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Abstract 

Understanding the effects of silvicultural treatments on understory vegetation is important in predicting the consequences 
of such treatments, not only on regeneration but also on wildlife habitat, visual qualities, and recreation. We sought to 
develop an enlp~lical model of understory response that could be generalized to other forest types. We analyzed understory 
populations of tree species Lbr 15 yean: following thinning to different residual relative densities in 50- to 55-year-old 
Allegheny hardwoods. The average number of stems 1 ft (0.3 m) tall to 1 in (2.5 cm) dbh increased for 3 to 5 years after 
thinning and then leveled-off or decreased after 10 or 15 years. The greatest density of understory stems developed at low 
residual density. In stems I to 3 it  (0.3 to 0.9 m) tall, the densities of shade-tolerant specles were unresponsive to thinning 
while the shade-intolerant were most responsive. The shade-intolerant and -intermediate species increased in importance 
over tlme in the mare heavily thinned treatments. In the 3 ft (0.9 m) tall to I in (2.5 cm) dbh size class, shade-intolerant and 
-intermediate species were more responsive to thinning than tolerant species, but shade-tolerant species remained more 
important numerically throughout the study. Ingrowth to > 1 in diameter classes was greatest by shade-tolerant stems, 
increased over time, and was enhanced by thinning. We used repeated measures analysis of variance to model the number of 
stems in these three size classes and three shade-tolerance classes as a function of residual relative density at thinning and 
time since treatment. These models explained 0.08 to 0.80 of the variation in stem numbers, depending on the sire and 
tolerance class. Tbese descriptions might be improved by reference to prior conditions of the regenerat~on or interfering 
herbaceous competition, but a model that required this information would not be capable of predicting responses to future 
treatments. Q 1998 Elsevier Science B.V. 
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important to wildlife habitat, scenic beauty, and Ule 
recreational use of forests. To  evaluate forest condi- 
tions for these non-timber resources requires a more 
general description of the response of understory 
plants to silvicultural treatments, including non-com- 
mercial species and treatments not especially in- 
tended to promote regeneration, such as thinning. 
We sought to develop a generalized model of under- 
story response to silvicultnral 'eatment, to he used 
in the Northeast Decision Model to support forest 
management decisions for a range of goals (Tcvery, 
1994). Here, we present an analysis of a 15-year 
study following thinning in Allegheny hardwoods. 
Later, we will extend the application of this model to 
other forest types. 

Thinning is common in even-aged hardwood 
forests managed for timber products. The choice of 
thinning as a silvicultural treatment and the design of 
the treatment usually are based on the anticipated 
effect on overstory trees (Smith, 1986). Removing 
competing overstory trees increases the site re- 
sources available to the residual trees, allowing them 
to grow faster (Heitzman and Nyland, 1991). Thin- 
ning also reduces mortality from competition and 
interference. Wildlife may benefit from thinning 
treatments, if mast production increases as a result of 
improved tree vigor. Thinning smaller stems may be 
prescribed for strictly aesthetic purposes, i.e., t o  
improve the visibility of large stems. 

In addition to afrecting the current smnd of canopy 
trees, thinning temporarily increases the amount of 
moisture, nutrients, and, most importantly, light 
available to understory vegetation. Differences in 
cutting intensity are likely to produce different nn- 
derstory responses, including the establishment of 
new stems and increased growth of established stems. 
These responses will also vary with the type of 
tliiirning. For example, low thinnings, in which most 
removals are from ti-ees below the main crown 
canopy, will increase light levels at the forest tloor 
much less than a crown thinning, in which most 
rernovals create openings in the main crown canopy. 
The vigor, density, and composition of the under- 
story can have a profound influence on the future of 
the fol-est, changing the number and species of stems 
available for regenerating the stand. A dense shrub 
layer or midstory also supports additional species of 
birds (decalesta, 1994) and provides more forage for 

herbivores (Beck, 1983) than an open, sparsely vege- 
tated forest floor. Understory vegetation contributes 
to the scenic beauty of forest stands (Palmer and 
Sena, 1993), but reduces visual penetration as the 
understory develops in height. 

