­
"emilcr stands with low levels of elk browse (panel a, open 
circles), pure aspen stands \-vith high levels of ,.Jk brow~c 

(panel b, solid circles), and mixed aspen-conifer stands with 
high levels of browse (panel n, opcn circles I. 

hcan rot and the species' soft wood, it makes a suitable 
species for sland rt:constrllctiollS (e.g .. Liellers et al. 
1996. Shepperd et al. 200 Iu. Hessl 2002, Larsell and 
Ripple 2003, this study). Through rcconstructing aspcn 
stand history, we found aspen stands to be highly var­

, 
2200,------------------.-, 
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1800 \ -- Pure aspen regression~::- \.c' \(/)Ol 1600._ '0 

-Ol 
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.ou 1400 l,
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Ftc,. 6. ~1axilllUI1l \'i.tlue~ uf aspen e:-.tahlishmenl recorded 
in eight pure aspl'1l and eight rni,xcd asp~n-coni[er ~Land~ for 
,r"nd basal areas ranging from 0 to > 55 m'/ha. Each diamond 
Ipllre aspen) and circle (mixed sland) represenls the lllaximllln 
establishment rccorded for a given 5 m'lha increment of stand 
basal area. Pure :~t.ands reached a m3ximurn stand basal area 
or 50 m'/ha, and mixed stands reached 60 me/ha. Exponential 
decay regression lin(:s w~:rc fit to IIlHxirnuIIl aspen esrablish­
ment data from pure stands (solid line) and mixed srands 
tdaslwd line). ANCOVA comparison of log-tran,fonncd 
stand basal area and maximum (:stablishment oata showed 
mixed stands to have a more negative slope than pure stands 
(P = 0.0261. 

establishment. mortality. stem dellsity, basal al·ea. and 
degree of aspen-conifer mixing wilhin the stands. De­
spite this variability. clear relationships hctwccn aspcll 
forest development. conifers. and elk browsing were 
.:videnr. 

The change in spe.:ies compos ilion from pllt'e aspen 
to mixed specie, i, oftell labeled as conifer invasion. 

iable throngh both space and time in thcir patterns of The process begins with aspen stand establishment via 

T"BI..f 2. Aspcll establis!unent, basal area (BA), total ba.'al arca increment ltBAli. avcrage basal alea increment per tree 
(aBAI). and mortality for 16 aspen stands in the Front Range or Colorado "ampled in a 2 X 2 faclorial de,ign; valuc.' are 
means (::!::SE). 

E"lablisbment 
(no. ,')tclfls·ha'·· f. BA tBAI aBAl 

Mortalil)" 
(no. stcflls·ha '. 

decade-I) (lll'/ha) (m'·ha·· . yr ') (cm'/yr) decade-I) 

Bn)\v.se Browse Browse Browse BrDw,se 

Conifer Low High Low High Lo'lo\' High Low High Low High 

a) Full period (0-129 yrl 

Pure aspen 153.01 100.67 13.06 11.70 0.29 0.24 3.2lJ 3.31 52.12 4('.22 
145.20) 12b..t4) (1.24) 11.(6) (0.02) (0.02) (0.25) 10.25) I. 1227) (7.43) 

Mixed 181.68 73.85 15.88 9.01 0.34 0.20 3,18 3.41 76.60 23.08 
(50.20) 115.55) (US) ((J 77) (0.02) (lUll) (0.2S) (0.22) (J 3.1 9) (4.62) 

b) Mature slands (70-129 yr) 

Pure aspen lJ 1.11 16.94 22.7:1 1lJ. 17 O.-tO (1..10 3.96 4.5.'\ 9<).llJ 7.3.66 
(38.96) (lJ,26) (1.62) ( I ..,0) (0.03 ) I.O.IJ2) (().14) ((),39) (2·UI) ( 12111 

Mixed 75.35 30.62 26.87 15.42 0.43 0.27 3.89 459 13077 45.66 
(32.47) 121.58) \ 1.56) (0.88) (0IJ2) W.02) 10.43 ) (,fUI) (2476) l8.42) 

Nores: The tlrs[ factor was l'onjfer~, iinJ lhe- t\Vu le-vels were pure a~pcn anu mixed H;-;pel1-conifcr. "rhe secunJ (actor \-vas 
elk browsing. and d"l~ I\vo lcvl.:~l~ were low brows(: intcnslr.y and high browsl~ intensit.y BA. tHAT. and aHAl were averaged 
by decade. 
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r',\DLE 3. Results or n.;fJ'-'~Hl'd-mea"urc:"l dlli:.tly:-.is pf till1e sl'Tics or aspen establishment, basal 
area (BA), tlltal basal arca inerclllem (rBAn. average basal area increment per [fee (aBA]). 
and mortality for 16 a,pen ~tand,; In the Front Range of Colorado ,;ampled in a 2 X 2fact"rial 
design. 

