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Effects of overstory and understory competition
and simulated herbivory on growth and survival
of white pine seedlings

Mike R. Saunders and Klaus J. Puettmann

Abstract: The interactive impact of overstory canopy closure, understory brush control, and simulated white-tailed deer
(Odocoileus virginianuZimmermann) herbivory (i.e., clipping) on growth and survival of underplanted white pine

(Pinus strobud..) seedlings was examined. Clipping was conducted in April 1996 and 1997 at three intensities

(control, 0% previous year's growth removed; lightly clipped, terminal and 50% previous year’s growth removed, and
heavily clipped: 100% of previous-year’s growth removed) and three frequencies (never clipped, clipped once, clipped
2 years in a row). Decreasing overstory canopy closure and brush competition generally increased growth of seedlings
under all clipping regimes, with heavily clipped seedlings showing the least benefit of reduced competition. Although
first-year height growth was stimulated after light-intensity clipping, this effect did not persist the following year, and
these trees still were significantly shorter than controls at the end of the experiment. Diameter growth was reduced at
any clipping intensity or frequency, and remained below controls throughout the experiment. Seedling mortality was
higher without brush control and after clipping. Results suggest that increased overstory and understory competition
reduced seedling growth and survival. In regards to clipping, initial height growth stimulation may result from

(i) resource reallocation away from diameter and root growth and {i9rhdrmonal redistributions from loss of apical
control in the seedling. Since both high competition levels and increased herbivory reduced seedling vigor, we suggest
that understory brush control and deer protection (e.g., budcapping) go hand in hand to regenerate white pine.

Résumé: Nous avons examiné I'impact combiné de la fermeture de la canopée, du contrdle de la végétation en sous-
étage ainsi que de I'herbivorie simulée (coupe) par le cerf de Virgi@igooileus virginianuZimmermann) sur la

croissance et la survie de semis de pin blaRPmys strobud..). La coupe a été effectuée en avril 1996 et 1997 a trois
niveaux d’intensité (témoin, 0% de la croissance annuelle de I'année précédente; coupe légere, terminale, 50% de la
croissance annuelle de I'année précédente; coupe intensive, totalité de la croissance annuelle de I'année précédente),
ainsi qu'a trois fréquences (jamais, une fois, et 2 années consécutives). La diminution de la fermeture de la canopée et
de la compétition avec la végétation en sous-étage ont généralement favorisé la croissance des semis dans tous les
régimes de coupe expérimentale, mais les semis soumis a la coupe intensive étaient les moins favorisés par la
réduction de la compétition. Méme si la croissance en hauteur des semis était stimulée aprés la coupe légere, cet effet
n'a pas persisté I'année suivante et ces plants étaient significativement moins hauts que les plants témoins a la fin de
I'expérience. La croissance en diameétre était réduite a toutes les intensités et fréquences de coupe et est demeurée
moindre que celle des témoins tout au cours de I'expérience. La mortalité des semis était plus élevée en I'absence de
controle de la végétation en sous-étage et suite a la coupe. Les résultats suggerent que I'accroissement de la
compétition par la canopée et le sous-étage réduit la croissance et la survie des semis. En ce qui concerne la coupe, la
stimulation initiale de la croissance en hauteur peut résulfetg la réallocation des ressources au détriment de la
croissance en diametre et des racines et (dbu)dé la redistribution hormonale découlant de la perte de contréle apical
dans le semis. Puisque le niveau élevé de compétition et 'augmentation de I'herbivorie ont réduit la vigueur des semis,
nous suggérons que le contréle de la végétation en sous-étage et la protection contre les cerfs (ex., protection des
bourgeons) aillent de pair pour protéger la régénération du pin blanc.

[Traduit par la rédaction]

Introduction

In natural systems, browsing is often detrimental to plantssation for tissues lost during the browsing episode (e.g.,
as it removes resources needed for growth. However, low tMetzger 1977; Welch et al. 1992; Edenius et al. 1993). This
intermediate browsing levels may stimulate growth and in-compensatory growth pattern is species specific and gener-
crease fitness of some plants, eventually leading to comperally confined to those deciduous tree species that have
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heterophyllous shoots within their buds (Metzger 1977;Methods
Hjaltén et al. 1993; Canham et al. 1994). Furthermore, some

studies have found that increased shade, usually a result %f _—

. L s . e i ite description

increasing intraspecific and (or) mterspeuﬁc competition, This expgriment was conducted in a 3-year-old, white pine
will decrease the compensatory ability of some spemeg ’

. . . nderplanting located approximately 19 km west-southwest of
(Hjalten et al. 1993; Canham et al. 1994; Shabel and Pea rand Rapids, Minn.., U.S.A., in southwestern Itasca County (ap-

