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Executive Summary

Soils often suffer adverse changes during forest harvesting
and renewal , including conpaction, erosion and di splacenent. The
purpose of this report was to clarify the nature and extent of
these processes, to appraise the potential for danmage, to
exam ne ways of prevention and opportunities for mtigation, and
to consider the inplications for the Fundy Mdel Forest.

Conpaction of soils has been noted since the early use of
tracked and wheel ed equi pnment in forest harvesting. The effects
were consistent fromthe southeastern states through the Pacific
Nort hwest and Canadi an forest regions. Up to 20% of the area of a
clear-cut could be affected. Natural regrowth and early
pl antati on devel opnent was retarded as a result of it, and vol une
| oss was recorded in 40-year-old and ol der stands on the affected
ar eas.

Surface erosion devel ops on skid and porter trails, wood
yards and | andings if environmental constraints such as sl ope and
i nherent erodibility of the soil are ignored and mtigating
neasures not taken. Mdre often than not, a displacenent of soi
is invol ved where el evated or steeply sloping portions are
denuded of their colloidal, fine sand and silt fractions, to be
redeposited at low slope, in filter and buffer zones. As a
result, increasing heterogeneity can be expected in future
production on the affected | ands. Mass erosion, involving
| andsl i des and sl unping of soil, dimnish productivity in the
scour zones and produce catastrophic effects on water quality
where the soil is entered directly into water courses. In regions
prone to nass erosion, the natural frequency of events is
i ncreased many tinmes by harvesting activities, particularly road
construction. Mass erosion is a hazard in | andscapes with
excessive relief, high rainfall amount and intensity, and soils



of | ow mechani cal strength.

Soi | conpaction and surface erosion pose a certain threat to
sustainable site productivity in parts of the Fundy Mdel Forest.
Among the soils mapped in the region are sonme with high
susceptibility to conmpaction. Sone are nore di sposed than others
to surface erosion after disturbance in a |andscape of stronger
t han average relief because of varying inherent erodibility. No
information exists to verify these hazards.

Many jurisdictions on the Continent have issued best
managenent practices (BMPs) to prevent and mitigate damages to
the forest environment. Current BMPs, particularly those dealing
with erosion, where primarily ainmed at preserving aquatic
systens. It is not certain whether they al so provide for adequate
protection of soil quality.

Wth respect to the Fundy Mddel Forest, this review has
verified several needs: (1) to assess actual |evels of soi
conpaction and surface erosion under current nethods of forest
harvesting and renewal ; (2) to review, revise and suppl enent,
where necessary, known BMPs for use in the region; and (3) to
confirm BMPs and determ ne | evel of conpliance by operators.
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| nt roducti on

According to the contenporary technical literature, soils
Afunction, within natural or nanaged ecosystem boundaries, to sustain
pl ant and ani mal productivity, naintain or enhance water and air
quality, and support human health and habitation@ (Al len et al. 1995).
Their ability to function in this role is referred to as soil quality or
heal th (Doran and Parkin 1994).

Soil quality may change in either direction as a result of human
activity or natural ecosystem processes. A drastic exanple for the
|atter are the disturbances caused by severe fire and reversion of
forest to heath (Damman 1971).

In managed forests, the possibility of loss of soil quality is
greatest during the period of harvesting and regeneration. This was
recogni zed by the Canadi an Council of Forest M nisters (1995) by
identifying soil and water conservation as one of six criteria for
sust ai nabl e forest managenent. AMai nt enance of the living substrate for
forest stands@or in above terns, preservation of soil quality, was
given as the Aprimary focus of soil conservation@ The report further
recogni zed processes that commonly result in a loss of soil quality
(erosion, displacenent, conpaction, puddling and | oss of organic
matter), but the details, essential to problemrecognition, prevention
or mtigation, were left to be conpiled at the regional |evel.

The response to a disturbance is conplicated by interactions with
climte, vegetation type and the nature of the soil itself. It would be
difficult, indeed, to gauge the extent of damage or to establish
perni ssi bl e changes in soil conditions on a site-by-site basis unless
gui del i nes existed that are sensitive to ecological and forestry
conditions of the region. To this end, a review of the technica
literature was conducted to clarify the nature and extent of soi
dehabilitating processes during forest harvesting and renewal, to
apprai se the potential for damage, to exani ne neasures of prevention and
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opportunities for mitigation, and to consider the inplications for the
Fundy Mbdel Forest.

Soi | Conpaction

Definitions
Conpaction of a soil is associated with the disruption of

structure, |loss of pore volune, primarily macro-pore space and, hence, a
reduction in infiltration capacity and air perneability. At the sane
time, the bulk density and nechanical strength of the soil increase. A
of these changes adversely affect plant establishnent and growth. To be
enphasi zed are the inhibiting effects on root growh and rhizospheric
activities (Sands and Bowen 1978). Soil conpaction invariably occurs
during forest harvesting with heavy equi pnment depl oyed in ground
operati ons (G aecen and Sands 1980). Equi prent novenent and draggi ng of
wood may also result in a puddling of soil. This is the disruption of
structure and reorientation of particles at high noisture content with
little or no change in volume (Hillil 1980).

Case studies

Concern over soil conpaction was expressed early after the
i ntroduction of craw er tractor logging in North American forests
following Wrld War 11. Steinbrenner and Gessel (1955a,b) and Youngberg
(1959) reported major increases in bulk density of the usually highly

1 . . . .
porous (< 0.75 My m®  and productive volcanic ash soils in the

Dougl as fir (Pseudotsuga nenziesii [Mrb.] Franco) region of the
Paci fic Northwest, and noted that seedling establishnment and
grom h were seriously retarded on skid roads. From 25 to 30% of
the harvested areas was found in skid roads. The probl em was not
| essened when rubber-tired skidders were introduced | ater on.

Al t hough these were lighter in weight, the wheel pressure of

| oaded machi nes could be as high or higher than under the heavier
tracked vehicles (Lysne and Burditt 1983).