Current simulators of forest growth for northeast- 
ern hardwoods do not treat regeneration adequately, 
partly because it 1s so difficult to predict. The com- 
position of new stands that establish after major 
disturbance and the co~nposition o:f understory stems 
in existing stands are highly variable due to vanlation 
in seed production and dispersal, site conditions, 
weather conditions, herbivory, and other factors 
(Monserucl, 1987). Widely used empirical gl-owth 
n~odels such as SILVAH (Marquis and Emst, 1992) 
and FIBER (Solomon et al., 1987, 1995) simulate 
the development of an existing stand until timber 
reaches maturity. S~nall  stems a1-e not simulated, and 
ingrowth functions may not adequately predict the 
natnre of a new stand after a simulated regeneration 
treatment. In models driven by timber values, predic- 
tion beyond cusrent financial maturity is not impor- 
tant. But to manage forests for long-term sustainabil- 
ity and non-timber resources, better information is 
needed on the dynamics of uride~story stems in 
existing stands and on the composition and growth 
of new forest stands. 

Successful prediction of forest development be- 
yond a stand-regenerating disturbance requires anal- 
ysis of understory response to various types and 
intensities of disturbance. Our approach is to model 
the response over time of seedlings grouped by size 
and shade-tolerance ro partial overstory removal. By 
limiting our analysis to factors that are common to 
many different forest types, such as shade-tolerance 
and broad size classes of stems, we hope to develop 
a model that works in many forest types but also has 
sufficient empirical basis to provide reasonably accu- 
rate estimates of understory response in Allegheny 
hardwoods. 

We report results of our first efforts, modeling 
tree regeneratio11 taller than 1 ft (0.3 m) following 
thinning across a range of residual densities in 50- to 
55-year-old, even-aged Allegheny hardwood stands. 
Responses are reported as numbers of seedlings over 
time since treatment in three shade-tolerance classes 
and two size classes: snlall seedlings and large 
seedlings (less than and greater than 3 ft (0.9 m) 
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tail). Ingrowth, or the numbel- of seedlings enlering 
the I in (2.5 cm) d b l ~  size class in each 5-year 
period, also is modeled. 

2. Methods 

2.1. Study description 

Data for this analysis are from a Forest Service 
thinning study in Allegheny hardwoods that primar- 
ily tested effects of residual relative density on over- 
story growth afler thinning. We used data from two 
even-aged stands treated about 50 to 55 years after 
stand initiation. Primary overstory species were black 
cherry (Prunus sevolina Ehrh.), sugar and red maple 
(Acer saccharurn Marsh. and A.  rubrurn L.), and 
Arnerican beech (Fagus guand(fo1in Ehrh.), with mi- 
nor components of both yellow and black birch 
(Betula alleghenien,sis Britt, and B. lertla L.), white 
ash (Fraiinus arnericnna L.), tulip-poplar (Lirio- 
dendron tulipifer-a L.), and cucumbertree (Magnolia 
acuminata L.). Table 1 shows overstory stocking 
before and after treatment. 

The study took place in northwestern Pennsylva- 
nia (latitude ' 41°35' to 41°37', longitude 78-47 to 
78"50'). Both stands extended across toposequences 
with soil associations representative of the 
unglaciated portion of the Allegheny Plateail. Soil 
series included Buchanan silt loiim, Cookport chan- 
nery loam (fine-loamy, mixed, mesic Aquic Frag- 
iudults), Hartleton channery' silt loam (loamy- 
skeletal, mixed, mesic Typic Hapludult), and Hazle- 
to11 channery loam (lo'uny-sl~eletal, mixed, mesic 
Typic Dystrochrept) (Soil Conservalion Service, 
1993). Annual precipitation avelages 44 in (112 cm) 
per year, including about 4 in (10 cm) each month 
throughout the growing period. Details of the study 
design and overstory results are reported by Marquis 
(19861, Ernst (19871, and Marquis and Ernst (1991). 

Thi~ming 11-eatments followed guidelines by Roach 
(1977). Thinning was primarily from below, includ- 
ing both commercial and non-commercial removals. 
The thinning was a heavy low thinning (Smith, 
19861, ~neaning that while most removals were of 

intermediate or overtopped trees, enough codomi- 
nants were removed to create gaps in the main crow11 
canopy. Stocking was controlled by relative density, 
a variant of traditional slocking guides that talces into 
accoinlt dCflet-ences in species and tsee size (Roach, 
1977, Stout and Nyland, 1986). For example, Lhe 
basal area in Allegheny hardwoods at 100% relative 
density can vary by as n~uch  as 50% depending upon 
the proportion in black cheuy: stands with a hjgh 
proportion of black cherl-y have higher basal al.eas 
than stands wich low proportions. Conlrolling thin- 
ning with d a t i v e  density instead of basal area ac- 
counts for this natural variation. The measure of 
relative density used to install the tleatments (Roach, 
1977) was based on two species groups, while the 
measure in current use in Lhe Allegheny hardwood 
type (Marquis et al., 19921 is based on three. We 
used the current measure in our analyses. 