1994). Compensatory growth is also highly dependent on thgroximately 4710N, 93°46W). The 8.4-ha site lies on a gently
timing and frequency of browsing. While seedlings maysioping, upland area formed from a glacial till plain. Soils were
overcompensate for tissue browsed during the dormant segredominantly Itasca silt loam, with pockets of Talmoon silt loam
son, they may not compensate for tissue lost while a plant ig; a few shallow depressions found on the site. In 1992, the stand
actively growing (Canham et al. 1994; Bergstrom andwas strip thinned to a residual basal area of Zha The residual
Danell 1995). With few exceptions (see Krefting et al.overstory was comprised of northern hardwoods (Eyre 1980) and
1966), compensatory ability declines as the number of sucdominated by basswoodi{ia americanal.), sugar maple Acer
cessive years of browsing increases, particularly on longefaccharummarsh.), and paper birctBetula papyriferaMarsh.),
(5-10 years) time scales (Mitscherlich and Weise 1982)constltutlng 43, 25, and 24% of the basal area, respectively. Other

tanopy species included northern red o&juércus rubral.),
These factors suggest that compensatory growth réSpoNSg8aking aspen Ropulus tremulodesvichx.), bur oak Quercus

are highly affected by physiological characteristics of a spemacrocarpaMichx.), yellow birch Betula alleghaniensisritton),

cies (e.g., deciduous versus evergreen, or hardwood versHgck ash Eraxinus nigraMarsh.), and balsam firAbies balsamea
conifer), environmental and competitive conditions near thegL.) Mill). Basal area averaged 14.1%ha (range: 1-22 #tha) and
plant, and the seasonal and historical distributions of browseanopy conditions ranged from open to closed (0-80% cover).
ing pressure. Understory cover averaged 47% (range 2-90%) with extensive

The presence of compensatory growth could significantlyPaiches of beaked haz&drylus cornutaMarsh.), Canadian thistle
influence management of some forest species. For examplE-'Sium arvense(L.) Scop.), currant and gooseberrRibes L.

h ) . Sp.), and sugar maple and basswood sprouts.
white pine Pinus strobusL.) management can be very After strip thinning, containerized white pine were underplanted
costly because it often requires multiple entries into a stangn b 9 P P

dli v by bud . f hi May 1993 throughout the stand at 1520 seedlings/ha in disked
to protect seedlings (usually by budcapping) from w I€-{renches. Seedlings have been budcapped every winter since, and

tailed deer Qdocoileus virginianuZimmermann) herbivory. a5 4 result, very little deer damage had occurred to seedlings on the
Furthermore, white pine is commonly grown or planted un-site. Seedling height and basal diameter averaged 55.0 + 0.8 cm
der shelterwoods to protect seedlings from temperature anghean + SE) and 8.38 + 0.12 mm, respectively, in April 1996.
moisture extremes that may promote formation of white pine

blister rust or attack from white pine tip weevil (Jones 1992; . .

Sauerman 1992). This same environment, however, favorsXPerimental design _ _
formation of dense understories that will increase competi- !N April 1996, we randomly located 60 plots with the consider-
tion for light and nutrient resources and reduce growth oftion to distribute plots under a wide range of competitive condi-

ions on the site (Table 1). Plots were no closer than 10 m apart,

the seedlings (Lancaster and Leak 1978; Smidt and I:)uetifveraged approximately 40%rand consisted of six seedlings with

mann 1998). Although in some cases, dense understoriggie or no signs of prior deer damage. Within each plot, two seed-
may reduce herbivory by hiding seedlings from deerjings were randomly assigned to one of three clipping treatments
(Saunders and Puettmann 1999), dense understories of palédat simulated natural winter browsing) @ nonclipped control;

able species will attract more deer to an area. Therefordii) a lightly clipped treatment that removed the terminal leader and
white pine management requires a delicate balance to mai®0% of the previous year’s shoots; anii)(a heavily clipped treat-

tain understory and overstory densities at a level that proment that removed the terminal leader and 100% of the previous
tects young white pine from pathological concerns, yetyears shoots. In the lightly clipped treatment, all previous year’s

provide enough light and nutrients for rapid growth that will Shoots ‘é"itgilf‘ two randomdly c_hboseg, but aollf'acenth quad:ja}_nts We:je
- : . removed. Clippings were distributed vertically on the seedling, an
quickly get terminals above the deer browse line. in cases where laterals were concentrated on one side of the seed-

This study investigated how competition and simulatedjng quadrants were expanded or narrowed so that only 50% of the
deer herbivory affected the growth and mortality of white previous year's shoots would be clipped. This selection simulated
pine seedlings. Unlike previous work in this arena, we fo-actual patterns seen on browsed seedlings in the area (M.R.
cused on the interactions between clipping and interspecifiSaunders, personal observation), in contrast to dispersing clipping
competition from several sources (overstory and understorgamage throughout the crown of the seedling (see Edenius et al.
vegetation) in a field setting. We hypothesiza)l that in-  1993).
creasing overstory and understory competition will reduce In June 1996, one half of the plots were randomly chosen for
seedling height and diameter growth and increase seedlingnderstory brush control (BRUSH) (Table 1). This was prescribed
mortality; (i) that increasing browsing intensity and fre- to create a wider range of understory_competltlon levels within the
quency will reduce seedling height and diameter growth ar](]f]experlment. All aboveground vegetation with2 m of each seed-