An i npression of the potential inpact of soil conpaction on the




1) 1 My m®= 1 Megagramor 1 netric ton per cubic netre

primary production of forest in the northwestern region of the
United States was given by Froehlich and McNabb (1984). Including
the results fromvarious independent studies, the relative height
gromh of trees in plantations was reduced in direct proportion
to the relative increase in bulk density of the soil during

logging (Fig. 1).

Fig. 1. Loss in height growth of Douglas-fir and Ponderosa
pine with relative increase in bulk density on clear-cuts
at various locations in the northwestern United States
(reproduced from Froehlich and McNabb 1984).

The effects of soil conpaction on forest growmh can be | ong-
| asting. Loss in height growth was recogni zabl e i n Ponderosa pi ne
(Pinus ponderos Laws) plantations (included in Fig. 1) 17 years
after |ogging, and vol une production was | owered, on average, by
20% on skid trails 23 years after |ogging (Froehlich et al
1986). Sim |l ar observations were nade in California where 16-
year-ol d ponderosa pine were 13% shorter and had 22% | ess vol une
on skid trails and | andi ngs, on which the average bul k density
had been raised to 1.19 My m?, than the trees on |ess disturbed
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| and (Hel ns and Hi pkin 1986; Helns et al. 1986).

Anot her account of |ost vol une production with an even
| onger response period was given by Wert and Thomas (1981). Forty
three years after tractor |logging at a Douglas-fir site in the
Coast Range of Oregon, trees were fewer in nunber and, on
average, 3 mshorter on skid roads conpared to trees on non-
conpacted soil. Far greater differences existed in volune
production (Fig.2). On an equal -area basis, the skid roads had
produced 74 % | ess volune than the unaffected area. Wth 10% of
the area in identifiable skid roads and an additional 18% on an
area of transition, an overall volune |oss of 11.8% was estinated
for the second rotation stand. Slow seedling devel opnent and
growh to the breast-height stage were seen as a nmjor cause for
t he reduced performance. Trees on skid roads and unaffected areas
grew at simlar relative rates after a certain hei ght-age
conbi nati on had been reached.

Fig. 2. Volune production, by dianeter class, of Dougl as-
fir on skid trails and undi sturbed soil 43 years after
| ogging (fromdata of Wert and Thomas 1981).

Production | oss due to soil conpaction has al so received
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serious attention in the southeastern United States. Foil and
Ral ston (1967) denonstrated rapid decline in the growh of
| oblolly pine (Pinus taeda L.) seedlings with increasing bul k
density of the soil, and pointed out that conpaction |evels,
shown to be critical in their study, existed on significant
per cent ages of | and areas being harvested for southern pine. This
was confirmed in subsequent studies of soil disturbance by
| oggi ng on the Lower Coastal Plaines of South Carolina (Hatchel
et al. 1970; Dickerson 1976). Increases of bulk density by 20 and
10% where found in wheel-rutted soil and | og-disturbed areas,
respectively, after tree-length harvesting with rubber-tired
skidders. O further interest is that volume growth of loblolly
pi ne was increased 100% wth fertilization on skid trails, but
that no fertilization responses were shown on non-conpacted areas
in the plantation (McKee and Hatchell 1986). It is possible that
the nutrient supplenents conpensated for a |limted root surface
area in the conmpacted soil. This was substantiated by the
observations of Helnms et al. (1986) according to which the
peri odi ¢ height increnment of ponderosa pine on conpacted soil was
closely correlated with mneralizable nitrogen, but exhibited
only a weak, although significant correlation with bul k density.
Al t hough investigation into soil disturbance during forest
harvesting commenced at a nmuch later tinme in Canada, results
publ i shed so far indicate that soil conpaction my be as common
here as in the United States. A survey of cut bl ocks harvested
with different equipnent in the Nel son Forest Region of
Sout heastern British Colunbia (Krag et al.1986) showed soil
di sturbance on 45% of the area from sumer | ogging. No
nmeasurenents were nmade for bul k density, but the high frequency
of skid roads and | andi ngs, accounting for 28.8% and 5.1% of the
di st ur bances, suggests that a considerable portion of the cut
area was affected by conpaction. Wnter |ogging reduced sonewhat



t he adverse effects of ground skidding. |nprovenment was greatest
wi th cabl e yarding

Determ nation of bulk density after clear-cutting and site
preparation in west-central Al berta (Corns 1988) showed vari ous
| evel s of conpaction. Depending on soil Association and depth (O
- 30 cm, the average bul k density was increased 0 - 39%
| ncreases were generally highest near the surface. The soil with
the finest texture (clay | oan) showed the greatest change in bul k
density, and no effects of |ogging and site preparation were
detected on well to rapidly drained sandy | oam of Tertiary
fluvial origin. Tests under greenhouse conditions reveal ed
significantly decreased growth when | odge pol e pine (Pinus
contorta Loudon var.latifolia Engel m) and white spruce (Picea
gl auca [ Mbench.] Voss), the dom nant species at the surveyed
sites, where grown on soil conpacted to | evels as observed in the
field imediately and 5-10 years after cutting and site
preparation. The author concluded that potential |oss in forest
productivity fromsoil conpaction during forest harvesting and
regeneration was simlar to | osses reported el sewhere, including
the long-termstudies fromthe United States.

The variable effect of harvesting equi pnent on different
soils was confirnmed by Startsev et al. (1998) who neasured bul k
densities at increasing |levels of skidder traffic on clear-cuts
in the sane region. Wiile |oans of three different Associations
showed significantly increased bul k densities after three skidder
cycles, a sandy loamof a fourth Association was not affected
even at 12 cycles. It was pointed out that the unaffected soi
exi sted at | ower water potential than any of the other soils at
the tinme of the skidder traffic.

Further adding to the Canadi an data base, Brais and Camre
(1998) reported on soil conpaction by skidder traffic in the
Quebec portion of the Northern Clay Forest Section on noist,
fine- and nediumtexured soils. Despite adherence to Acareful @

6



| oggi ng net hods, nonitoring bulk density reveal ed conmpaction
| evel s as observed el sewhere.