Data were collect~d from two stands aboi~t 0.6 
mile (1 km) apart, which were divided into 11 (Stand 
1) or 10 (Stand 2) treatment areas, each 2 acres (0.8 
ha) in size (Fig. I). Two treatmenl areas in each 
sland wexe left uncut; the rest were thinned to res~d- 
ual relalive densities of 37 to 82%. Sland 1 was 
trealetl in 1973: Stand 2 was trealed in 1975. Be- 
cause of th[s?temporal difference (and possible el- 
fects associated with it, such as differences in wealher 
patterns, seed supply, and browsing pressure over 
time) and because the thinning Lrealmelils were not 
applied evenly to each stand, the two stends cannot 
be treated as replicates. 'They weye analyzed sepa- 
rately. 

Eight 6 ft (1.8 m) radius plots were established in 
each treatment area. The plots in each Creatrnent area 
were combined for analysis. hIeasurements were 
taken prior to thinning and 1, 3, 5, and 10 years 
following treatment in Stand 1 and 3, 5, 10, and 15 
yeal-s following tl-eatment in Stand 2. We recorded 
the number of stems of each species in each of two 
size classes: small seedlings, from 1 ft (0.3 m) to 3 ft 
(0.9 m) tall, and large seedlings, from 3 f t  (0.9 m) 
tall to 1 in (2.5 cm) dbh. Ingrowth, or the number or 
seedlings entering t11e 1 in (2.5 cm) dbh size class in 
each 5-year time period, was also tallied. For analy- 
sis, we grouped the species into three shade-toler- 
a x e  classes. Also available for each plot at each 
tally is an ocular estimate of pel-cent coverage by 
ferns and grass. 
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Becanse ingrowth was rare, the number and cluded the size and species of all stems > I in dbh 
species of trees growing into the overstory were in the central 0.6 acre (0.24 ha) of each treatment 
taken from the overstory tallies. These tallies in- area at several times after treatment. 

Table 1 
Overstory stocking and basal area on treatment arcas pre- and post-thinning 

Area Relative density (9%) Basal area ( rnvhu)  

Total Black cherry Red maple Sugar maple Beech O d m  

Stand 1 
1 P L ~  99 28.0 12.2 3.9 10.7 1.1 0.0 
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Post 

Pre 
Post 
Pre 
Post 
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Post 
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Post 
Pre 
Post 
Pre 
Post 
Pre 
Post 
Pre 
Post 

9 Pre IN 30.1 14.8 
Post 42 14.2 8.2 

10 Pre 96 29.9 15.1 2.6 4.7 3.3 4.2 



R.D. Ynnai et ol./Forest Ecolog), andManagemeat 102 11998) 45-60 44 

7 2, Statistics -. 

I,, the first stage of analysis, we explored factors 
contributing to variation in the total numbers of 

stems. Independent variables were the 
density after thinning, the time since thin- 

ning, and the interaction of these two Lerms. A 
Epeated-measures regression analysis was required 
because the same treatment areas were measured at 

each tally and are not independent observations. The 
degrees of freedom are reduced to the number of 
independent observations (treatment areas). The 
analysis was performed on the log of stem numbers. 

In the second stage of analysis, we separated tolal 
stems into size classes and shade-tolerance classes. 
We used the same repeated-measures model to pre- 
dict the log of stem numbers in each size and 
shade-tolerance class. In both analyses, we excluded 

\_L___I 
Stand 2 

Stand 1 

Fig. 1. Map of trc-eatment axns showing residual relative density after thinning (RD) and the fraction of the eight plots in each treatment area 
wirh at least 30% cover of fern and grass at 5 years after treatment. Treatment areas with cover above Uie threshold considered to be 
~nterfering are shaded. 
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h e  prelreatmeut ( t  = 0) stem numbers from the re- 
gXession, becd~~se the residual densities with which 
they are identified had not yet been applied. 

3. Results 

Table 2 shows the number of stems of the 10 
most frequently tallied species for the three size 
classes for each treatment area at 5 years after 
thinning. Details of species composition can be seen 
here; elsewhere we have grouped species into 
shade-tolerance classes as shown in the table. The 
untreated treatment areas had 88 and 93% residual 
relative densi~y in Stand 1 and 94 and 96% vesidual 
relative density in Stand 2. 

