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Aspen development on similar soils in Minnesota and 

British Columbia after compaction and forest floor removal 
by Douglas M. Stone1f2 and Richard ICabzerns3 

Forest management practices that decrease soil porosity and remove organic matter can reduce site productivity. We evaluated effects 
of four treatments-merchantable bole harvest (MBH) with three levels of soil compaction (none, light, or heavy), and total woody 
vegetation harvest plus forest floor removal (F'FiR)-on fifth-year regeneration and growth of aspen (Populus tremuioides Michu.) grow- 
ing on soils with similar textures (20-40 cm silt loam over clay loam till) in northern Mimesota (MZ?) and northeastern British Columbia 
(BC). Overall mean sucker density was significantly greater in BC than in MN, and mean height was significantly lower. Soil com- 
paction did not affect sucker density in BC, but significantly reduced it in MN, primarily due to late spring treatment. In BC, mean 
sucker heights generally decreased with level of compaction, but only the differences between non-compacted and the heavy compaction 
treatments were significant. On the MN plots, sucker heights were reduced significantly by compaction. Treatment responses were 
similar on both sites: (1) the greatest sucker densities were in the FTR treatment; (2) greatest mean heights were on the non-compacted 
MBH plots and were significantly greater than those in the FFR treatment; (3) sucker heights generally decreased with level of com- 
paction; and (4) soil compaction decreased the number of suckers that had reached a dbh of 25 mrn after five years and will likely delay 
future stand development and reduce site productivity. 
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Les pratiques d'amknagement forestier qui rkduisent la porosit6 du sol et qui enlbvent la matibre organique peuvent rkduire la pro- 
.j & ? - i d V  UR 
4 c: $ 'l? CL ductivitk d'une station. Nous avons kvaluk les effets de quatre proc6dures de rkcolte de la tige marchande (MBH) selon trois niveaux 8s 3 2 $ ei 
., E CJ I- $ de compaction du sol (aucun, lkger, important) et la rkcolte de toute la vegetation ligneuse ainsi que I'enlbvement du substrat foresti- 

er (FFR) sur la rkgkn6ration de cinq ans et la croissance du tremble (Populw tremuloides Michx.) en croissance sur des sols de 
texture semblable (20 Zi 40 cm de silt loameux sur un till d'argile et de loam) dans le nord du Minnesota OW\S) et le nord-est de la Colom- rQ 

:$ .; F bie-Britannique (C.-B.) La densitk totale moyenne des drageons ktait significativement plus klevke en C.-B. qu'au MN, et la hauteur 
-CJ -5 3 j moyenne ttait significativernent infkrieure. La compaction du sol n'a pas affect6 la densit6 des drageons en C.-B., mais elle a 6tk sig- 

nificativement r6duite au MN, principalement Zi cause des opkrations effectukes tard au printemps. En C.-B., la hauteur moyenne des 
s drageons diminuait g6n6ralement selon le niveau de compaction, mais seul les diffkrences entre les opkrations sans compaction et avec 

d U = i  
. 3 - beaucoup de compactions ktaient significatives. Dans les parcelles du MN, les hauteurs rnoyennes ont kt6 rkduites significativement $9 g3  ME--- 5 
c a 6, par la compaction. Les r6actions aux operations 6taient similaires sur les deux sites : (1) les plus importantes densites de drageons se 

4 retrouvaient dans les traitements FFR; (2) les plus importantes hauteurs moyennes se retrouvaient dans les parcelles non compactkes 
MBH et ktaient significativement plus grandes que celles des traitements FFR; (3) les hauteurs des drageons diminuaient gkntrale- 
ment en fonction du niveau de compaction ; et (4) la compaction du sol rCduisait le nombre de drageons qui avaient atteint un dhp de 
25 mm aprbs cinq ans et retardera probablement le dkveloppement futur du peuplement et r6duira la productivitk de la station. 

Mots-clb : amknagement durable, enlbvement de la matibre organique, compaction du sol, densit6 des drageons de tremble, crois- 
sance en hauteur 

Introduction 
Maintaining soil productivity is critical for sustainable for- 

est management. Forest management activities that decrease 
soil porosity and remove organic matter have been associated 
with declines in site productivity (Greacen and Sands 1980, Agren 
1986, Standish et al. 1988, Grier et al. 1989 ). As part of an inter- 
national network of cooperative studies on long-term soil 
productivity (LTSP) (Powers et al. 1990, Tiarks et al. 1993), 
we are evaluating effects of three levels of organic matter removal 
(OMR) and three levels of soil compaction in the aspen (Pop- 
ulus tremuloides Michx, and P, gmndidentata Michx.) forest 
type on four sites in the northern Great Lakes region and one 
site in noaheastem British Columbia (~abzemsl996,  Stone 
and Elioff 1998, Stone et al. 1999, Stone 2001). The research 
is designed to determine how changes in soil porosity and organ- 
ic matter content affect soil processes controlling forest pro- 
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ductivity and sustainability and to compare responses among 
major forest types and soil groups across the United States and 
Canada. 