Soi | conpaction, as a possible cause of production |oss, has
received attention in recent experinents in forest regions
t hroughout the United states and at several |ocations in Canada
(Powers et al. 1990). Their purpose is to test the hypothesis
that porosity, nore specifically macro-pore space, and organic
matter content are the two soil factors nost critical to primary
forest production. The value of this research lies in the use of
a standard experinmental design applied over a wi de range of
forest conditions and its |ong-term approach. Although work is at
an early stage, the adverse effect of conpaction on forest growth
is clearly apparent in results published so far. For exanple,
Stone and Elioff (1998) reported that five years a after
treatnment, in which the bulk density of the 15-cm surface soi
had been increased by an average 22% after clear-cutting of
mat ure aspen (Popul us trenul oi des M chx. and P.grandi dentata
M chx.) in northern Mnnesota, the density of aspen suckers was
reduced from 40400 to 19600 ha'. Mre inportantly, the total
sucker bi omass on conpacted soil was only one third of the
bi omass on the non-conpacted soil.

Recovery of conpacted soils

Soi | aggregation, the opposite to conpaction, is largely
dependent on biological activity, primarily root growmh. As

poi nted out earlier, root growmh and rhizospheric activity are
inhibited at high soil strength and a | ack of macro-pore space.
It should not be surprising, therefore, that conpacted soils
revert only slowy to the pre-harvesting condition. For sandy
soils in Mssissippi, a recovery time of 12 years was esti mated
(Dickerson 1976), but considerably nore tinme was needed for the
restoration of conpacted fine soils on the Coastal Plaines in
Virginia (Hatchel and Ral ston 1971). Bulk density returned to
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pre-harvest level within 18 years on | andings, but no significant
trend towards recovery existed for soil on skid trails.

A texture effect was al so shown by Froehlich et al. (1985)
in their study of Ponderosa pine plantations on granitic and
vol canic ash soils in Idaho. The |ogging inpact on bulk density
was nearly always less in the coarser soils with the granitic
substrate than in the finer ash soils, and the bul k density near
the surface (about 5 cm had reverted to background within 20
years in the coarser soil. However, above-background conpaction
was still detected after 23 years at 15 and 30-cmdepth. In
contrast, the ash soils showed significant above-background
conpaction at all depths 23 years after the intervention
Projections fromplots of bulk density vs. tinme indicated
recovery periods of nore than 30 years.

The above observations agree with the earlier data from Wrt
and Thomas (1981) which showed background-Ievel bulk density in
the 15-cm surface soil of skid roads, but a persistence of above-
background soil density at 20- and 30-cm depth under 32-year-old
Dougl as-fir in the Oregon Coast Range. \Wile investigating
conpaction under simlar soil and forest conditions, Power (1974)
found that soils of skid roads had not recovered within 40 years
after | ogging.

Canadi an observations on the persistence of soil conpaction
islimted to the previously cited Al bertan study. Dependi ng on
the relative increase in bulk density during |ogging and site
preparation, recovery periods varied from12 to 21 years (Corns
1988). The recovery period was |ongest for a clay | oam conpared
to silty clay and silt |oam and near the surface of the soi
conpared to 20- and 30-cm dept hs.

The generally slow recovery of conpacted soils has led to
t he suggestion that former haul roads, |andings and heavily used
skid trails be aneliorated by tillage (McNabb 1994) or
fertilization (MKee and Hatchell 1986). Special concern is
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warrant ed under short-rotati on managenent. A soil may be re-
conpacted in the second cycle before recovery from conpaction in
the first cycle of harvesting has occurred.

Susceptibility of soils to conpaction

The bul k density in forest soils normally varies between 0.6
and 1.2 My m?® in nmineral surface horizons, and from1.3 and 1.7
My m?® in sub-soil horizons. In contrast, the density of the
solid soil mass nornally ranges between 2.3 and 2.6 My m?,
allowing for a pore volunme of 26%to 77% Al soils are therefore
conpact abl e under an applied stress, but they offer variable
resi stance to conpaction, depending on their nechanical strength.
The latter is forenpst a function of texture and water content.

Susceptibility to conmpaction is given by the conpression
i ndex which nmeasures the rate of change in bulk density at
i ncreasing stress. The conpression index of a soil normally
increases as the clay content increases fromabout 2 to 33% it
changes little with further increase in clay and nay decrease
again at very high clay content (>50% (Larson et al. 1980; MNabb
and Boersma 1993). Secondly, the conpression index is highest at
| ow water content (10-15% of saturation) and increases with
i ncreasing water content (Larson et al. 1980; MNabb and Boersma
1996). The opti mum water content for conpaction is at or just
bel ow at field capacity (Dekinpe et al. 1982). Saturated soils,
like dry soils, are | ess prone to conpaction, but present a
condition at which puddeling and rutting occurs.

Secondary factors of soil conpaction are the m neral ogi cal
conposition of the clay particle-size fraction and the content of
organic matter. Non-crystalline clays such as the all ophanes of
t he vol canic ash soils and the oxides of iron and al um num which
accunul ate in the podzolic (Bf) horizons, increase soil strength
(Larson et al. 1980). In contrast, layer silicates, in particular



snectite-type clays, |lower soil strength and increase the
susceptibility to compacti on.

Organic matter plays an indirect role through its effect on
water retention (Dekinpe et al. 1982). The conpressibility of
soil at a given volunetric water content decreases with
i ncreasing organic matter content.

The texture effect on the conpressibility of soils is
readily apparent in the case studies reviewed above. Mre
difficult, if at all possible, is to separate the effects of soi
wat er content, organic matter and type of clay. Coarse fragnent
content (particles > 2m), surface rooting and presence or
absence of a forest floor also play a role in soil conpaction,
either by increasing soil strength or directly intercepting the
applied stress. These vari abl es have so far not been evaluated in
a quantitative manner under field condition.