3.1. All seedlings combined 

The average number of seedlings (small and large 
combined) increased for 3 to 5 y e a s  after thinning 
and then leveled off or decreased by 10 or 15 years 
(Fig. 2). Regeneration was greaLest in treatment areas 
with low residual density; treatment areas with high 
density (including four h t  were not cut) were less 
responsive. The discrepancies in ranking of stem 
densities are associated with severe herbaceous com- 
petition. Treatment areas thinned to 42 and 51% 
have the greatest fern and grass coser in Stand 2 
(Fig. I), and they fall below the expected numbers of 
stems per acIe (Fig. 2). 

The repeated-measures analysis (Fig. 3; Table 3) 
showed that residual densily at time of thinning had 
a significant effect on stem numbers in both stands 
(Stand 1 P < 0.001; Stand 2 P = 0.016). In Stand 1 
there also was a significant effect of time since 
thinning (P < 0.001) and of the interaction between 
time since thinning and residual density at thinning 
( P  = 0.002). In Stand 2 these were not significant, 
perhaps in part because post-treatment tallies in-that 
stand began at year 3. By that time, much of the 
increase in stem density already had taken place. 
Also, there was more scatter around the regression 
lines for Stand 2. This is consistent with Fig. 2, 
which shows a cleal-er segregation of understory 
densities based on overstoxjr residual densities in 
Stand 1. 

Total stem numbers increase over time in the 

Stand 1 R ~ S I ~ U ~ I  o ~ ~ ~ * ~  

100000 I I 3, 

Stand 2 ~esidual ~ e n s ~ t y  

10 
0 5 10 i 5 

r i m e  rlnce thinning (yrl 

Fig. 2. Thousands of stems (1 ft tall to 1 in dbh) per acre over 
time in each treatment area (average of eight in Stand 1 and 
Stacid 2. Stand I was measured for 10 years; Stand 2 was 
measu~ed lor 15 years. 

Stand 1 

,00000 ] 1 

30 40 60 60 10 80 90 100 
Re$id"al Denr,ry 

Stand 2 

I 
T,me rnce  ireacmenr 

- p e m m t  
. .. . . . . . . . . 3 Y' 

5 Yr 
~... 10 Y' . . . , , . . . . , . 7 %  yr 

Fig. 3. Predicted number of stems (I it tall to 1 in dbh) per acre us 
a [unction of readual relative density from preneairnent to 10 
years posl-treatment in treatment areas in Stand 1 and Stnnd 2. 
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+binned treRtment areas (Fie. 3). with most of the 
Table 3 L..LA..."- ~-~ . - 
D~~~~~~ of freedom, mean squares, and F nnd P-values for the increase in the first 3 years after treatIIIent, as Was 
analysis of stems 1 i t  tall to I in dbh, by stand clean in Fig. 2. There was little change in tbe un- 
Source df MS F P treated areas. The relationship between stem num- 

". ~, v he.rs and residual relative density was strongest 5 i)i(i"iU 1 -... ~-~ 

Residual density 1 7.95 30.1 < 0001 years after thinning (the regression lines are steepest). 
error (between subjects) 4 0.264 This relationship flattens at 10 and 15 years as the 
Time 3 0.409 12.0 < 0.001 

~ ~ ~ d ~ ~ l  density :v time 3 0.230 6.77 0.002 
overstory canopy closed, especially in Stand 2. Some 

error (within subjects) 27 0.031 
of this change in slope is due to increased numbers 

Stond 2 of seedlings in the treatment areas with high residual 
Resldual density 1 4.57 9.34 0.012 density. Changes in numbers over tlme ill the un- 
euor (between subjects) 8 0.490 treated areas are significant in the small seedling 
Time 3 0.111 2.24 0.110 class (Stand 1 P = 0.06; Stand 2 P = 0.04) but 
Residual density*rime 3 0.124 2.50 0.084 
error (within subjects) 24 0.050 

cannot he attributed to thinning. The cffect of resid- 

Stemslacre 1'-3' in height Stemslacre 3' in height - 1" dbh Mew stemslacre + 1" dbh 

Intermediate --0.- --*- 
Tolerant 4- - 

Time Since Thinning (yr) 

Fig. 4. Number of stems per acre I it to 3 ft tall, 3 it tall to 1 in dbh, and reaching 1 in dbh over time by shade-tolerilnce class and three 
classes of relative density. Note the change of scale for stems I to 3 it tall at the lowest lesiduel densitlea. 
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density on seedling numbers in the treatment 
areas before treatment was not significant, according 
10 a one-way ANOVA (Stand I P = 0.074; Stand 2 
P = 0.213). 