The objectives of these aspen studies are to monitor changes 
in soil properties following forest hmesting and application 
of nine combinations of OMR and soil compaction treat- 
ments, and secondly, to measure responses of the aspen regen- 
eration and associated vegetation. Fifth-year results from four 
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treatments in a pilot study in north-central Minnesota (MN) and 
fourth-year results of four treatments in nofieastern British 
Columbia (BC) were reported earlier (Stone and Elioff 1998, 
Kabzems 2000a). Fifth year results from four treatments-mer- 
chantable bole harvest (MBH) with three levels of soil 
compaction (none [CO], light [Cl], or heavy [C2]), and total 
vegetation harvest plus forest floor removal (FFR) are now avail- 
able, We report effects on fifth-year regeneration and growth 
of aspen growing on soils with sirnilar textures (2040 cm silt 
loam over clay loam till) on sites in &IN and BC separated by 
approximately 2300 b. Treatment effects on soil properties 
will be reported when fifth-year data are available for all nine 
treatment combinations. 

Methods 
Stand and Site Conditions 
Minnesota - The study was installed in the spring of 1993, on 
the Chippewa National Forest in north-central Minnesota 
(47'20' N, 94O30"W). The CW is continental with warm sum- 
mers (mean July temperature 20°C), cold winters (mean Jan- 
uary temperature -17OC), and 640 mrn of precipitation; about 
half occurs during the growing season. The site was occupied 
by a fully stocked, 70-year-old stand of predominantly trem- 
bling aspen; the primary associated species were red maple (Acer 
dm L.), basswood (Tilia nwlericana L.), sugar maple(A sac- 
charurn Marsh.), northern red oak (Quercw mbra L.), and east- 
ern white pine (Pinus strobus L.). Basal area averaged 37 m2 
ha-'. The predominant herbaceous species were twisted stalk 
(Streptopus roseus), bellwort (Uvularai sessilifolia), lady fern 
(At@n'umfilix-femina), ostrich fern (Mageucic smthiopte~s), 
sarsaparilla (Aralia ntldicaulis), and bracken fern (Pten'dium 
qtlilinium). m e  site is on the Guthrie till plain, the surface soils 
developed from a silt loam loess cap 30 to 40 cm deep under- 
lain by clay loam till. Site index (age 50) for aspen is about 23 m. 
The pre-harvest forest floor thickness averaged 6.2 cm with a 
dry weight of 13 1 Mg ha-'. 

British Columbia - The study was installed in the spring of 
1995, in the Dawson Creek Forest District (55"58'N, 120"28"W). 
The c b t e  is g e n d y  continental with moderately warm sum- 
mers (mean July temperature 15OC), cold winters (mean Jan- 
uary t e m p -  -1 8°C) and 500 mm of precipiBtion; approx- 
imately half of which falls during the growing season. The site 
is representative of mesic aspen ecosystems in the Boreal 
White and Black Spruce (BWBS) zone (Kabzems 1996). The 
site was occupied by a fully stocked, 100-year-old aspen 
stand with a basal area of 34 m2 ha-'. The primary associated 
species were white spruce (Picea g h a  moench) Voss), lodge- 
pole pine (Pinu contorta Dougl.), and balsam poplar (P. bal- 
smifera L.). The soils are silt loam 20 to 30 cm thick over clay 
loam till. Site index (age 50) for aspen was 18 m. The pre-har- 
vest forest floor  chess averaged 7.0 cm with a dry weight 
of 149 Mg ha-'. 

