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Abstract
Seedling fecruitment dlnanrics in old grc$'|h ponderosa pine forests are poorl! und.$tood. but in very dry environnents these
processes are believed to be especiallv inilucnccd by lacilitation and comperition from adjacenl !egeiation. Seedling rccruiunent
in an old gro\rth ponderosapine stand in cenlral Orcgon was nudied to derermine its relationship $ithoverston trees and ncarby
shrubs. and to idcnlilv lhe spatial patterns fesulting from thc\c rclationships. Froln tests ofsigniiicancc usirg Poisson regression
iI was found thal fic iniluence of rdjacent legetation \\'as greatcsl anong snaller size clasies of rcgcnerarion. The strongen
reladonship (ncgad!e) belween overstory basal area a.d gcrminanl rrd seedLing densit] r'as obscrlcd when calculated at a vcrt
local \cale (5 m ladius). Seediing and germinant densiiic\ qcre atso:rdversel) affected b,v adjaccnr saplirg\. Howevef. the\' $erc
positilch associated with shrubs indicating thal lbc laciliruri\e influence of shrub prcscncc exceeds its competirire effccl lbr
ihcsc rcgcneration stage\. Unlike germinanls and sccdlings. sapling\ were most stronglr rclaled ro shrubs. and this relationship
!\a! ncgali\e. Spatial anallsis revealed significanl aggregador ofgefminants seedlings. and saplings. withthe inrensiry ofaggre
gation decreasing lrom smaller to lafger size classes. Thesc rcsuhs suggest that regeneration is mos! sersiri!e to adjacent vegcla
tion duriDg earl! \lagcs. that the lircilitative influence ofshrubs dimirishes relative io their competitivc ellect once fegenerarion
reaches the saplng stagc. and that &e early :rggregated condilion of rcgcneraddr graduall) transforms !owafd a nore fegular
pattern .r\ \tand development progrcsses.

Introduction

Seedlings of ponderosa pine (Pinus porulerosu)
often facc a harsh physical environment and can
experience competition fbr scarcc resources. In
ponderosa pinc forests. it is likely that ffee re-
cruitment is influenced by thc spati;il patterns of
c \ i s l ing  rcg( lu l ion .  In  e r t reme enr  i ronr rcn l . .
seedlings are especially intluenced by competi
tive and tacilitative forces imposed by adjacent
vegetation (Callaway and Walker 1997). Shrubs
and ovcrstory trees rnay inhibit a seedling's sur-
vival and growth by competing fbr l inrited re-
sourccs: conversely. they may amelioralc the
seedling's physical environment. These influences
may be borne simultaneously by;in individual
seedling (Holnrgren et al. 1997). with thef net cf'-
1'ect detennining the seedling's probability of sur
vival and ratc of growth. Because competit ive
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forces arc repulsive and facilitative torces are at
tractive, the cumulativc eff'ect ofcompetition and
facilitation at the stand level should be reflected
in the spatial pattems of rcgeneration density.

In this study we analyzcd the spatial pattems
of recruitment in an undisturbed old-growth pon-
derosa pine stand in central Oregon. Thc first
objective of the study was to determinc the rela-
tionship of neighboring trees and shrubs to re
generation. We hypothesized that the density of
regeneration would be associated with the den-
sity ofnearby overstory trees, shrubs. and regen-
eration in larger size classes. Intbrmation from
this nalysis would indicatc whether the net re-
lationships betwccn tree regeneration and the com-
poncnts of stand structure werc competitive or
fircilitative. The second objective ofthe study was
to characteize ths spatial distribution of rcgen-
eration and to identily possible differenccs in those
patterns across different sizes ofregeneration. We
hypothesized that if overstory trees and shrubs
influenced seedling recruitment and surr"ival, then
these influences would beevidenced by aggrcgated



spatial pattems ofrecruitment, rutherthan by regu
lar or random pattems, as a result of net t'acilita-
tive attraction or net conpetit lve repulsion.

Methods

Study Area

The studl' area is located 22 km northwest ofSis-
ters, Oregon. in the Metolius Research Natural
Area (RNA) on the east slope ofthe Cascade Range.
Thc Metolius RNA covers pafts ol sections 25.
26, 35, and 36 of T12S/R9E, Willamette merid-
ian  ( rough ly  44 .5 'N la t i tude ,  121.6 'W long i
tude). Elevation is approxinately 920 meters. The
luea's continental clinate is typical of ccntral
Oregon, with cold winters (-0.5'C mean Janu-
ar) tenrperature; weather data tiom Sistcrs, Or
egon) and warm sunlmers (17.,1'C rnean July
tempcrature). Mean annual precipitation at Sis
ters is,108 mrn, occurring mostly as snow. Only
36 mm of rain falls during the summer months
(June thrcughAugust), resulting in an annual period
of drought.