3.2. Patfern auer tinte, diuided by folermue class 
and residual-density class 

Separating stems into size and shade-tolerance 
classes reveals important differences in the response 
over time of these groups to thinning (Fig. 4; Table 
4). In the small seedlings, shade-intolerant stems 
increase dramatically in response to thinning. Note 
h e  change of scale in the graph of small stems at 
low residual density. These species account for the 
peak in total numbers in low- and medium-density 
plots at 3 to 5 years after thinning ( ~ i g .  2). By 
contrast, the number of shade-intolei-ant stems in the 
high-density areas is lower than the number of 
shade-tolerant slems. Shade-tolerant species in the 
small size class did not respond to thinning. 

Among the large seedlings, shade-intolerant stems 
do not consistently outnumber the -intermediate and 

-tolerant ones. In contrast to small seedlings, shade- 
tolerant stems in this size class were dominant even 
at low residual densities. The number of steins in this 
size class continued to increase over the 15 years of 
observation: the nu~iibers of smaller stems peaked at 
5 years and then declined. 

The number of stems growing into the 1 in size 
class during each 5-year interval was small (note the 
change in scale in Fig. 4). In the medium- and 
high-density treatinents, only tolerant tl-ees grew inlo 
this size class. At low densities, a small number of 
intolerant and intermediate trees reached 1 in dbh, 
but they always were outnumbered by tolerant trees. 
In these heavily thinned tlxatments, recruitment into 
the 1 in class increased continuously over the 15 
years of observation. 

3.3. Regression: stems by size and tolerance class a s  
afilnction of re,sidual relative density 

Fig. 5 shows stem numbers as a function of 
residual density by tolerance and size classes, graphed 
separately for each tally. In the small seedlings, the 

Table 4 
F- and P-values for the analysls of stems in each sire and tolerance class, by stand 

Size class Effect Tolerant Inlermed~are Inrolerant 

F P F P F P 

Stand I 
1'-3' tall Residual density 1.85 0.207 7.16 0.025 90.4 < 0.001 

Time 0.970 0.421 4.75 0 009 3.17 0.040 
R.D. * tlme 0.954 0.429 3.25 0.037 1.10 0.366 

3' tail-i" dbh Resldual density 0.008 0.930 3.22 0.106 7.80 0.021 
Time 1.67 0.198 2.74 0.132 2.34 0.125 
R.D. * tilue 0.986 0.414 1.83 0.209 1.85 0.186 

> P dbh Residual density 8.01 0.020 5.18 0.049" 3.50 0 .094~ 
Time 13.7 < 0.001 2.94 0.12in 
R.D. time 9.11 0.002 2.04 0.187" 

Sinnd 2 
1'-3' toil Residual rlcnsity 0.018 0.896 33.5 < 0,001 18.7 0.003 

Tune 1.06 0.385 3.88 0.022 0.924 0.444 
R.D. * time 1.60 0.216 2.12 0.125 0.422 0.739 

3' tall-1" dbh Residual density 2.06 0189 5.32 0.050 19.2 0.002 
Time 2.38 0.095 0.157 0.924 4.68 0.025 
R.D.* tune 0.774 0.520 0.010 0.999 2.02 0.166 

> I" dbh Residual density 12.2 0.008 1.34 0.280" 
Time 4.74 0.024 1.93 0.202" 
R.D. * time 3.02 0.077 1.35 0.279' 

"Analysis based an year 5 to 10 and year 10 to 15 only. 
b~nalysis based on year 10 to 15 only. 
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StemPlsc~1'-3' In height SemPlac'acreJ'in helght . 1" dbh New otemd8c.e a'' dbh 

........... Stand l Tolerent 

Sland l lnirrmtdlal. ........ 
- SrnL/l ,nlo,.,an, ........... ............ 

> .......... Omnd ZiOlPrm,  ........... s~nd21nl~,med,.ie 

- B ~ n d l l n l l B a " ,  

Reslduel Dcnslty 

Fig. 5 .  Predtcted nrimbers of stems per acre as a function of residual relative density for each cornbination of size class and time since 
treatment. 

shade-tolerant species are unresponsive to thinning, 
while the shade-intolerant are the most responsive. 
Shade-intolerant and -intermediate stems increase in 
importance over time, especially in the most heavily 
thinned areas. The results of the repeated-measures 
analysis are summarized in Tables 3 and 4. 

In the large seedlings, shade-intolerant and -inter- 
mediate species developed better at the lower densi- 
ties and showed more residual density dependence 
than shade-tolerant species, but shade-tolerant species 
remained more abundant Lhroughout the 15-year pe- 
riod. In Stand 2 there appears to be a response of 
tolerant species to thinning, though it is not statisti- 
cally significant. 