Are soils of the Fundy Model Forest prone to conpaction?

| am not aware of investigations directly related to soi
conpaction and forest growh in the Atlantic provinces. Hi gh
degree of stoniness (coarse fragnent content), shallowy spread
root systems and strongly devel oped forest floors, which usually
appear as cohesive root mats, can be counted on the positive
side. Also, harvesting in the | owvolunme forests of the east
requires a |l ower |evel of machine traffic than in the high vol une
forests of western regions. However, with the high and evenly
di stributed precipitation through the seasons, high soil noisture
content is maintained over significant portions of a nornmnal
year. This narrows the w ndow for safe operation on susceptible
soi |l s.

Fundy Model Forest soils are highly variable. Features
related to conpressibility are weakly shown in sone and strongly
pronounced in others. For exanple, soils of the Sunbury
Associ ation, which occupy a large area in the east central
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portion of the Mddel Forest area (Fahmy and Col pitts 1995), are
characterized by coarse texture, high coarse fragnent content and
good drainage (Rees et al.1992). It is unlikely that serious
conpaction results on these soils from equi pnment operation at any
time of the year. In contrast, soils of the Stony Brook
Associ ation, which occur throughout the northwestern portion of
t he Mbdel Forest, pose a high risk. These soils, being derived
fromred nudstones, are nediumto fine texured throughout the
profile, with clay contents ranging upward to 35% and coarse
fragnment content being | ess than 10% The eluvial horizon is |ow
in organic matter. Due to the fine texture, drainage is nore
often than not inpeded. Wth the high precipitation in the
region, the wi ndow for safe operation would be very narrow, if
one existed at all, for an inperfectly or poorly drained Stony
Brook soil. Sufficient noisture may be retained for maxi mum
conpaction even during the driest part of the year, and the
probability of puddling and rutting to occur is high during
periods when the soil is water-saturated but not frozen.

In short, significant | andscape conponents of the Fundy
Mbdel Forest are deened susceptible to soil conpaction, puddling
and rutting, demanding special attention in planning and
execution of forestry operations.

Preventive and mtigating nmeasures

First anong neasures to mnimze soil conpaction and
possi bl e | oss of productivity is to control nmachine traffic
(Froehlich and McNabb 1984). Where skidders are used, it is
preferable to have fewer trails with heavier traffic than many
trails with light traffic. This is readily apparent fromFig. 3.
On an area with continuing traffic, the bulk density of the soi
rises rapidly with the first few passes of the machine and
increases little with further use (Hatchell et al. 1970;
Froehlich and McNabb 1984; Brais and Camre 1998; Startsev and
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McNabb 1998). Where operators are left to select travel routes as
needed, up to 40% of the cut block may be covered by primary and
secondary skid trails. Preplanning skid trails has been suggested
as an alternative (Froelich and McNabb 1984). Innovations such as
i ght-weight synthetic fiber cables and tel escoping extra-I|ong
boons (Gui m er and Hei dersdorf 1998), may allow w nching of |ogs
over w der distances and novenent
of harvesters at wi der
spacing. It would be tinely
for practicing engineers and

| andowners from within the

Fundy Model Forest to define

maxi mal  perm ssible areas
for skidding or other forns
of off-road transportation
of wood, t aki ng into
consi deration terrain
variability and devel opnents

in equipnent design. Their

recomendati ons could then

be tested for adoption as

Best Managenent Practices

(BMP) .

A second opportunity

for mnimzing conpaction

lies in proper timng of operations. For nedium and fine-texured
soils with inpeded drainage (e.g. Stony Brook IV & V), it nmay be
safe to operate nmachines only when the soil is frozen. To assure

continuity in the flow of wood, forest on | ess susceptible soils
(e.g. Sunbury, Parleeville) mght be schedul ed for harvest during
the wettest and nost critical periods of the year (spring and
late fall), leaving terrain with [ittle to noderately susceptible
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soils for the normally drier summer and early fall weather
Gui delines for seasonal scheduling of harvesting operations to
m nimze soil conpaction could also take the formof BMPs. A
rating of the Mbdel Forest soils with respect to sensitivity to
conpaction would facilitate this process.

Wil e conditions presently exist for applying any of the
above suggestions, further opportunities lie in the design of
future equi pnment, favoring machines with | ow ground pressure.

Measuring soil conpaction after |ogging

Soil conpaction is neasured directly by determ ning the
change of bulk density or indirectly by nmeasuring penetroneter
resi stance. Determ nation of bulk density in the persistently
stony soils of the region requires special nethods which are
tedi ous and not applicable to routine surveys of forest |and.
Penetroneter readings are obtained nore readily, but have little
meani ng when taken in stony soils.

Si nce conpaction results from wheel ed and tracked equi pnent,
it is proposed that the total area affected by machine traffic is
determned as the first estimator of the extent of soi
conpaction on a cut block. Recalling that nost of the conpaction
is produced in the first few passes of the machine (Fig. 3), the
intensity of traffic (total nunber of passes over the sane
groung) becones |less inportant. It should be possible to refine
the area-estimte of conpaction by taking into consideration the
ground pressure exerted by the (loaded) machi nes and the
conpressibility of the soil. A coefficient of O for light or
specially eqi pped machi nes or soil of very |low conpressibility
woul d then yield zero conpaction inpact, regardless of the area
af fected. Mddel s published by MNabb and Boersnma (1996) may be
tested to define conpressibility. Area affected by machine
traffic is easily determned in ground surveys, follow ng
publ i shed procedures for estimating soil disturbance after forest
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harvesting (Dyrness 1965; Bockheimet al. 1975; Smth and Wass
1976; Krag et al. 1986). It should also be interesting to check
whet her the resolution of aerial photographs, taken after

conpl etion of a harvesting operation, allows a nonitoring of
machi ne traffic.