The study was conducted at a fbrcsted site on
flat tenain not dissccled by streams. The soils arc
derived ofbasaltic pumice parcnt matedal erupted
from volcanoes ol'the High Cascades, and arc
deep. coarsc-texturcd, and poorly devcloped (Hall
1972). The opeo-canopy. old-gtowth stand con-
sists ofponderosa pine $,ith tace rmounts of grand
fir (Abies grandis). Overstory trees were moder-
ately clumped rather than randomly or regularly
dispersed. The understory vegetatjon is cqnposed
primarily of the deciduous antclope bitterbrush
(Purshie tridentdt.t), with sone western needlc-
gtass (.5tipa occide talis).

Data  Co l lec t ion  and Ana lys is

A 4.5-hectale inYentory unil was established at
the study arca in 1981. with trees grcatcr than or
equal to l0 cm diameter at breast height (1:10 cm;
dbh.) inventoried and mapped. In 1986, dbh was
recorded lbl all live trees in the unit. Dudng the
same year', a grid of 28 2-m radius, circular rc-
generation plots $,as established at the unit. Plot
centers \\'erc locatcd at 25 m intervals along the
grid. Measurements at thcse plots included tal-
l ies ofthrec size classes of regeneration: 0. 1 10.0
cm height, l0.l-1,10.0 cm height. and 0.1-10.0
cm dbh. In this study, these classes are felcrred
to  d .  !e rminrn l . .  :eed l ingr .  . tn r l  sap l ing . .  re .pcc-

lively. Diagrams of bitterbru sh covcr were sketched
in the field. and were later used to visually esti-
mate shrub cover trs absent, face (l percent), or
in increments of 5 percent. Data from one of the
regeneration plots was lost, so the number ofplots
uscd in the analysis was 27.

Data from the shrub samples and ovcrstory tree
census were used for standlevel calculations of
perccnt shmb cover, trees per hectare, basal area
perbectare, quadratic mean dbh (diameter at breast
height of tree of mean basal area). and the dbh
fiequency distribution. They were also used to cal-
culate basal area perhectare in circular areas cen
tered on the regeneration plots. Regeneration plot
data were used to calculate density (stcms per
hectare) of germinants. sccdlings. and saplings.

A preliminary assessment of spatial auto-
correlation u,as perlbmed for each of the three
regeneration classes to assess whetherthc assump-
tions of [inei:[ regression were violated. Tests were
b lse , . l  on  c r lcu l r t ion .  o f  Moran ' \  |  \ lu l i . t i ( .  r
coefficient that measures the dcpendence among
variable values bctween spatial points (Upton and
Fingletol 1985). Moran s I was calculated at six
regular distance classes. with the number ofpairs
in each class r;inging between 28 and 92. The
Bonttrroni approximation procedure (Rawlings
et al. 1998) wns used to detennine overall sig-
nificance (P=0.05).

Simple and multiple Poisson regressions r'"'ere
conducted to quantify the explanatory value of
stand structure variables that were hypothesized
to influence rcgeneration density (n=27). There
\r,ere three response variables: number ol stems
per plot for each of the three regeneration size
classes. Because these data were counts erpected
to tbllow the Poisson distribution, the Poisson
regression model was the appropriate statistical
model for the tests (Neter et al. 1996). Thc pri-
mary explanatory variable testcd was oventory
tree basal area per hectare. which rl,as calculated
for each regeneration plot. This measure was used
as a plot-specific cstimate of ovel.Story density,
and was assumed independent ofthe sizes ofcon-
stituent trees. Two variants ofoverstory basal arca
were used in order to test whether the effects of
overstory trees on regeneration were manilested
at different spatial scales fbr thc diflerent sizes
of regeneration. The tu o overstory density vari
ants were calculated by summing the basal area
of trees within radii of 5 and 15 meters from the
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center of each regeneration plot, then using the
appropriate expansion factor to express basal area
on a per-hectare basis. Because the sapling class
included relatively large stcms with potentially
substantial competit ive impact, thc number of
saplings per plot was also tested as an explana-
tory factor tbr gelminant and seedling densities.
The effcct of shmbs. using percent shrub cover
measufed within each regencration plot, was tested
fbr significance alone and with adjustments for
o \e r : lo r )  den\ i l y .  A l l  re . r '  o I  s ign i l i c i lnce  \ re rc
conducted at the P=0.05 level.