Ingrowth to 1 in dbh was greatest for tolerant 

stems. The rate of ingrowth increased over time and 
was enhanced by heavier thinning. This effect in- 
creased over time; that is, the difference between the 
ingrowth to > 1 in dbh from the most heavily 
thinned areas and lightly thinned or untreaeed areas 
was greater at the end of the period than early in the 
period. 

4. Discussion 

4.1. Numerical response 

Thinning stimulated establishment and growth of 
seedlings and beech root suclcers in the understory. 
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Total seedling numbers peaked by about the fifth 
y e a  after keatment; the net increase persisted 
throughout the measurement period. The response 
was greatest in the most heavily thinned treatments, 
as observed in northern hardwoods in uppel- Michi- 
gan (Tubbs, 1968). Thinning increased regeneration 
of oaks in Connechcut (Ward, 1992) and West Vir- 
ginia (Kirkham and Carvell, 1980). Similal-ly, selec- 
tion and shelterwood cuts increased the growth of 
understory trees in norrhem hardwoods in Wisconsin 
(Metzger and Tubbs, 19711, New Hampshire (Leak 
and Solomon, 1975) and Vermont (Tubbs and Lam- 
son, 1991). In natural canopy gaps, saplings grow 
faster in lasge than in small gaps, as documented in 
the southern Appalachians (Runkle and Yetter, 1987). 

Shade-intolerant species were nearly absent Erom 
the understol-y before treatment but increased sub- 
stantinlly after heavy thinning in the small seedling 
class. Similarly, in central Appalachian ha-dwoods, 
shade-intolerant species increased with degree of 
overstory removal (Trimble, 1973). The response of 
shade-intolerant species to light availability depends 
on germination cues (Auchmoody, 1979) and rapid 
growth rates (Canham and Marks, 1985). In natural 
forest disturbance, large canopy gaps favor shade-in- 
tolerant species, while small gaps are filled by 
shade-tolerant species and advance regeneneration 
(Runkle, 1982, McClure and Lee, 1993). 

Although their numbers were less responsive to 
thinn~ng than the shade-intolerant and -intermediate 
species, shade-tolerant species dominated the taller 
size classes and ingrowth to 1 in dbh. Most of these 
individuals probably were established before the dis- 
turbance (Tubbs, 1968, Metzger, 1980). This result 
illust~ates an important aspect of the response to 
partial disturbances described by Oliver and Larson 
(1990): when disturbances are partial, existing stems 
tend to capture the resources liberated by the distur- 
bance and grow more rapidly than newly established 
stems. Although shade-tolerant species are less plas- 
tic than early successional, shade-intolerant species 
(Bazzaz, 1979), they do respond to small increases in 
light in natural canopy gaps (Canham, 1988). Heav- 
ier cutting mould be necess'ary to regenerateintoler- 
ant species, as is the case in the upland central 
hardwood forest (Sander and Clark, 1971) and north- 
el-n hardwood forest (Leak and Wilson, 1958). 

The number of seedlings increased through the 

15-year period even in areas that received no treat- 
ment. This unexpected result is consistent with anec- 
dotal evidence that Allegheny hardwood stands make 
the transition from the stem-exclusion to the under- 
story-reinitiation stage of stand development (Oliver 
and Larson, 1990) durir~g the development interval 
covered by these measurements (55 to 70 years). 

4.2. Model approach 

In this approach, survival and growth are not 
modeled explicitly; individuals are not followed over 
time. We describe the state of Ule understory at 
intervals following thinning independent of prior 
conditions, to ensure that such a model can predict 
the effect of treatmerlts in future rotations. A more 
specif c analysis could makc use of prior conditions, 
such as advance regeneration and herbaceous compe- 
tition. Herbivory by deer is another i~rlportant factor 
in Allegheny hardwoods. The effect of herbivory is 
no1 a predictive variable in our analysis, but the 
presence of these herbivores is implicit in our paranl- 
eter values. Finally, our approach does not predict 
the response of individual species. Each of these 
issues is explored in the following sections. 