Soi | Erosion
Definitions

Forest soils normally have high infiltration capacities (Dyrness
1969; Johnson and Beschta 1980) due to the ubiquitous presence of litter
and humus | ayers which protect the mneral soil fromdispersal and
crusting under the force of falling rain drops and crown drip. Drainage
of excess water occurs mainly in subsurface fl ow (Beasley 1976; Luxnore
et al. 1990) so that precipitation, even at high intensity, rarely
generates overland flow and soil erosion. However, overland flow and
surface erosion occur when the mineral soil is beared by natural or man-
caused di sturbances, in particular forest harvesting and site
preparation for planting.

A nore dramatic formof erosion is the mass novenent of soil in
creep, slunping and debris aval anches or flows (Swanston 1978). These
are natural processes occurring under certain terrain and climtic
conditions, but the frequency of their occurrence can be largely
i ncreased by forest harvesting.

Surface erosion

Sedi ment yield froma watershed of known area has often been used
as a first approximation to soil erosion. Sedinent yield, thus is the
mass of suspended solids discharged within a certain period of time per
unit area of watershed plus the bedl oad of the stream (accumnul at ed
sedi nent above weir) divided by the size of the watershed.

Cenerally | ow sedi nent yields have confirnmed the stability of
soils under a protective forest vegetation. For exanple, Lull and
Rei nhart (1972) gave a range of 0.045 to 0.067 My ha' yr* for sedinent
yield fromforested, undisturbed watersheds in the eastern United
States. At these |low | evels, erosion does practically not exist. Locally
derived information conforns to this observation. In Hayden Brook, which
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drai ned one of the paired watersheds in a central New Brunsw ck study of
the effects of clear-cutting on water quality (Anon. undated), suspended
solids ranged from<1 to 5.1 ng L' over seven years of baseline

noni toring (Krause and King 1981). The correspondi ng sedi ment yield (not
comput ed) woul d have been at the | ow end of the range of val ues
published fromthe eastern United States. Simlarly |ow values for
suspended solids are shown for the pre-disturbance period of water
quality monitoring in the buffer zone managenent case study at Hayward
Brook in the Fundy Mddel Forest (Krause 1997).

Ef fect of Forest harvesting. Increased sedinent yield was detected
after logging in four out of sixteen small watersheds on granitic soils
in central Idaho (Haupt and Kidd 1965). The effect of the disturbance on
sedinent yield |lasted for three years. |In another study of logging in
a high-el evation watershed in Col orado, sedinent yield was increased 2.3
times, but with a | ow pre-disturbance record, the average yield during
t he response period was only 0.224 My ha! yr'* (Leaf 1966). Sedi nent
fl ow was hi ghest during and after the year of intervention and increased
rapidly to background | evel in subsequent years. In a 35-ha watershed of
West Virginia, sedinent yield rose 1.7 tinmes above control during an 8-
year period followi ng selection cutting, and 2.5 tines in the next 7-
year period following clear-cutting (Patric 1980). The increased
sedi nent | oading was viewed as a mnor and short-lived effect, falling
within the natural range of the geologic erosion rate for the region.

Al t hough sedi nent yields were not specified, temporary surges in
concentrati on of suspended solids indicate sinmlar effects in many of
the controll ed watershed studies conducted in the past few decades in
the United States and Canada (cf. Krause and King 1981; Pl anondon et al
1982; Hornbeck et al. 1986; Swanson et al. 1986).

Sedi ment yields at above levels may tenporarily inpair water
quality, but do not necessarily indicate an erosion problemin the
wat ershed as a whole. In this context, it should be recalled that the
maj or share of sedinment usually originates on haul roads and from
di sturbances along road right-of-ways. In steep terrain of southern
| daho, surface erosion was increased 1.6 tinmes over background during a
6-year period on an area with ground cable logging. In contrast, the
corresponding rate of erosion on roads servicing the sane operation was
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220 times higher than background (Megahan and Kidd 1972). The doni nating
effect of road construction and use on sedi nent yield has been

recogni zed in nunerous studies (e.g. Haupt and Kidd 1965; Leaf 1966;
Frederi ksen 1975; Hetherington 1976; Rothwell 1977, Reid and Dunne 1984)

Using a different approach , Johnson and Beschta (1980) assessed
soil loss during and after |ogging by use of infiltronmeters, randomy
di stributed over clear-cuts of Douglas fir forest in western O egon.
They found that sedinment load in the average run-off frominfiltronmeters
was i ncreased from about 200 ng L' under forested condition to about
1500 ng L' on tractor clear-cuts. Interestingly, sedinent |oads were
not increased significantly above background by cabl e-1o0ggi ng. Soi
novenent thus detected occurred mainly on skid trails, which conprised
50% of the sanple plots. Typically, the infiltration capacity of these
pl ots had been reduced due to conpaction of the soil by the wheel ed
equi pnent. The nobilized soil was not necessarily lost fromthe | and,
but partly redistributed as sedi nent | oaded water was diverted and
sl owed by | oggi ng debris.

A | arge di screpancy between sedi ment yield and actual novenent of
soil was also shown by Clayton (1981). Cear-cutting, helicopter yarding
and sl ash burning in nountainous terrain of |Idaho accelerated erosion to
1.8 My ha' over the first winter, 13 My ha' during the follow ng sunmer
and 4 My ha! over the second winter and sunmer. These anpunts were many
ti mes higher than the discharge of suspended solids at the nouth of the
wat er shed because of on-slope (behind cull |ogs) and in-channel storage.

The above observati ons suggest that denudati on and redeposition of
soil are not uncommon processes and that the intensity and frequency of
occurrence are likely to vary with terrain condition and met hod of
harvesting. Unfortunately, few investigations into the environnental
effects of forestry practices have assessed soil novenent directly.
Concl usi on may carefully be drawn from surveys of soil disturbance. For
exanmpl e, summarizing the effects of |ogging operations w th ground
skidding in the Nel son Forest Region of British Colunbia, Krag et al
(1986) reported that an average 29% of the cut area were in skid roads.
On one third of the skid roads, the soil had been disturbed deeply
(>25cm . Deep disturbance occurred nore frequently on steep sl opes
(40%) than | ow sl opes. These are conditions highly conducive to
| ocalized soil erosion, on-slope and riparian zone redeposition, and
sedi nent | oadi ng of streans.