Quadrat-based spatial analysis tools were used
to charactcrize the spatial distribution of regen-
eratlon density. Variance/mean ratio. lndex of
Dispersion (a statistical test to determine the sig-
nificance of the lariance/n.rean ratio), and stan-
dardized Morisita's Indel wcre calculated tbreach
regeneratlon sizc class to detemine whether they
occumed in clumped. random, or regular pattems
(Grcig-Smith 1983, Krebs 1989).

Results & Discussion

Stand Structure

Stand density in 1986 was 349 trees per hectare,
u'ith 24.1 mr/ha of basal arca. Nearly all of the
overstory was ponderosa pine (> 997c of basal
area). Average bitterbmsh cover was 27.,17o (stan-
dard deviation = 18. | 7r). Quadratic mean dbh was
29.6 cln. but the largest tree was 121.3 cm dbh.
The frequency distribution of dbh (Figure l) il-
lustrates the broad range oftlce sizes in the stand.

More than 757r of stems werc in the smallest (10.0-
19.9 cm) diameter class. presumably indicating
i l  (ubs tan t ia l  inc rease in  r ree  dens i t r  in  recent
decades.

The total density ofregeleration in a]l classes
in 1986 was 9,402 stems per hectare. Variation
among plots was high, but the mean number of
\ te rns  dccrea \ed  Incrkcd l )  u i th  inc rer . ing  5 i /e
class of regeneration. There were 667. fewer sced-
Iings than germinants, and 366/o fewer saplings
than seedlings. The drop in numbers between sap-
lings (0.1 9.9 cm) and the smallest overstory di-
ameter class (10.0-19.9 cm) was 797o.

Inf uence of Stand Struciure on
Regenerat on

TABLE l. Results of the MoraD S I rests for spatial auro
correlalion of regcncralion denrity by rcgenera
lion classes. l\'{oran's I \iatistic was almosr uni
lblmly non-signifi cant (cr=0.05) al each distancc
class. The ovcrall corfelogram was ron-signiti
cant lof each rcgeneration clas!,

Distance Moran's I (P valueJ
Class (m) Germinarls S..Alirat Saring"

0.0,11 (0.277)
0.000 (0.336)
0 .035  (0 .159 )
0.095 (0.252)
0.205 (0.053)
0.008 (0.375)

Overall
Signilicance (0.?92) ( 0 .317 ) (0.212)

0 36 -0.199 (0.132)
36  7L  , 0 .108  (0 .237 )
7r r07 -0.009 (0.35,r)
107 l , t2 0.0,19 (0.165)
1,12-177 0.020 0.295)
177 213 -0. r30 (0.272)

0.088 (0.2071
-0.226 (0.035)
0.00i 10.320)
0.059 (0. r57)
0 .95  (0 .115 )

0.018 (0.'198)

i d " " s E * . ' $ d " d g " - . / &
dbh class {cm)

Figure L Frequency disrriburion of overstory trees b! diamerer clas! 01ote loga,
rithmic scale of y aris).
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For each of the three regeneration classes. the
Moran's I tests indicated no spatial autoconelation.
Table I shows the distance classcs testcd and thc
significance of Moran's I for each class. Using
Bonferroni approximation, spaiial autoco1.lelation
was not significant for germinants (P=0.'792),
seedlings (P=0.317), and saplings (P=0.212).
C i rcn  thc  l rck  o f  rpa t iu l  cu tocor re ia t ion .  i t  u r .

possible to calry out the regression tests without
violating the underlying assumption of indepen-
dent obseryations.

For the smaller regeneration classes. the ln-
fluence ofthe orerstory was most apparenl when
basal areaper hectare \\"as calculated for the trees
closest to the regeneration plot (Table 2). Calcu-

TABLE 2. Responsc !ariablcs (Y). cxplanalory rariables (X). and regression coefficients (8,) ofsingle
lacl|) and t$o faclor rcgrcssion nrodels (n=2lr significant factors at o=0.05 in bold).