4.3. I~zitial conditions 

Although the responses measured f i t  genel-al ex- 
pectations of stand development and response to 
parlial disturbance, there is a great deal of unex- 
plained variation in the data (time since treahnent 
and residual overstory density explained from 8 to 
80% of the variatiou, depending on the size and 
tolerance class). Some of this variation probably is 
due to microsite conditions, as was found for density 
of pin cherry and yellow birch following clearcutting 
in New Hampshire (Thurston et al., 1992) and in 
northern hardwoods and hemlock-hardwoods in 
Michigan and Wisconsin (Metzger, 1980). Another 
important source of variation is the presence of 
advance seedlings and spro~lts (Wang and Nyland, 
1993), especially for sugar maple and beech, as is 
common in other forest types in the region (Leak and 
Wilson, 1958, Trimble, 1973, Metzger, 1980, 
Thurston et al., 1992). The advance seedlings seem 
to ensure a good representation of these species in 
the emerging community. In our study, the pretreat- 
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ment density of stems > 1 ft tall and less than 1 in regeneration and they dominated ingrowth to > 1 in 
dbh ranged from fewer than 100 to more than 1000 dbh despite the regeneration of shade-intolerant 
per acre. Well established advance regeneration also seedlings. In this area, deer browsing prevents stu~np 
can prevent the suivival of new seedlings that de- sprouts from being an important part of understory 
velop in response to pastial disturbance (Tubbs, 1968, response to thinning. A third important pretreatment 
~r imble,  1973, Metzger, 1980, Stout, 1994). In our difference was the degree of interference from fern 
study, beech root suckers dominated the advance and grass. Regeneration sample plots with at least 

t-- Preilsledvalue. 
stands having herbaceous stands havlng her&aceaus 

compeition<av~ 
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Pig. 6. Predicted and observed numbers of stems per acre in Stand 1 and Stand 2 showing which treatment areis had greater than 30% of 
plots With at leest 30% cover of fern and grass. 
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30% fern cover (the threshold at which interfering 
plants are considered to be a problem; Marquis, 
1982) ranged from none to all eight plots sampled 
within each treatment area (Fig. 1). 

4.4. Advance regeneration 

The outcome of regeneration treatments in Al- 
legheny hardwoods depends an the presence o' ad- 
vance regeneration (Grisez and Peace, 1973, Marquis 
et al., 1992). Pretreatment conditions also affect 
understory response to partial cuttings (Stout, 1994). 
Regeneration treatments have been well studied in 
Allegheny hardwoods (Grisez and Peace, 1973, Mar- 
quis, 1973, Marquis and Bjorkbom, 1982, Horsley 
and Marquis, 1983, Stout, 1994). Existing regenera- 
tion guidelines (Marquis et al., 1992. Horsley et al., 
1994) suggest that. overstory removal in even-aged 
stands should only take place after large numbers of 
well distributed advance seedlings of desirable 
species have developed. Research has demonstrated 
the importance of deer browsing on advance regener- 
ation (Marquis, 1981) and of ferns and gasses in 
preventing the establishment and growth of some 
species (Horsley and Marquis, 1983). Regeneration 
guidelines also suggest removing interfering plants 
when they cover 30% or more of the area in a stand 
(Horsley, 1991). Black and yellow hirch and tulip- 
poplar are the only common ovevstory species in the 
Allegheny hardwood typc that do not depend on 
advance regeneration for establishme~it. 

4.5. Herbaceous cornpetitton 

Fern cover interferes with the establishment and 
growth of inlportant shade-intolerant and -inter- 
mediate species in this forest type (Horsley and 
Bjorkbom, 19x3, Horsley, 1991). Similarly, fern and 
aster inhibit black cherry in central New York (Drew, 
1990) and northern hardwoods can be inhibited by 
pin cherry (Heitzman and Nyland, 1994) or by Rubus, 
grasses, and sedges (Metzger and Tubbs, 1971). 
Similar effects have been shown for other forest 
types (Bowerson and McCormick, 1987). .' 

The occurrence of fern and grass is shown in Fig. 
1, with shading showing treatment areas in which 
lhree or more understory plots had at least 30% 
cover of fern and grass - the level considered to 

cause inte~ference - at 5 years after thinning. The 
percentage of plots w ~ t h  more than 30% fern cover 
increased from 7% before treatment to 29% afler 15 
years (Nowak, pers. comm.). Stocking of grasses and 
sedges increased significantly only in the most heav- 
ily thinned areas (Nowak, pens. comm.). These inter- 
fering plants are correlated with lower numbers of 
stems in the plots in wh~ch they occur. Fig. 6 shows 
the residual variation in the number of stems pre- 
dicted by residual density and time since treatment 
for the 1- to 5-ft size class (all species combined). 
The numbers oF stems in areas with high herbaceous 
competition generally were overpredicted by the 
model while those in areas with lesser competition 
were underpredicted. In areas where the degree of 
herbaceous competition is known, understory devel- 
opulent might be predicted with greater certainty 
than our more general model formulation allows. 