There are good chances that nineral soil exposure and subsequent
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erosion are mninzed with the increasing use of short-wood processors.
Nevert hel ess, opportunities for erosion can arise on porter trails,
especially when their orientation is up and down slopes (Fig. 4).

Effect of site preparation. Accelerated soil novement has been
reported after intensive nmechanical site preparation and under certain
conditions of slash burning. An exanple of heavy erosion is given by a
case study from M ssi ssippi (Beasley 1979). Sedinent yields of about 12
My ha! were recorded fromsmall watersheds during the year follow ng
site preparation by chopping and burning or by shearing, w ndrow ng and
burning. Discing after shearing and burning, to formbeds for planting,
further raised sedinent yield to about 14 My hal. Sedinent yields
di m nished to about 2 and 5 My ha! during the second year in the
wat er sheds with the non-beddi ng and beddi ng nmet hods of site preparation
It shoul d be enphasized that this study was conducted in watersheds with
strong sl opes and highly erosive soils.

Site preparation with wi ndrowi ng, burning and beddi ng of soil also
produced high sedinent yield (about 8 My ha!) in a case study fromthe
Pi ednont pl ateau (Dougl as and Goodwi n 1980), but soil nobvenent was
within acceptable linmits (<1 My ha') when sites were prepared by
simlar nmethods in | owslope Coastal Plain terrain of the south eastern
United States (Hollis et al. 1979; Beasley and Granillo 1988).

Er osi on i nduced by nechanical site preparation appears to be |ess
conmon in Canadi an forest regions. Soil is less intensively manipul ated
by nmethods presently enployed and soils are | ess erosive than in the
sout heastern pine regions. However, erosion and redistribution of soi
undoubtedly resulted fromthe depl oynent of heavy plows under certain
terrain conditions during the early stages of reforestation in the
Atlantic provinces (Fig.5).

Sl ash burning has not infrequently been shown to increase the
erosi on hazard. Fredriksen et al. (1975) reported the | argest peaks of
suspended stream sedi nent after slash burning on a clear-cut in an
experinmental watershed in the Oregon Coastal ranges. Another exanple of
i ncreased sedinent flow after slash burning was reported froma case
study in the Coastal Hem ock-Spruce forest of southern Al aska (Stednick
et al. 1982). Sedinment |oads of the streamdraining the clear-cut
wat er shed rose to 1286 nmg L''. Hot fires expose the mineral soil and
effectively lower the infiltration capacity by rendering the soi
hydr ophobi ¢ (Debano and Ri ce 1973).
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Mass novenent

Mass nmovement of soil has devastated aquatic habitat, produced
sedi nentation in reservoirs and adversely affected forest growth
(Dyrness 1967; Swanston 1974; Fredriksen et al. 1975, Roberts and Church
1986). Not only are valuable tinber resources lost in the event, but
forest regeneration is delayed and productivity |owered on the scour
zones of slunps, debris aval anches and flows (Mles et al. 1984). The
reasons obviously are loss of fertile surface soil and limtation to
rooting on the denser substrate of the scoured |and (Adans and Sidle
1987) .

Mass nmovenent of soil and its inplications to forestry have been
i nvestigated nost extensively in the Rocky Muuntain and Pacific Coastal
Ranges of North Anmerica. For exanple, Dyrness (1967) reported
an event fromthe Cascade Mountains in Oregon in which 266 000 n? of
soil were noved by 47 slunps and debris aval anches, collectively
referred to as landslides, within a 6100-ha drai nage area. About 64% of
the nobilized soil entered the water courses directly. Mre than 72% of
the slides were related to roads which conprised | ess than 2% of the
total drainage area, 17% of the slides happened on | ogged areas covering
about 14% of the total area, and |ess than 11% occurred on the remaining
non-1 ogged portion (about 85% of the total area).

Fig. 4. Regenerating clear-cut with detectable
erosion in uphill porter trails (mddle). (Fore-
ground shows recent cutblock with buffer
destroyed by wi nd).

18



Fig. 5. Soil erosion after site preparation
Wi th Finnish plowin undulating terrain. (Note
| ocations of denudation and redeposition).

A second exanpl e was given by Megahan et al. (1978) fromthe Idaho
Batholith in the Rocky Muntains. During a 3-year observation peri od,
the occurrence of 1418 | andslides was recorded within an area of
approxi mat el y 6000 knf. The average slide was 17 min |ength and width,
and 1.5 min depth at the failure zone. It had a total volune of 460 nt
of which about 19% was delivered to active stream channels. Renpval of
the forest cover by | ogging accounted for 2% of the slides, but with
subsequent burning the incidence of slides was increased to 9% Roads
were associated with 88% of all landslides. Only 3% of the slides
occurred on totally undisturbed | and.

Frequency and type of mass novenent of soil basically depend on
t opography (relief and sl ope), bedrock geol ogy, soil properties, pattern
of precipitation and the stabilizing influence of the vegetation. Relief
and sl ope feature nbst prom nently in mass novenent. The previously
mentioned survey in the O egon Cascades (Dyrness 1967) reveal ed that
the majority of landslides (83% occurred on slopes of 45% or steeper
Simlarly, the frequency of slides was greatest at grades between 50 and
80%in the Idaho Batholith terrain (Megahan et al. 1978). This survey
further showed that the incidence of slides increased steadily fromthe
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upper to lower third of the sl ope

Bedrock geol ogy and soil parent material were recognized as
decisive factors in nost studies of mass novenment. In the exanple from
the Cascades (Dyrness 1967), slides occurred mainly on pyroclastic
deposits, including tuffs and breccias, and only infrequently on the
nore common basalt and andesite formations. Wthin the former class, the
shear strength of the soil was further |owered and the probability of
slope failure increased by the presence of snmectite-type (shrinking and
swelling) clay mnerals (Paeth et al. 1971; Taskey et al. 1978). In
their assessnent of the |and slide hazard in the Rocky Muntains,
Megahan et al. (1978) found that the frequency increased with increasing
degree of fracturing of netanorphic bedrock and increasing degree of
weat hering on granite. The incidence of slides was probably also higher
on net anor phi ¢ bedrock because of the finer regolity and soils
associated with it.