B. P-valuc

Crrmin.rnts O,t( liklot tnotul.\
S-m Ov€rslorJ Basal Area

15 m O\eNory Basal,{rca

Number of Saplings

Percent Shrub Cover

't\\ p-la.tor tnotlel\
5-m ()lcrstor] Basal Area
\umber of Saplings

5-m OYerstory Basal Area
Percent Shrub Cover

-0.00{i9

0.0001

-0.1120

0.009,1

-0.009r
-0.1174

-0,0119
0.0154

0.0007

0.9559

0.0029

0.0141

0.0003
0.001:l

<0.0001
0.0005

Seedl i rgs Onr.lb(tor nnd(Ls

5-m Overstory Basal Area

l5'ln O!efslor) Basal Arc,l

Number of Saplings

Pcrccnt Shrub Co\'cr

Ttro fu!]!! !]a!!h
5-m ()verstory Basal ̂ rca
\umbcr of Saplings

5-m ()verstor} Basal Area
Percent Shrub CoYer

-0.0t43

0 .180

-0.1568

0 . 0 1 1 2

-0.01;10
-0.1582

-0.0194
0.0221

0.0043

lj.,l09,l

0.0269

0.0888

0.003r
0.0205

0,0006
0.0070

Saplrngs On( fu!t!!r]!4!lr
5-m Ovefstory Basr lArea

15-m Overstory Basal Area

Percenl Shrub Cover

'I tro l!!!! utllu
l5-ln Olef\ftnl B.r\al Afea
Percent Shrub Corer

0.0s6s

0.2161

0.03,11

0.0003

0 .1817
0.000{i

-0.0354

0.0318
-0.03,10
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lated with the 5-m radius. overstory basal area
per hectare was the most significant tactor (nega-
tive) on density of germinants (P=0.0007) and
seedlings (P=0.00.13). Genninants and seedlings
rvere also negatively rclated to sapling densit)'
(P=0.0029 and P=0.0269, respectively). The ef
fect of sapling density was also significant when
overstory basal area pcr hectare within a 5-m Ia-
dius was included in the model. Scatterplots and
tests of overstory basal area per hectarc calcu-
lated with the 15-m radius did not reveal any re-
lationships with gemrinants or seedlings. These
results indicatc that although the presence ofover-
story trees does adverscly afTect density of small
rcgencration. that ifiluence is exencd only by those
trees in close proximity. Saplings were not sig-
nificantly rclated to overstorybasal ar€a per hectlre
u'ithin a 5 m radius, but there appea$ to be an
upper limit on rcgeneration density in scatterplots
ofsaplings and the other two regeneratlon classes
versus overstory basal area per hectare (Figure
2). Despite scale dit'ferences on the Y aris, thc
response pattems are consistenl across the three
regeneration classcs.

Cerminant density was positively associated
with percent bit lerbrush cover (P=0.0l41). a re-
lationship that was also significant when 5-m
overstory basal area per hectare was includcd in
the model. Since stems in the germinant class are
probably too smallto exeftanyinfluence on shrubs.
this trend appean to rcpresent a llcilitative ef-
fect of shrubs on germination and small scedling
survival. For seedling density. bitterbrush cover
\vas not a significant factor when tested alone.
but did have a significantly positive ef1-ect when
-5-m overstorvbasal area was included in the rnodel.

Saplings displayed a different paltcm than the
perminant' and seedling\. In .ontr,t\ l  to germinant\.
sapling density was most significantly related to
bittcrbrush cover (P=0.0003). not oversrory den
sity. Theregression cocfficient lbr bitterbrush cover
was negative, indicating a nct competitive rela
tionship bctween saplings and bitterbrush. The
relationship of saplings to overstory basal area
within a 5-m radius was not significant (P=0.2467).
In contrast, the effect of 15-m overstory basal alea
was signiticantly positive (P=0.0341). Wc can-
nol explain why the sapling-overstory relation
ship was positive, whereas the reyerse was tbund
for germinants and seedlings. or why it was sig-
nificant whcreas the 5-ln basal area per hectare
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Figure 2. Rcgcncr.ldoD stell] densitv vcrsu\ o!ersrory basai
area (n:,fta) calculated $ith a 5 radius.

was not signiticant. Howevcr, l5-m overstory basal
area per hectare was not significant with percent
shrub cover in the model.

Spatla Patterns

The quadrat based spatial pattem analyses con-
sistently indicated that all three size classes of
rcgeneration werc aggrcgated (Table 3). Variance/
mean mtios wcre greater than 1. and the Index of
Dispcrsion showed that thcse were highly signifi-
cant (P<0.005) when conpared to the Chi squarc
distribution (Greig-Smith 1983). This resulr was

o
.g
E

o)

4 0 , 0 0 0

I 0 , 0 0 0

2 0 , 0 0 0

10,000

0
50 100

overstory basal area (nflha)

. !