Treatments 
L m w t a  - The stands were harvested d ~ g  January and 
February 1993, Snowfall during November and December 1992 
was somewhat greater than normal and air tempera- were 
slighdy greater than the 30-year mean. Thus, soil frost was thin 
and discontinuous initially, and ranged from 5 to 10 cm when 
logging was completed. Snow depth increased fkom about 30 cm 

initially to 46 cm during the logging operations. On the non- 
compacted (IMBHCO) plots, the trees were felled with chain- 
saws and winched off the plots with a cable skidder located 
outside the plot boundaries. On all other plots, the stems were 
cut with a Case-Drott model 40 feuer-buncher and placed 
outside the plot boundaries; slcidders did not enter any of the 
plots. The FFR treatment consisted of manuatly removing all 
coarse woody material and windrowing the forest floor mate- 
rials, using a power driven sidewalk sweeper with a revolving 
wire brush head 46 cm in diameter and 90 cm wide; the mate- 
rials were piled outside a 5 to 10-m-wide b ~ a  zone smmding 
the 50 x 50 m treatment plots. The light compaction treatment 
(1MBHC1) consisted of a double pass, at right angles, across the 
plots with a model D-7 Caterpillar tractor, advancing one 
track width (61 em) each pass. The heavy compaction treatment 
(MBHC2) included the light treatment followed by a double 
pass, at right angles, with a Michigan model 75C front-end load- 
er with 52 x 63.5 cm (20.5 x 25 in.) tires, advancing 6ne tire 
width each pass. There were three replications for each of the 
four treatments. 

The objective of the compaction treatments was to increase 
bulk density of the surface soil by either 15% or 30% without 
damaging the root systems by rutting. This was accomplished 
successfully in previous years on the Marcell Experimental For- 
est and the Ottawa and Huron-Manistee National Forests. 
However, spring and early summer rainfall were higher than 
n o d  in 1993 and delayed study installation on this site. The 
fr-equent rainfall and the desire to avoid rutting caused nurner- 
ous delays in application of the treatments. Thus, the suckers 
had begun. to emerge by the time the soil had drained suffciently 
to complete the compaction treatments, and many were bro- 
ken by the machine traffic. 

British Columbia -The area was harvested in Jammy and Febru- 
ary 1995. Winter harvest on frozen ground ensured that no soil 
disturbance ocGuned during the harvesting phase (K$bzems 1996). 
Only the feller-buncher entered the plots during harvest, Cut 
stems were placed outside the plot boundaries and removed with 
a grapple skidder. The first group of nine 40 x 70 m treatment 
plots was established in May 1995. The non-compacted 
(IvfBHCO) plots received no post-harvest compaction. The 
compaction treatments were applied with a vibrating pad 
mounted on an excavator. The light treatment (1MBHC1) com- 
pressed the surface mineral soil 1 to 2 cm, and the heavy 
treatment (MBHC2) compressed the surface soil 4 to 5 cm. The 
FFR treatment consisted of removing all coarse woody mate- 
rial from the plots and then stripping the forest floor materi- 
als with an excavator. There were two replications for each of 
the three MBH-compaction level combinations. The FFR 
plots each received one (none, light, or heavy) of the compaction 
treatments. The effects of compaction on sucker density were 
not significant (Fig. 1) so we pooled these data and analyzed 
them as three mplications of the main FFR treatment. 

Measurements and Analyses 
Measurement protocols varied somewhat between sites. 

On the Mi'? site, all measurements were made within the inte- 
rior 40 x 40 m area of each 50 x 50 m treahent plot, In Septem- 
ber 1997, after five growing seasons, the basal diameter 
(15-cm height) of all woody species was measured and record- 
ed by 2-mm diameter classes on eight randomly located 
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MBHCO MBHC1 MBHCZ FFR 

Treatment 

Fig. 1. Mean iBh-year aspen sucker den- 
sity by treatment. Within sites, means 
followed by the same letter do not dif- 
fer ~ i ~ c a n t l y  at p < 0.05; error bars 
= standard error of the means. hCBH = 
mr:~~:htabIe bole h a r v q  CO =no am- 
paction; C1= light compaction; C2 = 
heavy compaction; FEZ = total vege- 
tation harvest plus forest floor removal, 

5.0-m2 subplots per plot. Mean height of aspen suckers in each 
diameter class was recorded to the nearest 5-cm class. On the 
BC site, density and height of =pen suckers and associated species 
were measured on nine randomly selected 50-m2 subplots 
per plot in September 1999. On each subplot, average height 
of the aspen suckers was visually estimated and height of the 
four tallest suckers was measured. In early June 2000, during 
the sixth growing season, the basal diameter (15-cm height) of 
aspen was measured and classified as < 25-mm or > 25-mm 
diameter on three randomly selected 50-m2 subplots per plot. 

For each site, all subplot data were composited and the 
site and treatment effects were evaluated by two-way analy- 
sis of variance of the plot-level means. First, the data fiom both 
sites were combined and the overall effects were analyzed using 
a site-treatment-site*treament model (Analytical Sokware 
2000). The data for each site were then analyzed separately with 
a randomized complete block (treament-replication-treat- 
ment*replication) model. Where main effects were significant 
atp < 0.05, comparisons among means were d e  with the Least 
Signjficant DifFerence procedure at the 95% confidence level. 