E'tahl i,hlllelll tHAI M"rtalitv 
(no, stem:i,ha- I BA (m::·ha- ' aBAl (no. :-;tems·fl<.l-I 

Factor 'decade ') (m'/ha) .yr i) (ern'lyr) ·decade ') 

a) Full period (0-\29 yr) 

Conifer' (pure aspen vs. mixed) 
Brow~e (low v,. high) ** 
Conifer X browsL: 
Time 
'rime x conifer 
Time X brnwst:' 
Time '< con.ifer x bnJws(' 

b) Mature stands 170-129 yrl 

Cunifer (pur" asp,:n vs. mixed) 
Browse (low '·s. high) 
Coni fer X browse 
Time 
Time X conifer 
Time X browse 
Time X conifer X browse 

root sprouting following a stand-r.::placing forest dis­
turbance. such as fire (Grant and Millon J 979. Jelinski 
1993). In several cases in the West. aspen germination 
from seed has been witnessed following severe fires 
(RotlllTle et al. 1997. Quinn and Wu 200 I, Turner et al. 
20(3) however the long-term success of these seedlings 
has not been determined. Aspen may persist as pure 
stands (Bellers and Woods 198\, DeBylc and Winoker 
1985, Cryer and Murray 1992.. Crawford ct al. 1998), 
but shade-tolerant conifer species often establish in the' 

70 
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1:: 10 ••
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FH'.7. 'rhe relationship helV\,'een the percentage of aspen 
fl}Ofl.ality l'ccordL"d Juring the nllJ;~t reccrH 50 years and maX­
imum aspen denSIty reached in a stand. Aspen stands with 
low Icveh of elk browse (black diamolllis) showcd a strong 
relationship between the two. whereas stands with high levcb 
of hrow~e (gray squares) did not 

Notes: The lirst factor was "onifers, with the two level, being pure a,;pen and mixed aspen­
conifer. The second factor was elk browsing. with thc two Ieveh of low bruwse inten~ity and 
high browse int(:nsity. Significant P values (ex 0.05) are indicJted in three ranges: "~ P < 
O.OS; .". f' <: (UlI; .• ,., 1'., 0.001. The direction "I' the effect or conifers 'lIld browse fOl all 
significant P value' \.\'a..., that pure a~pcn dnd luv.:~brow:-.L' :,itcs had higher values than rnixcu 
t:.lIld high-brow'lC' Sites. Empty cdi" had no ....dgnificant cHeer. 

understory of aspcn (DeByle and Winoker 1985, Cryer 
and Murray 1992), Conifer establishmel1l in our study 
site began between 10 to SO years following aspen 
establishment. similar to the variation reported Cor a,,­
pen in Alberta, Canada (Lciffers et al. 1996). In the 
traditional succession story, conirers ente'r what was a 
pme aspen stand. outcompete aspen, and with time 
dominate the stand. 'Ne found the influences of conifers 
on asp"n Corest development to support some aspects 

TAB! E~. Slopes of self-thinning lines of aspen in 10 even­
aged aspen ~tands in the Front Range, Colorado, CSA. 

Slope of 
self-thinning 

Type uf stand linc 

Mixed, high browse ·..·oss 
Purl', high brow,,' -0.72 
Pure, low brl)wse -0.86 
Mixed, high browse D.9:! 
Pure, low browse -UI 
F.xpecrc:d - 1.5 
Ivlixeu, ]PW brl) ....\'~e 167 
~1jXL'd. [0\\­ brow:-'l~ -2.3~ 

Purl;;. Itl \\! tHIJW"e­ ····2.6 
Pure. high brow"e 2Xl 
l'vlixl~d, high brD\V~C -2.99 

Notes: The remaining six 'itands sampled in (his study ........ere 
IlOl even-aged and were nul included in this allaly~is. Slopes 
were calculated by t.he regressing of In((knsity) <:lgainst 
In(hasal area) and were compared to the expected self-thin­
ning rate of 3/2 (Yoda et al. 19(3). All rcgrc"ion lines had 
R' > 0.80 and P <" 0.001. Stcmds arc ordeled from high,"t 
to lowest ~Iope value~. 