. . Lo . . P Ing was cut to ground level and removed from each selected plot.
increase seedling mortalityiji() that increasing browsing in- . ) ) A )
tensity and frequency will reduce seedling growth and in- To examine the influence of multiple-year clippings on seedling

di talit i I in hiahl growth and survival, one third of the plots were reclipped again in
crease seedling mortality proportionally more in nhighly 7997 (Table 1). Each reclipped seedling received the same treat-

competitive environments as opposed to noncompetitive efnent as in 1996, with the exception that at least one unclipped
vironments; andiy) that seedling recovery will change over guadrant (not clipped in 1996 or 1997) was left on each lightly
time as seedlings shift resource partitioning in response telipped seedling. All clipping treatments were applied in late April

clipping and competition. before shoot elongation.
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Table 1. Number of plots distributed among overstory conditions and plot treatments.

Overstory condition

Open Intermediate Closed

Treatment (<9 m/ha) (9-15 nt/ha) (>15 nt/ha) Totals
No brush control

Clipped only in 1996 8 6 6 20

Clipped in 1996 and 1997 4 3 3 10
Brush control

Clipped only in 1996 6 10 4 20

Clipped in 1996 and 1997 3 5 2 10
Totals 21 24 15 60

For each six-tree plot, basal area?(ha) was measured with a of analysis assumes different-sized experimental units for different
1 m?/ha BAF prism and dominant overstory species were recordedtreatments and allows partitioning of error into among-plot and
For each seedling, total height was measured to the nearest 1 cwithin-plot errors (Kuehl 1994). In our experiment, understory
using a ruler, and basal diameter at 5 cm above the ground wasrush control (BRUSH) was a whole plot treatment, while clipping
measured to the nearest 0.1 mm using dial calipers. Seedlings weteeatments (CLIPPING) were subplot treatments. OCC was in-
measured before clipping in April 1996 and after the growing sea<luded as a whole plot covariate within the analysis because avail-

son in October 1996 and 1997. able light and nutrient resources were spatially autocorrelated for
seedlings within a plot (Sen and Srivastava 1990). Furthermore,

After full understory and overstory canopy expansion, light con-as subplot covariates in analyses for annual height and diameter
ditions for each Seed”ng were measured with the L|_m|_ grthh, I‘espectlvely, since Seed“ng gI‘OWth is related to its initial

2000 Plant Canopy Analyzer. This instrument calculates diffuseSize (Puettmann and Reich 1995). Specific effects of clipping,
non-interceptance (DIFN), which is an indicator of “canopy struc-namely the clipping intensity (INTENSITY) and clipping fre-
ture or openness” (LI-COR, Inc. 1992; Puettmann and Reichiuency (FREQUENCY), on the two growth parameters had to be
1995). Readings above understory brush and above the terminal @halyzed in parallel split-plot ANCOVAs since the design was dis-
each seedling were taken either when the skies were completefonnected in regards to these factors (Searle 1987). Therefore, in-
overcast or when solar elevations were low (i.e., the early morninderactions involving both INTENSITY and FREQUENCY were
and late evening). A 270° view lens cap restricted the view of thefested using orthogonal contrasts between treatment means in the
instrument from a 90° arc, which allowed the operator to “hide” general clipping treatment models (i.e., those using CLIPPING as a
from the instrument. Similarly, readings were restricted to a 43°factor, instead of INTENSITY or FREQUENCY).

cone to limit measures to trees that influence a seedling’s light en- Because stress-induced seedling mortality is often delayed by
vironment (Puettmann and Reich 1995) and to reduce the influencgeveral years (Waring 1987), ANCOVA-type analysis was not
of sun flecks on measurements which might otherwise negativelppowerful in detecting effects of both competing vegetation and
bias the results (Chason et al. 1991; Grantz et al. 1993; StrachaHiPping treatments within the same model. We used contingency
and McCaughey 1996). Readings were taken for each seedling ff#ble analysis and chi-square tests of independence (Ott 1988) to

July 1996. individually assess seedling survival in regards to BRUSH, IN-
oVerstory canopy closure (OCC) was calculated as TENS'TY, and FREQUENCY Effects of OCC, a continuous vari-
able, on mortality were analyzed using logistic regression.
[1] OCC=1- DIFN, Recovery effects on height and diameter growth were tested by

comparing means for 1996 growth with 1997 growth. Analyses of

; . recovery effects were limited to seedlings that had survived both

readings and readings above the understory brush layer. OCC |g,ing seasons and had not been reclipped in spring 1997. Split-

closely gorrelated to light availability on a site (J.L. Machado af]dplot ANCOVA analyses were also conducted on each year's

P.B. Reich, unpublished data). Understory canopy closures ("egrowth using only OCC, BRUSH, INTENSITY, and either INIHT

understory cover) were calculated as or INIDIA, as covariates or factors.