Table 1. Stand and soil characteristics of aspen LTSP sites in north- 
central Minnesota and northeastern British Columbia 
- - 

Parameter Minnesota British Columbia 

Installation date 
Latitude 
Longitude 
Mean January temperature 
Mean July temperature 
Mean precipitation (mrn) 
Stand age (years) 
Basal area (m2 ha-l) 
Site index (m) 
Silt loam cap (em) 
FF thickxess (cm) 
FF dry weight (Mg ha-') 

Spring, 1993 
47"ZO'N 
94"3O'FV 
-17°C 
20°C 

640 
70 
37 
23 
30-40 
6.2 

131 

Spring, 1995 
55'58'N 

120°28W 
-18°C 

15°C 
500 
100 
34 
18 
20-30 
7 

149 

Table 2. Overall mean fWth-year density and height of aspen suckers in 
north-central Mnnesota and northeastern British Columbia 
- 

Density a Height 
Site (18 ha-I) (m) 

lMinnesota 19.5 a 210 b 
British Columbia 26.9 b 122 a 

Results and Discussion 
Natural Variation 

Trembling aspen is the most widely distributed cornrnercial 
forest species in North America (Little 197 1). Only one other 
hardwood species, the closely related Eurasian aspen (P. 

than between species, P. tremuloides and P. @emula have 
been considered as a single circumboreal superspecies for 
taxonomic purposes (Harper et al. 1985) and from the stand- 
point of self-tfiinning rates and stockability (Perala et al. 
1995,1999). Conside~g the geographic differences between 
sites (Table 1) and the broad genotrpic and phenotypic vari- 
ability between clones (Jones and DeByle 1985), we were not 

sMeans followed by the same letter do not differ significantly at p 10.05. 

surprised to see significant merences in overall mean suck- 
er density and height between sites (Table 2). Schier and 
Zasada (1973), for example, found that at any given sucker n u -  
ber (densiQ) and total nonstructural carbohydrate (TNC) con- 
centration, growth of suckers from excised roots of three 
Utah clones was greater than that from three Alaskan clones. 

Stand and Site Condi~ons 
Despite the geographic differences between the sites, mean 

January temperature, stand basal area, and soil con&tions are 
q & & y  similar (Table 1). a n n d  precipitahon is 140 nun 
less at the BC site; however, the 5°C l o w  mean. July tempemtwe 
may compensate for the lower precipitation, resulting in sim- 
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Fig. 2. Mean fifth-year aspen suck- 
er height by treatment; within sites, 
means followed by the same letter 
do not &a ~ f l w a y  atp < 0.05. 
Treament codes as in Fig. 1. 

ilar growing season evapotranspiration and water balances on 
the two sites. The somewhat greater basal area and site index 
on the MN site can be attributed, at least partially, to the 
thicker silt loam cap. The'slightly higher basal area on the h4N 
plots pramsibly supports a higher leaf area index and provides 
greater litter production. However, the wanner growing sea- 
son - and greater precipitation favour more rapid decom- 
position resulting in the lower forest floor thickness and dry weight. 

Treatment Effects 
On non-compacted plots, fifth-year sucker density was 

similar on the two sites (Eig. l).The compaction treatments dras- 
tically reduced sucker density on the MN plots, primarily due 
to treatment after they had emerged On this site, effects of com- 
paction on reducing sucker density were dramatic, and not W e  
many conventional 0ptiminthenarthemWLakes 
region (Bates et d 1990,1993). These results indicate that man- 
agers should plan harvesting activities to mhkka  the area cov- 
ered by machine traffic (Stone 2002), and avoid traffic in the 
spring a f k r  suckers have begun to emerge. The compaction treat- 
ments initially tended to increase first-year sucker density in 
the BC study, but by the fod -yea r  the differences by level 
of compaction were no longer apparent ( K a b m  2000a). Pre- 
sumably, these initial increases were due to minor root injury 
during compaction. Disturbance of aspen root systems and 
increased soil temperatwnzs are known to stimulate sucker 
production (Schier et al. 1985, Peterson and Peterson 1992). 
On fine textured (clay) soils, however, the more severe effects 
of rutting can be highly de~mental to both aspen sucker den- 
sity and early height growth (Stone and Elioff 2000). 

The difFerences in sucker density may be due to inherent dif- 
ferences in suckering capacity of the clones on the two sites as 
suggested by initial results from BC and another site in north- 
em h4N. The FFR treatment resulted in a first-year sucker den- 
sity of >260 000 ha-' on a loamy sand site in MN (Alban et al. 