0 
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of the traditional idea of invasion, bur mostly our find­
ings dcmonst.rat.c' a patr.crn of a gradual change in spc­
cit.'s composition driven by species' characteristics 
such as longevity and level of tolerance 10 shade. 

Our anaJysis supports the hypothesis that the pres­
ence of conifers decreased aspen establishmcnt. but tht.' 
results fail to wpport the hypotheses that conifcrs de­
creased aspen growth and increased aspen mortality. 
Aspen c.'-lablishment. was lower in mature mixed slands 
thall in pure stands. Additil'llally, our data suggest peak 
aspen establishmcl1l would be lower when space in a 
sUlnd is occupied by conifers rather than aspen. ASpt.'1l 
growth showed no evidence of decline In mature ,tands, 
whether they were growing in pure or mixed stands. 
For example. one aspen stand over 100 years old had 
conifcrs exc.:cr! a basaJ area of 40 m'/ha and >rill 
showed increasing aspen basal area and no decrease in 
avcragc basal ar.:a in.:rclllent per rr.:e. [n ccnt.ral Utah, 
reconstructed stand-level ba,al area increment W~lS 

lower in mixed aspen stands t.han in pure stands. how­
ever this conflicting result may be due to tWO factors 
in the Litah stands thaI differ from our sites: aspen and 
conifers co-establ ished follnwi ng eli sturbancc and the 
stands were of low productivity (Shepperd ct al. 
200 Ia). Aspen mortality was not higher in mixed stands 
and patterns in aspen mortality did not indicate that 
past dislUrbances (e.g .. blow down. insect outbreaks) 
played a role in mortality within our "tands. Nearly 
70% of the variance of aspen mortality can be cxplained 
by the maximum density of aspen measured in caeh 
stand with low elk browsing (Fig. 7: see following 
paragraphs for a detailcd discussion of the r(lle of .:Ik 
browsing). 

Clur daw, combined with previous knowledge of as­
pen and conifer characteristics. provide thc necessary 
information to update the description of aspen su.:ces­
sion to conifers. Previous studies have shown that as­
pen's ability to sprout from cxisting roots g:n·e it an 
advanrag.: ovcr conifus in I'apid site recolonization 
(Peterson and Squiers 1995). Following initial a;:pen 
.:oloni7.ation in an area, a,pen and conifers infilled as­
pen .stands anel as conifcr presence increascd the po­
tential for aspen establishment decreased. Aspen 
growth remaincd resilient to the .:fleets of conifers. 
po",ibly due to the ability of individual aspen stems 
to draw resources from a donal root systelTI (Joncs and 
DeByle 1985). As time passed, aspen approached its 
maximum age, which is considered to be approximately 
<200 years in the Front Range. Concurrently, conifer 
species that are more shade tolerant and longer-lived 
than aspen (Aplet .:[ al. \ 988, Veblen et al. 1991) es­
tablished and grew in the a,pen stands. \Vith a decrease 
in aspen cstablishment., aspen abundance decreased and 
conifer 'lJecies began to dominate. Belowground. aspen 
root systems may remain intact de,pite a strong pres­
ence of conifers ahoveground (Shepperd et al. 2001 a). 

The successiun model presenled herc would be altercd 
by cxternal and stoehastic fOITCS su.:h as in~cet Olll­

breaks, wildfires, and climate variability (Veblen et al. 
1991, Binkley et al. 19(7). The results from r.his study 
suggest Lhat forest succes,ion from aspen Lo conifers 
ill our study area can be artribUled to the vulnerability 
of aspen estahlishmcnt undcr high levels of eonifcrs 
rather than the susceptibility of its growth and mortality 
to th.: stresses of competir.ion from conifers. 

The time course of elk browsing could uot be re­
consrruct.ed in thc samc manner as the history of conifcr 
arrival ~lnd growth in aspeu stand.s, as t.'lk browsing 
docs not leavc datable scars on aspen srcms. Due to 
the spatial and temporal limitation of browse infor­
mation, browsing cuuld only be r.reated as a binary 
factor and aspen stands were descrihcd as experiencing 
either high or low kvels of browse. In the future, mon­
itoring of bot.h elk activity within it stand and aspcn 
dynamics would yield a more comprehensive under­
sranding of the relationship between the two. 