15.000

10,000

5,000

0
50 100

overstory basal area (nflha)



TABLE 3. Results of quadrai-ba\ed Vatial paftcrn anal\'sis
indicating aggfegarion among all three regenera
rion size classes. Value\ for Index ofDispersion
al l  ha\c P !u lues < 0.005.  Vr lues fbr  Standard-
iTcd N{ori\ila ! Indcx.rij slalislically sig ficanr
at (,=0.05.

Variancc/ Indcr of Shndardized
Nlcan Dispcnion Nloisita's lnder

thc occurrence ofgernrinants and seedlings. Shub
cover was negatively related to saplings. but u'as
positively related to germinants and seedlings.
Quadrat based spatial analyscs revealed that re-
generation in each size class was aggrcgated, and
that aggregation was greatest at smaller regen-
eration sizes. Taken togelhcr, these findings sug-
gest that regeneration is panicularly sensrtlve to
the influences ofadjacent vegetation; that the re-
lationships between regeneration and adjaccnt
vcgctation change as stems become larger: and
that thesc rclationships are borne out in regen
eralion spatial patterns that begin as highly ag
grcgated and gradually transfbrm during stand
developmcnt toward a more regular pattem.

The specific mechanisns that produced these
results were not idcntif ied. Amelioration of mi
croenvironmentalconditions and competition for
site resources are hypothesized as the primary
agents, but other potential factors include site lit-
ter and nuffient heterogeneity, seed-caching ani-
mals, or seedling clipping and sccdling-browsing
animals. To develop a more robust unde$randing
of ponderosa pine seedling recruitment processes
in this region. a largcr dataset with more explana
tory tactors and replication across site and stand
conditions is necessary. A data-intensive study is
currently undcrway in central Oregon to befter
address the relationships of overstory trees and
sLulbs to seedling energencc, survival, and growth
(Keyes and Maguire 2000). Although that study
is based in disturbed stands, itmayprcvide a nore
comprehensive basis for clarifying shrub and
overstory influences on regeneration dynanics.

Acknowledgements

Collection and managcmcnt of field data uere
supported by grants from the National Science
Foundation to the Andrews Expedmental Forest
Long-Term Ecological Research Program (DEB-
76-11978. DEB 79 25939, DEB-80-12162, BSR-
83-00370, BSR 85 l,+325, BSR-90-11663. and
DEB-96-32921) and cooperative agreemenK be-
tween the Pacific North$est Research Station of
the U.S. Forest Servicc and Oregon State Uni
versity. We thank Doug Maguirc for his review
of the manuscript and his suggestions on the sta
tistical analysis.

Ponderosa Pine Sccdling Recruitment 209

Gerlllinanr\

Seedl ings

S.rphrg\

1 2 . t 0

5 .51

3 .16

I 1 . 1 . 6

l . l l .5

81.9

.516

.519

. 5 r 9

corroboratcd by significant v lues fbr standard-
ized Morisita's Index. Because the stand lacks
any obvious topographic heterogeneity. the spa-
tial distribution rnav have been influenced by the
spatial pattems ofoverstory trees and shrubs. The
magnitude of the variance/mean ratio was inversely
rc lu tcd  to  . iu  e  c la .s .  .hou ing  th r t  uggregr t ion  u  r .
stronger anong seedlings than saplings. and stron-
gest among germrnants.

The trend from genninants to saplings ofltrs
e\'idence at a tlne scale that the spatial paftems
of ponderosa pine stems develop toward rcgular-
ity over time. mest l ikely as a result of spatially-
infl uenced, competition-induced mortlLlity pattems.
The transfbrmation of tree spatial distributions
fronr a clustered pattern to a more regulir pattem
\\'as obscrvcd in larger stems by Kenkel (1988)
in ajuvenile, even-aged boreal stand ofjack pine,
and by Moeur (1993) in old growth mixed-coni-
ler stands in the Rocky Mountains. Our results
.u ! !es l  lhu l  ponde lo 'a  p i r re  5 land\  mc\  e \per i -
ence density dependent mofialit)' and the asso-
ciated trend to*ard a more regular spatial pat-
tern at a very early stage.

Conclusion

This study tbund that important relationships exist
between ponderosa pine regeneration and adja-
cent vegetation. The presence of overstory trees
had a nc-eative impact on regeneration density of
snaller size classes: this inilucncc diminished as
Iegeneration became larger. The overstory effect
was present at a snall spatial scale (5-m radius),
but \\"as not present at a larger scale (l5 m). Like
overstory trees, saplings also adversely impacted
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