The type of mass novenent is largely determ ned by the nature of
the regolith (Swanston 1978). Shall ow, coarse-texured and cohesionl ess
deposits of glacial or colluvial origin over snooth bedrock or conpacted
till give rise to debris avalanches. In contrast, deep and fine
deposits, derived fromweathering in situ or being of glacio-lacustrian
or aeolian origin, are subject to creep and sl unping.

Critical to nmass nmovenent of all kinds is the water content of the
soil. A soil=s resistance to the gravitational shear stress decreases as
it beconmes water saturated and free water accunulates in its nacro
pores, creating a buoyancy effect. Thus, the nore porous a soil the
greater is the hazard of slope failure (Sauder et al. 1987). The
buoyancy effect helps to explain the high incidence of slides in the
Cascade Ranges of the Pacific Northwest where soils of pyroclastic
origin with typically low bulk density frequently dom nate the
| andscape. The landslide hazard is further increased by the intensive
and prolonged rainfall events in late fall and winter and by up-slope
seepage water (Megahan et al. 1978).

Sl ope failure at increased frequency after clear-cutting is partly
expl ai ned by the | oss of mechani cal sl ope support through root decay.
According to Swanston (1974), the shear strength of soil is reduced to
its mnimumwi thin 3 to 5 years after clear-cutting which matches the
pattern of root decay. Roots, 1 cmand |less in dianmeter, were considered
as nost effective for devel oping slope stability by Bourroughs and
Thomas (1977). Beschta (1978) also attributed slope failure to the |oss
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of tensile strength in decaying roots. Lowering of the evapo-
transpirational loss with resulting increase in soil noisture further
reduces slope stability after clear-cutting on slide-prone sites.

The increased incidence of landslides after road building is often
expl ai ned by undercutting of toe slopes and piling of rock and soi
debris on unstable substrate (Swanston and Swanson 1976). Road buil di ng
activity also nodifies drai nage conditions, routing additional water
into slide-prone areas and increasing the hydrostatic pressure in the
unstabl e soil nasses. Slides and slunping occur nore often on cut-sl opes
than fill slopes and are less frequent with installation of culverts
(Megahan et al. 1978). The sane authors al so noted that the frequency of
slides rose with road standards, i.e., a termnal road with linmted
excavation would nornmal Iy produce | ess nass novement of soil than
arterial roads, designed for high speed and requiring extensive
excavati on.

Assessing the Erosion Hazard in the Fundy Model Forest

For | and under agricultural managenent, the erosion hazard is
routi nely assessed by use of the Universal Soil Loss Equation (USLE)
(Wschneier and Smith 1978) in which the potential soil |oss (PSL)
is a function of the rainfall (R), inherent erodibility (K), slope (S
vegetative cover (C) and conservation practices factor (P)

PSL=RKSCP

The rainfall factor, determned by the intensity and duration of
rainfall events, increases fromabout 72 in the northern and centra
portions of the Mbdel Forest to about 100 near the Fundy Coast (Wall et
al. 1983), and it rises steadily southwards, reaching a maxi nrum of 600
in the southeastern states from where excessive erosion | osses were
reported after site preparation.

A soil=s inherent erodibility (K) increases with the content of
silt + very fine sand and decreases with the contents of clay, organic
matter, coarse fragments and perneability. The beneficial effect of
coarse fragnments was verified with several Canadian soils in trials with
intrials with simulated rainfall (Chow and Rees 1995). Val ues of K
determ ned by an enpirical function (Vold et al.1985) for comon soils
in the Fundy Mbdel Forest ranged from0.03 to 0.52. For conparison, K
for selected agricultural soils in the eastern United States varied
between 0.38 and 1.1 (Thonmpson and Troeh 1978).
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The slope factor is determ ned by steepness and length. It is
equal to 1 for a 9% slope of 22 mlength, and increases exponentially
with increasing steepness and the square root of the ratio of actual to
standard (22 nm) slope |ength.

The following is a conparison of selected soils fromthe Fundy
Model Forest area with respect to erosion hazard. PSL val ues were
cal cul ated assuming 50 m sl ope | ength and conpl ete exposure of the
m neral soil.

Among the soils with the | owest PSL are those belonging to the
Reece and Sunbury Associ ations, mapped in the east central portion of
t he Model Forest (Fahny and Col pitts 1995). Under conditions of the
nodal pedon for a well drained Reece soil at 3% sl ope (Rees et al
1992), the PSL amounts to 2.5 My ha® yr''. The corresponding value for a
Sunbury soil is 4.5 M ha® yr*on a 4%slope. Soil losses of this
magni tude nay be sufficient to tenporarily alter water quality in an
adj acent stream but are deened negligible in agricultural |and
managenent (Vold et al. 1985).

Harcourt soils are normally restricted to terrain of lowrelief.
They neverthel ess pose an erosion hazard because of a high inherent
erodibility. Using as exanple a well to noderately well drained variant
on a 4% slope in the Gand Lake Ecodistrict (Rees et al. 1992), a PSL of
21 My ha! yr'* was calculated. This is considered a noderately severe
erosi on hazard in agricultural |and managemnent.

As woul d be expected, the potential for surface erosion increases
inthe rolling and hilly | andscapes of the Anagance R dge Ecodistrict of
t he Mbdel Forest. Considering again conditions of a nodal pedon for a
wel | drained soil of the Parry Association (Hol nstrom 1986), the PSL, at
10% sl ope was 23 My ha'! yr''. This represents a severe erosion hazard by
agricultural standards. In contrast, the erosion hazard is lowered to
noderately severe and slight for Parleeville soils which are also conmon
inthis district and which have a conparatively | ow i nherent
erodibility.