[2] UCC=1- DIFN, Comparisons among treatment means were tested using the
Tukey—Kramer honest significant difference (HSD) test to control

where DIFN, is integrated from simultaneous readings takenfor experimentwise type | errors (Kuehl 1994). All tests were con-

above the understory brush layer and below the understory brussidered significant ifp < 0.05 and marginally significant ip <

layer (i.e., at seedling height). Analysis of these variables showe®.10. All statistical analyses were calculated with either 3MP

that OCC was highly correlated to In (basal areR) € 0.778,p < 3.2.2 (SAS Institute Inc. 1996) or MacAnova 4.0.

0.001) and could be used as a covariate in growth models. UCC

was negatively correlated to basal aré¥ (= 0.170,p < 0.001). It

Brush control treatments significantly reduced average understorﬁesu $

cover by 55-57% across the range of observed basal ateas ( . . .
10.57,p < 0.001). Effects of competing vegetation on seedling growth and

mortality
Statistical analyses Overstory canopy closure _(OCC) had significant effe(_:ts
After two growing seasons (1996 and 1997), we evaluated th@n both seedling height and diameter growth (Table 2). High
effects of competing vegetation and clipping treatments on bottfanopy closure generally resulted in seedlings that were
average annual height growth and average annual diameter growtRuch smaller, both in height and diameter, and did not grow
by using a split-plot analysis of covariance (ANCOVA). This type as quickly as seedlings in the open, regardless of clipping

where DIFN, is integrated from simultaneous “above-canopy”
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Table 2. Split-plot analysis of covariance for the effects of initial seedling height or diameter,
overstory canopy closure, understory brush control, and clipping treatments on mean annual
height and diameter growth.

Source df MS F P

Height growth (cm/year)

OCC 1 3784.6 34.78 <0.0001
BRUSH 1 113.2 1.04 0.3121
OCC x BRUSH 1 8.2 0.07 0.7853
Error (WP) 56 108.8

INIHT 1 2988.6 70.88 <0.0001

CLIPPING 4 3335.7 79.12 <0.0001
OCC x CLIPPING 4 121.3 2.88 0.0237
BRUSH x CLIPPING 4 86.8 2.06 0.0871
OCC x BRUSH x CLIPPING 4 12.3 0.29 0.8826
Error 223 42.2

Diameter growth (mm/year)

OCC 1 24.53 13.63 0.0005
BRUSH 1 22.60 12.56 0.0008
OCC x BRUSH 1 3.05 1.69 0.1985
Error (WP) 56 1.80

INIHT 1 31.66 58.18 <0.0001

CLIPPING 4 47.76 87.77 <0.0001
OCC x CLIPPING 4 2.80 5.15 0.0005
Brush x CLIPPING 4 1.39 2.56 0.0395
OCC x BRUSH x CLIPPING 4 0.93 1.70 0.1509
Error 223 0.54

or understory treatments (Fig. 1). There were no interacshorter and 7% smaller in diameter. Unlike overstory cover,
tions between OCC and brush control (BRUSH), but theraunderstory brush control significantly reduced mortality,
were interactions between OCC and clipping treatmentfrom 21% for untreated plots to 11% for treated plot$ €
(CLIPPING) for both height and diameter growth (Table 2).6.675, df = 1,p = 0.036). There were no significant interac-
This indicated i) that understory competition levels did not tions between understory brush control and any other main
significantly change a seedling’s response to canopy condiffects on mortality.
tions and () that a seedling’s recovery from herbivory
would suffer proportionally more in shady, closed-canopygffects of clipping treatments on seedling growth and
conditions than in sunny, open-canopy conditions. Seedlingyortality
mortality, on the other hand, was not affected by overstory cjipping treatments had significant effects on both height
conditions k* = 1.37, df = 1,p = 0.241) and averaged 16% and diameter growth (Table 3). Increasing clipping intensity
across the site. (INTENSITY: none, light, or heavy) resulted in smaller
Brush control treatments had significant effects on diameseedlings, with lightly and heavily clipped seedlings being
ter growth, but not on height growth (Table 2). By reducing12.4 + 3.4 cm shorter and 1.65 + 0.52 mm thinner in diame-
understory competition, brush control resulted in seedlingser, and 42.9 + 3.5 cm shorter and 3.84 + 0.54 mm thinner
that were only slightly tallerg = 0.139; untreated: 72.6 + than the control seedlings, respectively (Table 3). Lightly
2.4 cm (mean = SE); treated: 77.8 £ 2.5 cm) but signifi-clipped seedlings responded by increasing annual height
cantly larger in diameterp(= 0.001; untreated: 11.9 + growth by 33% compared with controls; often, this stimula-
0.3 mm; treated: 13.4 + 0.4 mm, as averaged across all cligion was a result of laterals on the seedling “bending up and
ping treatments). Brush control increased annual diametaaking over” apical dominance of the seedling. On the other
growth by 32%; untreated seedlings increased in diametdrand, annual diameter growth decreased in these seedlings
by 1.80 = 0.09 mm/year, while treated seedlings increaselly 31% compared with controls. Heavily clipped seedlings
by 2.38 + 0.12 mm/year, both as averaged across all clippindecreased height growth by 58% and diameter growth by
treatments. BRUSH and CLIPPING significantly interacted66% compared to controls (Table 3, Fig. 1).
for diameter growth f = 0.040) and marginally interacted OCC and INTENSITY interacted for both height and di-
for height growth o = 0.087; Table 2). Generally, clipping ameter growth (Table 4). This suggested that higher intensity
moderated the effect of brush control with decreasing returnslipping led to proportionally less reduction in growth under
as the intensity and frequency of clipping increased (Fig. 2)closed overstory conditions than in open overstory condi-
For instance, unclipped seedlings were, on average, 17%ons (Fig. 1). For example, lightly and heavily clipped seed-
taller and 28% larger in diameter in areas with brush relings in open conditions (OCC < 0.625) averaged 34 and
moval; lightly clipped seedlings were 7% taller and 14%68% less diameter growth than the controls, respectively,
larger in diameter; and heavily clipped seedlings were 8%wvhile in closed conditions (OCC > 0.750), lightly and
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Fig. 1. Mean annual height and diameter growth versus