The majority of stuelies of elk browsing and aspen 
focus on Jecrea,-;ed stem recruitmenr as the indicating 
factor of aspen declinc. During the winter, elk are re­
SU-ieted r.o low elevations of the Park, where they 
browsc horh aspen sr.ems and ~prour.s resuIring in no­
ticeable scars on mature trees and consumption of as­
pen recruitment. Ecologists lwve nuted the impacts of 
elk browsing on aspen stands in the winter nwge of 
Rocky Mountain National Park as early as the 1930s 
(Paekard 1942), when the el k popularion was estimated 
to be between 300 and 500 head. Recent reports of elk 
impacts on aspen establishment hav.: coincided with a 
long-term high of over 1000 elk in the Park following 
rhe onset of rhe policy of natural rcgulation in 1968 
(Olmsted 1979, 1997, Baker cl al. 1997, Berry et al. 
1997, \Vlule et al. 1998, Suzuki et al. 1999, Hessl 2002, 
Kaye et al. 20(3) and spatially expansive slUdics 
throughout the \Vest have shown diverse responses of 
aspcn establishment to varying Icvels of elk browsing 
(Suzuki et al. 1999, Barnet and Stohlgren 2001, Larsen 
and Ripple 2003, Whirl' ct al. 2(03). Previous srudie.' 
have suggested that elk browsing not only decreases 
aspen recrUitment. but decreases rhe vigor of mature 
slcms and increascs rhcir mortality through increased 
pathogen infection in browsing wounds on the tree 
stcms (White e\ al. 2003 I. 

Elk browsing negatively affccted a.-;pen estClblish­
trlent and stand-levcl growr.h in uur slUdy, but did not 
afl'ect the average rate of aspen stem gro'Nth and mor­
tality. \n recent decades, aspen establishment was nei­
ther Jower in browsed stands following the onset of 
lwlllral regular.ion nor lower than establishment in \111­

browsed stand,,_ Interestingly, lower levels of aspen 
esrablishment were recorded during the entire period 
of aspen stand development, but not when exclusively 
cllnsidering rhe most recent 50 years when the clk pop­
ulation in the Park was largest. Despite the lower elk 
poplLiations earlicr in the CC\Jtmy. ecologists noticed 
elk impacts on aspe\J in the wintcr range (Pack,ml 
1942) Elk hrowsing Inay have been impacting aspen 
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establishment throughout the Park's history and the re­
cent boom iu r.he elk population has not accelerated a 
decline in aspen recruitment. although browsing his­
tory of the sites cannot be confirmed. Lower rates of 
,qand-lcvel aspen growth in browsed stands also pre­
date the boom in the elk population witnessed in the 
past few decades. The positive eorrelar.ion between as­
pen density and mortality apparel1l in slands with 10"''' 
browse levels was nor. preseIH in high browsed swnds 
(Fig. 7), suggesting that elk browsing has the potential 
to cffect the rclationship bctwC':ll aspcn dcnsity and 
mortality. 

Observed diCrc'reuces in aspen dynamics between 
stands with low and high levels of browse could bc the 
result of methodological shortcomings rather than eco­
logical impacts of browsing. Aspcn stands in the elk 
winter range have supported variable levels of elk 
browsing ;inee 1915. aud diffcn:nces in aspen estab­
lishment. growth. and mortality may reflect many de­
cades of elk impacts. However, lower levels of aspen 
establishment and growth in browscd stands hegin over 
100 years ago following stand establishment. a period 
when elk were absent from the Park. Lower levels of 
these measurements in the lirst decades or stand de­
velopment may occur becanse the reconstruction docs 
not include some stems that were present during that 
period and have since decomposed. Two possible 
mechanisms for accelerated wood decomposition in 
browsed stands are (I) physical breakdown of dead and 
downed trees by elk trampling and (2) accelerated wood 
decomposition due to the introduction of pathogens 
into aspen wood through browsing woumb. In order 
to avoid making conclusions concerning the impact of 
elk browsing on aspen based on a potentially incolIl­
plete reconstfUClion. results from recent decades should 
be emphasized beL'ausL' recoo.'itruclion Innilations from 
loss of wood to decoll1posilion would be les.' influen­
tial. The most recent decades of aspen Corest devel­
opment indicale that elk brow;,jng did not decrease the 
average rate of tree growth: however. aspen establish­
meJl{ and the total amount of wood in browsed stands 
wa,,, lower. 