4.6. Herbivory 

Deer are a controlling factor in this forest type in 
that they alter the relative success of species by 
selectively browsing the more palatable species (Kit- 
tredge and Ashron, 1995). In addition, some species 
are more resilient to browsing thai others (Tilghman, 
1989). 

Browsing pressure depends on both the density of 
deer and the availability of alternate food sources. 
The region has relatively little agricultural land, 
which, if present, serves as an important food source. 
Average density of deer in the Allegheny National 
Forest is about 30 dem per square mile, or about 
50% more than the goal for the region established by 
the Pennsylvania Game Commission. Because of this 
high deer impact, unpalatable species such as beech 
and striped maple dominate understory species com- 
position, and stump sprouts do not play an important 
role. 

4.7. Di.mggreguting shade-tolerance groups to 
species 

We chose to predict understory composition by 
shade-tolerance, a general approach that should ap- 
ply to diverse forest types. Grouping species into 
functional groups reduces the variation that needs to 
be explained by a model. Shade-tolerance is one of 
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many possible characteristics by which species could 
be grouped; we chose it because light is the factor 
most affected by thinning in these forest types. For 
some purposes, it is important to identify the individ- 
ual species present. For example, to supply ingrowth 
to an overstory simulator, species are required; 
species composition is important to the future devel- 
opment of the forest and to its management. 

The species composition of regeneration reflects 
the species composition of the overstory (Metzger, 
1980, Klttredge and Ashton, 1990, Wang and Ny- 
land, 1993) and will be most similar when the har- 
vest method used is the same as that used to generate 
the existing stand (Trimhle, 1973). Overstory species 
can be augmented by small seeded species that blow 
in over long distances and by species that germinate 
from buried seed (Wang and Nyland. 1993). 

In h i s  data set, black cherry seedlings dominated 
the shade-intolerant group and birch the shade-inter- 
mediate group (Table 2). The shade-tolerant group 
generally is dominated by beech, but in several 
treatment areas, striped maple and sugar maple are as 
important as beech. This distinction has important 
econon~ic and ecological implications. Sugar maple 
has the greatest commercial value; striped maple has 
none, and beech will be damaged by beech bark 
disease. Beech produces the b a t  mast of the three. 
Striped maple has a much shorter life and 1-arely 
reaches the diameter or height of the other two. 
Chosing silvicultural treatments for theil- effect on 
understory development cannot be based on shade- 
tolerance class without knowledge of the locally 
important species. 

5. Conclusions 

5.1. The modeling process 

We modeled numbers of stems in three shade- 
tolerance classes and three size classes as a function 
of time since thinning and the relative residual den- 
sity at the time of treatment. This simple model 
predicted a median of 40% of the observed variation 
in stem numbers. The model would have described 
understory characteristics more precisely had it in- 
cluded factors such as the presence of advance re- 
generation at the time of treatment, the interference 

of herbaceous competition, and variation in site con- 
ditions. We did not include these factors because we 
wanted a form of inodel that would be readily gener- 
alized to other forest types and that could be used in 
supporting decisions about the management of future 
stands, for which pl-etreatment information is un- 
available. Prediction of understory characteristic~ be- 
yond the time scale of observation cannot be extrap- 
olated l o m  these equations but should be based on 
expert judgement when data are not available. The 
disaggregation of shade-tolerai~ce classes to individ- 
ual species may be importa~it in some forest types 
and could be included in a second stage of analysis. 

5.2. Unrierstoly response to thinning 

The effect of ihinning on understory vegetation 
has implications for scenic beauty, wildlife habitat, 
and forest regeneration. Heavy thinning of the ovei-- 
story creates a midstory of trees that blocks visual 
penetration and provides nesting sites for many 
species of birds. Thinning also promotes the growth 
of shade-tolerant species into the overstory. The 
heaviest thinnings reported here were insufficient to 
allow the recri~itment of shade-intolerant or -inter- 
mediate species into the overstory. This outcome was 
influenced by the effect of deer on advance regenera- 
tion and would be different if deer impact were 
lessened. The presence of this shade-tolerant mid- 
story could change the silvicultural options available 
for regeneration and the future trajectoiy of the 
stand. Although thinning is not practiced for its 
effect on the understory, the importance of changes 
in understory co~nposition to the future of the stand 
suggests that the effect of thinning on the understory 
merits greater attention. 
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