Clipping treatment abbreviations are as in Table 3. Rie
values ranged from 0.12 to 0.19 for highly significant

relationships (**, p< 0.01) and from 0.05 to 0.13 for significant

relationships (*,p < 0.05). ns, not significant.

Can. J. For. Res. Vol. 29, 1999

Fig. 2. Mean annual diameter growth for each clipping treatment
overstory canopy closure (OCC) by herbivory treatment. Height by understory brush control treatment and overstory canopy
and diameter growth are not adjusted for initial seedling size.  closure (OCC) groupings. OCC groupings of 0—62.594=(78),
62.5-75.0% 1t = 109), and 75.0-100%n(= 109) correspond to
basal areas of <9 ftha, 9-15 riha, and >15 rfiha,

respectively (unpublished data). Error bars are +1SE.
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two episodes by 36.6 + 4.3 cm. Final diameter was also sig-
nificantly reduced with increasing clipping frequency
heavily clipped seedlings averaged only 30 and 54% les§Table 3), but final diameters of seedlings clipped for two
height growth, respectively. Likewise, there was a similarsuccessive years were not significantly different than final
INTENSITY x BRUSH interaction for diameter growtlp & diameters of seedlings clipped only in the first yepr<
0.009), although there were no significant interactions be0.842, Tukey—Kramer HSD test). Diameter growth was sig-
tween INTENSITY and BRUSH for height growthp (= nificantly reduced by increasing clipping frequency €
0.113; Table 4). Differences in diameter growth between0.001; Table 5). Unclipped seedlings averaged 3.05 =
seedlings with and without brush control decreased when in©.14 mm/year, seedlings clipped only in the first year aver-
tensity of clipping increased (Fig. 2). Unclipped, lightly aged 1.65 + 0.08 mm/year, and seedlings clipped both years
clipped, and heavily clipped seedlings, each with brush conaveraged 1.53 = 0.12 mm/year. However, annual height
trol, grew at rates 48, 33, and —5% faster in diameter thagrowth was not significantly affected by clipping frequency
corresponding seedlings without brush control, respectively.(p = 0.447; Table 5). One episode of clipping reduced height
Increasing clipping frequency (FREQUENCY: none, onegrowth by 7%, and two episodes reduced height growth by
episode, two episodes) led to shorter seedlings; one clippin§j5% compared with unclipped seedlings.
episode reduced average final height by 21.8 + 3.5 cm and An interaction between FREQUENCY and OCC was not
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Table 3. Average seedling mortality, final height, annual height growth, final diameter, and annual diameter
growth, as summarized by herbivory treatment.

Final Height Final Diameter
Herbivory Mortality height growth diameter growth
treatment N (%) (cm) (cmlyear) (mm) (mm/year)
CTL 60 13.2b 92.7a 18.4a 14.4a 3.0a
Lic 40 7.3 84.8ab 23.® 12.% 2.2
L2C 20 12.%b 713 25.6 12.5b 2.0b
H1C 40 22.%8b 55.%¢ 9.8& 10.7 1l.1c
H2C 20 27D 36.1 2. 10.3 0.%c

Note: Herbivory treatments included a control (CTL), a light clipping consisting of removal of 50% of current-year shoots
and the terminal leader done either 1 year (L1C) or 2 years (L2C) in a row, and a heavy clipping consisting of removal of
100% of current-year shoots and the terminal leader done either 1 year (H1C) or 2 years (L2C) in a row. Values in each
column with the same letter are not significantly different from each other Q.05, Tukey—Kramer HSD test).