Increased rainfall factor and stronger than average relief should
enhance erosion in the southerly | ocated Fundy Pl ateau and Fundy Coast al
Ecodi stricts of the Mddal Forest. Fortunately, these districts are
dom nated by soils of the Lonond and Juni per Associ ati ons which have | ow
i nherent erodibilities. Data froma nodal pedon of the Lonond
Associ ation indicates a PSL of 5 My ha! yrt.
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It should be restated that above val ues for PSL were obtained
under the assunption that the soil had been bared across the total area
to its mneral horizons. This is rarely the case unless wod yards and
| andings or large cut and fill slopes along new roads are involved. On a
regul ar clear-cut, nost of the forest floor is retained and slash is
deposited for additional protection. The task, crucial to a realistic
projection of the erosion hazard, is to determ ne to what degree the PSL
mat eri al i zes under current nethods of forest harvesting and regeneration
inthe region. It is the need to quantify C and P of the USLE. For bare
soil, Cis equal to 1. It reduces to 0.004 under grass cover and
presumabl y approaches 0 under a continuous forest floor of mnim
thi ckness (5 cm. Consequently, C nust rise above 0 in proportion to the
area of exposed mineral soil. O further inportance is whether or not
the soil has been compacted on skid or porter trails, as this increases
the inherent erodibility (K) of the soil, whether machi ne novenent
foll owed contour |ines or occurred predom nantly up and down sl ope (Fig.
4). Direction of machine novenent and depth of soil disturbance are of
equal inportance in nmechanical site preparation of clear-cuts for
planting (Fi.5). These are conditions that may be expressed by the P
factor.

O imte, geology and soil are generally not conducive to nass
nmovenent by debris aval anches, slunping and creep in the Fundy Mode
Forest area. Precipitation is well distributed throughout the year. Wth
t he possible exception of the snow nelt period, prolonged water
saturation and buoyant condition are not common in regional soils. The
t opogr aphy does not provide for excessive relief pronoting debris
aval anches. Most inportantly is the abundance of coarse fragnment and
rapidly increasing bulk density with soil depth which provide for a high
shear resistance and limt the buoyancy effect. Al so, soils in the
Appal achi an regi on of Canada are generally low in smectite-type clay
m neral s (Kodama 1979) which pronote slunping and creep. Slope failure
i s thus unconmon in the region. However, slunping may occur at some
| evel of probability in silt loamsoils and basal till on md and | ower
sl opes after clear-cutting of tol erant hardwoods, and woul d not be
unusual on cut and fill slopes of new roads.

Preventive and mtigating neasures
The extensive research of the past decades has yi el ded nunerous
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reconmendations for controlling soil erosion and |oss of water quality
(e.g. Haupt and Kidd 1965; Rothwell 1978, Megahan 1981). These are
expressed today as BMPs for use in many jurisdictions (e.g. Cullen 1991
Mai ne Departnment of Conservation 1991; State of Washi ngton Forest
Practices Board 1992). BMPs were prinmarily ainmed at the preservation of
water quality and aquatic habitat. They were found to be effective for
this purpose (Brynn and C ausen 1991; Phillips et al. 1994; Briggs et
al . 1996) and may al so have hel ped, where conplied with by operators, to
sustain the productivity of cut-over soils by reducing erosion
Mnimzing the area affected by skidder and porter traffic should be
first anong guidelines for controlling erosion on clear-cuts. As
observed by Rothwell (1978) a haphazard system of skid and truck roads
can occupy 20% of the | ogged area whereas a well-planned system need
occupy only 10%

Critical to effective erosion control is the grade at which
ski dders and porters operate. Reconmendations for trail |ocation vary
somewhat, but not widely with jurisdiction. For exanple, in New
Hanpshire, trail grades should be kept at 15%or less (Cullen 1991). In
Mai ne, skidding is discouraged at grades >10% and over w de di stances
(>800 m. Directions further call for skidding across slopes, if safe
rather than straight down or uphill. For skid trails in steep terrain
(sl opes >10% erosion control devices are identified such as drai nage
di ps, skid hunps, water bars and turnouts (M ne Departnent of
Conservation 1992). Regul ations from Washi ngton State sinply prohibit
use of tractors and wheel ed skidders on sl opes where in the Departnent=s
opi ni on damage to the resource could result (State of Washi ngton Forest
Practices Board 1991).

To further control erosion, existing BWPs require that yards and
| andi ngs are established on gentle slopes with well drained soil, that
water is diverted into adjacent areas protected by forest floor and
sl ash, and that the soil is stabilized after closeout (nulching with
| oggi ng sl ash, bark or straw, establishing grass cover). The latter also
applies to term nal haul roads abandoned after the cut. Not
surprisingly, erosion | osses were found to be heaviest and of | ongest
duration if the soil was left unstabilized after closeout of yards and
| andi ngs (Briggs et al. 1996). Although mass erosion is not a common
hazard, it would be prudent to restrict forest harvesting to selection
cutting and to exercise extra care in road construction where sl unping
i s probable.
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It is not intended to present a conplete set of preventive and
mtigating neasures for soil erosion in this discussion. Such exist in
the references cited above and other docunents. A broad collection of
BMPs fromthe published literature has previously been presented for
consideration in the Fundy Mddel Forest (Jewett 1995), but it should be
recall ed that BMPs were defined primarily for preserving aquatic
systens. There may be a need for revision and suppl enentation if erosion
is to be controlled effectively and soil quality preserved under
prevailing forestry practices and at all |evels of environnental
constraints.

Moni toring soil erosion

Defining and verifying the validity of BWMPs for erosion contro
Wi ll require periodic determ nation of actual soil |oss and
di spl acenment. The informati on can be obtained in soil disturbance
surveys as suggested under soil conpaction. Criteria for field tallying
shoul d be chosen in such a way that sem -quantitative estimtes of
erosion can be made on an area with forestry activities, and conparison
anong sites are possible. In the sinplest form a surveyor notes the
absence or presence of denudation or deposition at each point of
observation, and estimates the | evel of each of these processes at each
observation point.
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