The combined erfects of conifers and elk browsing 
resulted in aspen forests with the lowest amount of 
aspen present in the .stands and the slowest rate of aspen 
stand growth. Lower amounts of aspen in stands with 
coniCers ami elk browsing were the cumulative result 
of decreased aspen reernitrnent into the stands over the 
full period of stand development. Mortality was loweq 
in stands with conifers and browsing, which doe, nOI 
support pur hypothesis that both facwrs would accel­
erate aspen mortality, High levels of mortality in pure 
stands with low browse may he the resulr. of self thin­
ning. as supported by the positive relationship between 
the percent aspen monality and the peak aspen density 
reached in a stand (Fig. 7) 

The comparison of self thinning rates among aspen 
stands provided further evidcnce that conifers and elk 

browsing did not accelerate the rate of aspen mortality. 
We used the framework of the - 3/'2 thinning law (Yoda 
et a1. 1963) to analyze whether conifers and elk brows­
ing accelerated aspen self thiuning. despite the contro­
versy surrounding the method (see \\'eller J987. Lons­
dale I (90). The slope of the self-thinning line would 
be steeper if either factor was systematically aug­
menting the amount of aspen mortality, a pattern that 
was not c:videut in our analysis (Table 4 t. A previous 
study 01' the impac·ts 01' elk browsing on aspen mortality 
in the \vintcr range of Rocky Mountain National Park 
suggested that the amount of aspen mortality was high­
~r in browsed stands and that the size distribution of 
dead aspen in un browsed stands was more skewed to 
small-diameter trees, however these findiugs were not 
statistically tested (Bakcr et a!. 1997) This study did 
not address the distribution of sizes for dead aspen 
stems but it found that the lack of difference in thinning 
rates indicated that increased aspen mortality was not 
a mechanism conlribut:ing to the species transilion from 
aspen to conifers or the possible aspen decline brought 
about by elk browsing in our study siles. 

MAN/\C,EMENT IMPLICATIONS 

Adaptive management plans for aspen forests should 
be based on detailed understandings of the major fac­
tors that influence these forests. including conifers and 
elk browsing (National Research Council 200'2). Adap­
tiVe management prescriptions can only be made with 
spatially and temporally comprehensive data docu­
menting the impacts of conifers and browsing (Holling 
and Meffe 1996). 

Our data suPPOrt the hypothesis that conifers and elk 
browsing decreased aspen establishment and th,lt 
browsing decreased swnd ..·level aspen growth. rlow .. 
ever the rcsults did not support the hypotheses that 
either factor impacted the growth rate of individual 
trees or aspen mortality. Aspen's response to coni1'ers 
aurl elk browsing can be explJined by the species' clon­
al growth and low tolerance of shade, however Cmther 
research should test these mechanisms experimentally. 

The re.sults of this study suggest that aspen abun­
dance in the Cemral Rockies can be improved with 
enhanced aspen recruitment. Once established. iLs 
growth and mortality were resilient to both conifers 
and browsing over the past century. Successflll aspen 
regeneration at small scales « I () hal may by achieved 
with human manipUlations such as t.he physical pro­
tection of aspen recruitment frol11 browsing and coni­
fers, Over decadal to centennial time periods and large 
spatial scales managers may have to rely on disturbance 
regimes and climate variability. Past pulses of aspen 
recruitment have occurred following widespread stand­
repbcing lires (Kulakowski et aL 2004) and during wet 
periods (Romme et aL 19(5). but the recruitment-cli­
mate relationship was not detected in one study in the 
elk winter range of Rocky Mountain National Park 
(Baker et al. 1997). Thc 1988 fires in Yellowstone have 
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demonstrated that aspen (olonization will not he su(­
cessrul in the pr(scnce of intense elk browsing. St3nd­
replacing tire regimes (ombineu with ,uitable climate 
and/or decacks of controlled elk browsing Illay be a 
source for [he .initiation of new aspen stands, and could 
reduce the concern of forc-s[ managers over the loss or 
older aspen stands to the long-term impacts of 20th­
century increases in conifers or elk browsing. 
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