Table 4. Split-plot analysis of covariance for the effects of initial seedling height or diameter,
overstory canopy closure, understory brush control, and clipping intensity on mean annual height
and diameter growth.

Source df MS F P

Height growth (cm/year)

oCcC 1 3784.6 34.78 <0.0001
BRUSH 1 113.2 1.04 0.3121
OCC x BRUSH 1 8.2 0.07 0.7853
Error (WP) 56 108.8

INIHT 1 2988.6 66.29 <0.0001
INTENSITY 2 6240.4 138.88 <0.0001
OCC x INTENSITY 2 238.4 5.29 0.0057
Brush x INTENSITY 2 99.4 221 0.1123
OCC x BRUSH x INTENSITY 2 8.8 0.19 0.8226
Error 231 45.1

Diameter growth (mm/year)

OCC 1 24.53 12.63 0.0005
BRUSH 1 22.60 12.26 0.0008
OCC x BRUSH 1 3.05 1.69 0.1985
Error (WP) 56 1.80

INIHT 1 31.66 58.00 <0.0001
INTENSITY 2 94.73 173.51 <0.0001
OCC x INTENSITY 2 4.94 9.04 0.0002
BRUSH x INTENSITY 2 2.66 4.87 0.0084
OCC x BRUSH x INTENSITY 2 1.07 1.95 0.1444
Error 231 0.55

present for height growthp(= 0.677) but was present for di-  Mortality was moderately influenced by clipping treat-
ameter growthi§ = 0.009; Table 5). Likewise, an interaction ments g2 = 13.75, df = 4,p = 0.088; Table 2) with clipping
between FREQUENCY and BRUSH was not present forintensity positively related to mortalityxf = 11.28, df = 2,
height growth p = 0.334), but was marginally present for p = 0.024) and clipping frequency having no effegf (=
diameter growth § = 0.051; Table 5). These two interac- 2.97, df = 2,p = 0.564). No interactions among INTEN-
tions indicate that diameter growth was very sensitive toSITY, FREQUENCY, BRUSH, and OCC were significant.
competitive conditions, particularly when the seedling had

received successive years of simulated brOWSing. Recovery of Seed"ngs Changes over time
Although an INTENSITY by FREQUENCY interaction Seedling growth responses to clipping treatments were
was not present for diameter growth=0.408, df = 1,p =  quite different when comparing growth patterns across the 2

0.683), it was present for height growth=4.16, df =1,p<  years of the experiment. In 1996, lightly clipped seedlings
0.001). Heavily clipped seedlings had significantly lessaveraged 34% greater height growth, and heavily clipped
height growth when clipped twice as compared with onceseedlings averaged 68% less height growth compared with
(Table 3). There were no other significant higher order interunclipped seedlings (Fig. 3). However, the differences be-
actions among INTENSITY, FREQUENCY, BRUSH, and tween clipping treatments had changed during 1997, the sec-
OCC for either growth parameter. ond growing season after treatment, as lightly and heavily
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Table 5. Split-plot analysis of covariance for the effects of initial seedling height or diameter,
overstory canopy closure, understory brush control, and clipping frequency on mean annual
height and diameter growth.

Source df MS F P

Height growth (cm/year)

occC 1 3784.6 34.78 <0.0001
BRUSH 1 113.2 1.04 0.3121
OCC x BRUSH 1 8.2 0.07 0.7852
Error (WP) 56 108.8

INIHT 1 2988.6 29.82 <0.0001

FREQUENCY 2 80.9 0.80 0.4474
OCC x FREQUENCY 2 39.2 0.39 0.6769
BRUSH x FREQUENCY 2 110.5 1.10 0.3338
OCC x BRUSH x FREQUENCY 2 6.9 0.06 0.9338
Error 231 100.2

Diameter growth (mm/year)

OoCcC 1 24.53 13.63 0.0005
BRUSH 1 22.60 12.56 0.0008
OCC x BRUSH 1 3.05 1.69 0.1985
Error (WP) 56 1.80

INIHT 1 31.66 40.25 <0.0001

FREQUENCY 2 68.54 87.14 <0.0001
OCC x FREQUENCY 2 3.75 4.77 0.0093
BRUSH x FREQUENCY 2 2.37 3.02 0.0509
OCC x BRUSH x FREQUENCY 2 0.93 1.18 0.3098
Error 231 0.79

clipped seedlings averaged 18 and 46% less height growtbf lightly and heavily clipped seedlings was not improved

than controls, respectively (Fig. 3). These INTENSITY ef-(t = 0.38,p = 0.698; andt = 0.66,p = 0.507, respectively).