1994), and about 220 000 ham1 in BC (Kabzems 1996), most 
likely due to increased soil temperatures and removal of com- 
peting vegetation (Kabzerns 2000b). By the fourth year, suck- 
er density had declined to about 55 OM) ha-' in BC (Kabzerns 
20Wa), and by the fifth year, to about 40 000 h6l in MN (Stone 
and Elioff 1998). 

In both MN and BC, the greatest height growth occurred in 
the non-compacted treatment (Fig. 2). As with sucker densi- 
ty, the late spring treatment on the MN site also greatly 
reduced sucbr height, Compared to the non-compacted plots, 
the lower height growth with the FFR treatment most likely is 
due to the two-fold greater sucker density on those plots. In BC, 
soil compaction generally decreased sucker height; however, 
only the differences between the non-compacted and heavily 
compacted treatments were statisticdly sigmfiamt (Fig. 2).The 
lower early height growth in the FFR treatment likely is due 
to a combination of water relations and carbohydrate reserves 
in the parent root systems. First, removal of the forest floor would 
have reduced the amount of available soil water over the 
growing season, creating less favorable growing conditions. The 
intact forest floor would have provided both a reservoir of soil 
water and a mulch that reduced evaporative losses (Powers 1999). 
Secondly, the exposure of aspen mots after forest floor removal 
stimulated the production of multiple suckers &om each bud. 
Thm, the available carbohydrates were distributed over a 
larger n m h r  of stems, Limiting the height growth of in&Gdual 
suckers and may have decreased dry weight per sucker (Schi- 
er and Zasada 1973). Stone et al. (2001) provided additional 
evidence for an inverse relation between s u c k  density and early 
& r o d ;  they found that r e e g  18 to 37 mature aspen ha-' 

sucker density a p p r o ~ t e l y  40% and increased first- 
year diameter and height growth by about 30%. 

At the BC instdation this depression of sucker height in the 
F?J?R treatment has continued into the seventh growing season 
(mpubfished data on file). In the h t  year, mean height of aspen 
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I Treatment I 

Fig. 3. Mean density of five-year- 
old aspen suckers 225 mrn dbh. 
Treatment codes as in Fig. 1. 

on the Ff;R plots was 82 cm vs. 129 cm in the non-compact- 
ed treatment. After the seventh growing season, suckers in the 
FFR treatment were 139 cm in height, having increased only 
57 cm from the first year. Those on the non-compacted plots 
grew 186 cm over the same time period, reaching 3 15 cm on 
average. 

Stone and Elioff (1998) suggested that the density of five- 
year-old aspen suckers that have reached a breast height 
diameter (dbh) of 25 ~llm may be a useful index of stand 
development and future productivity. That number may reflect 
differences in soil conditions due to experimental treatments 
or those resulting from conventional harvesting operations. On 
a loamy sand site in MN, non-compacted plots had 5000 ha-' 
in this size class and less than 1000 ha-' in compacted, l?FR, 
or compacted plus FFR treatments (Stone and Elioff 1998). This 
compares with the 5900 ha-' on non-compacted plots on the 
MPJ silt loam site, and where no suckers in either compaction 
treatment had attained this size (Fig. 3). In BC, the density of 
suckers in this size class declined progressively with severity 
of compdon. On both sites the lower numbers in the FFR treat- 
ment most likely are due to the greater sucker density (Fig. 1) 
combined with less favourable growing conditions. 

Conclusions 
to compare data b m  widely separate g e e  

regions using a similar study design frequently do not exist. 
Because of this we can make explicit a m p e o n s  between eady 
aspen sucker development and responses to experimental 
soil compaction and organic matter removal treatments. 
Despite potentially large genetic variation and the geograph- 
ic differences, treatment responses and aspen development 
were similar on sites in northern MN and northeastem BC. The 
compaction treatments decreased sucker height on both sites. 
In h/IN the decreased sucker density on compacted plots can 
be partially attributed to the late treatment application. Man- 

agers should plan harvesting activities to mhimke the area cov- 
ered by machine traffic and avoid after suckers have begun 
to emerge. To date, the compaction treatments applied in BC 
have not significantly affected total numbers of aspen suckers. 
Compared to non-compacted plots, the FFR treatment signsf- 
icantly increased sucker density and decreased their height on 
both sites. Likewise, soil compaction decreased the number of 
suckers that had reached a dbh of 25 mn after five growing sea- 
sons and will likely delay future stand development and reduce 
site productivity. 
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