fects were significant in split-plot ANCOVA models in 1996 In 1997, diameter growth of seedlings with brush control

and 1997 (Table 6). improved, with decreasing returns as the intensity of the
Diameter growth patterns also changed between 1996 aripping treatment increased (Fig. 4). Brush control in-

1997. In 1996, diameter growth was significantly reduced bycreased 1997 diameter growth by 1.15 + 0.26, 0.85 + 0.32,

clipping (Table 6), with lightly and heavily clipped seedlings and 0.02 + 0.34 mm/year for control, lightly clipped, and

averaging only 61 and 38% of the growth of unclipped con-heavily clipped seedlings, respectively.

trols, respectively. In 1997, increased intensity of clipping

still significantly reduced diameter growth (Table 6) but did . .

not proportionally change in the same manner. For instancé,)'scuss'on

in 01997' diameter growth in control seedlings increased by |ncreasing overstory canopy closure reduced both height
25% compared with 1996 growth, while 1997 growth in- onq giameter growth in this experiment. Generally, the rela-

creased by 59% and 10% for lightly and heavily clippedjonship between OCC and height growth was linear; seed-
seedlings, respectively. lings responded similarly to changes in overstory cover
Overstory canopy closure significantly influenced bothacross a continuum of overstory densities. Although height
growth variables for both years (Table 6), generally decreasresponses to OCC may differ greatly on nutrient-poorer sites
ing growth as overstory canopy closure increased. On ther under coniferous overstories (M.A. Counte and K.J. Puett-
other hand, brush control affected diameter growth signifi-mann, in preparation), this linear trend suggests that white
cantly only in the second year (Table 6). This indicated thapine seedlings may be much more shade tolerant than previ-
there was a delayed response by the seedlings to the brughisly thought and can be used as planting stock under a
control treatment. much broader range of overstory conditions. Unlike height
Overstory canopy closure interacted with INTENSITY for growth, the relationship between overstory canopy closure
both height and diameter growth in 1996, but not in 1997and diameter growth in white pine seedlings was nonlinear
(Table 6). Likewise, BRUSH x INTENSITY interactions and similar to that reported for a variety of other species
were not present for height growth and present only in 199¢Pacala et al. 1994; Wang et al. 1994; Puettmann and Reich
for diameter growth (Table 6). This suggested that competi1995).
tive effects had more influence on seedling response to clip- While overstory canopy closure affected both height and
ping treatments early in the experiment (i.e., the firstdiameter growth, increasing cover of understory vegetation
growing season; Fig. 4). For example, in 1996, brush controtlecreased only diameter growth strongly. This was not
significantly increased diameter growth of controls by surprising since diameter growth is known to be much more
1.18 + 0.22 mm (= 5.38,p < 0.001), but diameter growth sensitive to competition than height growth (Brand 1990;
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Fig. 3. Mean annual height growth versus overstory canopy Fig. 4. Mean annual diameter growth versus clipping treatment
closure (OCC) groupings by clipping treatment and year. Trees as separated by understory brush control treatment and year.
that were clipped twice (L2C and H2C) and trees that died eitheiTrees that were clipped twice (L2C and H2C) and trees that died
in the first year or second year of the study were not included ineither in the first year or second year of the study were not

this analysis. Clipping treatment abbreviations are as in Table 3.included in this analysis. Clipping treatment abbreviations are as
Error bars are +1SE. in Table 3. Error bars are +1SE.
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Morris et al. 1990). Furthermore, we hypothesize that the efsuming that a stem volume index ((basal diaméter)
fects of overstory and understory competition on seedlindheight) is highly correlated to plant biomass (Shainsky et al.
growth may differ. Elliott and Vose (1994) suggest that1991), increasing clipping intensity significantly reduced
growth of white pine will only be reduced when surrounding plant biomassf < 0.001) by an average of 35% in lightly
competitors had developed enough to shade the seedling astipped trees and by 74% in heavily clipped trees. Instead,
reduce net photosynthesis. At our site, the most severe shatksponse patterns suggest that substrate reallocation and hor-
ing of the seedlings occurred later in the growing seasomonal redistribution within the plant may be responsible for
(i.e., June or July) after the understory flushed and develaltered first-year growth patterns in plants that were clipped
oped. Since diameter growth continues later in the growingnce (L1C and H1C). For example, in relation to controls
season than height growth (M.A. Counte and K.J. Puettand to the previous year’'s growth, diameter growth slightly
mann, unpublished data), this may explain why understoryncreased during the second growing season. Since basal di-
competition only affected diameter growth. Further studiesameter is a good indicator of belowground biomass under
are ongoing to isolate and identify competitive effects withinnormal (i.e., nonclipped) conditions (Grigal and Kernik
the neighborhood of the seedling. 1984; Shainsky et al. 1991; Thies and Cunningham 1996),
Seedling response to a single understory brush contrdhis might suggest an adjustment of the root/shoot ratio. On
treatment was also delayed. BRUSH was only marginallythe other hand, first-year height growth gains of lightly
significant in diameter growth models in 1996 but wasclipped seedlings did not continue into the second year. In
highly significant in 1997. This was not unusual since current-1997, lightly clipped seedlings had similar or less height
year growth is often partially subsidized by the previousgrowth than controls. Aarssen and Irwin (1991), Hjéltén et
year’s carbon gain. It is unlikely, however, that the effects ofal. (1993), and Chamberlin and Aarssen (1996) hypothesize
brush control would be felt even more strongly in the 1998that this response is typical for plants that lose apical control
growing season. More likely, the effects would begin to fadeas a result of clipping and re-establish it with “bending up”
as understory vegetation became re-established and donuf a lateral branch by the second growing season.
nant within the treated plots. Overstory competition and understory brush control both
White pine did not show a compensatory growth patternsignificantly affected a seedling’s ability to respond to
as defined by Belsky (1986). Although light-intensity clip- clipping. Increasing intensity and frequency of clipping
ping stimulated height growth, diameter growth decreasedessened gains achieved by brush control. Likewise, increas-
significantly at any clipping intensity or frequency. As- ing overstory canopy closure had weak or no effects on
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Table 6. Split-plot analysis of covariance for the effects of initial seedling height or diameter,
overstory canopy closure, understory brush control, and clipping intensity on 1996 and 1997
mean annual height and diameter growth.

Source df MS F P

1996 height growth (cm/year)

OCC 1 4716.0 45.37 <0.0001
BRUSH 1 49.1 0.47 0.4947
OCC x BRUSH 1 79.0 0.76 0.3871
Error (WP) 56 104.0

INIHT 1 2339.3 48.98 <0.0001
INTENSITY 2 6946.3 145.46 <0.0001
OCC x INTENSITY 2 196.7 4.12 0.0180
Brush x INTENSITY 2 41.0 0.85 0.4255
OCC x BRUSH x INTENSITY 2 58.6 1.23 0.2955
Error 168 47.8

1997 height growth (cm/year)

OCC 1 4035.1 8.82 0.0044
BRUSH 1 330.0 0.72 0.3993
OCC x BRUSH 1 836.2 1.83 0.1818
Error (WP) 56 457.5

INIHT 1 2446.8 25.05 <0.0001
INTENSITY 2 717.4 7.34 0.0009
OCC x INTENSITY 2 101.2 1.04 0.3573
BRUSH x INTENSITY 2 27.1 0.28 0.7580
OCC x BRUSH x INTENSITY 2 27.6 0.28 0.7541
Error 168 97.7

1996 diameter growth (mm/year)

OoCcC 1 16.96 6.34 0.0147
BRUSH 1 9.39 3.51 0.0663
OCC x BRUSH 1 3.13 1.17 0.2841
Error (WP) 56 149.88

INIHT 1 2.33 2.70 0.1022

Intensity 2 84.65 49.02 <0.0001
OCC x INTENSITY 2 10.91 6.32 0.0023
BRUSH x INTENSITY 2 8.40 4.86 0.0088
OCC x BRUSH x INTENSITY 2 4.11 2.38 0.0960
ERROR 168 145.06

Diameter growth (mm/year)

OCcC 1 27.94 8.43 0.0052
BRUSH 1 29.36 8.86 0.0042
OCC x brush 1 5.54 1.67 0.2015
Error (WP) 56 3.31

INIHT 1 46.20 38.96 <0.0001

INTENSITY 2 80.94 68.26 <0.0001
OCC x INTENSITY 2 0.12 0.10 0.9070
Brush x INTENSITY 2 1.30 1.10 0.3354
OCC x BRUSH x INTENSITY 2 0.15 0.12 0.8830
Error 168 1.19

seedlings under higher intensity and frequency clippingand (or) inter-specific competition. Shabel and Peart (1994),
treatments. These results are not surprising; growth often dder example, reported that a ratio of relative height growth
clines drastically as multiple stresses are imposed on a plawtf browsed pin cherryRrunus pensylvanica.) seedlings to
(Grime and Campbell 1991; Waring 1991). However, theunbrowsed seedlings declined linearly with increasing
extent to, and direction in which competition and herbivoryintraspecific competition. Hjaltén et al. (1993) observed a
interact are species dependent (Edenius et al. 1993; Canhahreshold pattern between herbivory and competition. They
et al. 1994) and may differ widely between conifers andobserved that at densities of 340 and 940 seedlirgiirch
hardwoods. For either species group, plant recovery froniBetula pubescenghrh.) showed no significant differences
browsing is hypothesized to decrease with increasing intrabetween height of topped and untopped trees after three
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years of growth, while at 90 seedlingg/mopped seedling Carlos Cervantes, Matt Duvall, John Gerlach, and Dena
height was significantly greatep (< 0.05). Saunders for help with design layout and fieldwork. We es-

Unlike growth, white pine mortality was not affected by pecially thank Sanford Weisberg for help with statistical
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