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Soil effects from mountain beaver (Aplodontia rufa ) burrowing were

investigated in Oregon Coast Range soils formed from Tyee sandstone. The potential

for observed changes in soil to affect productivity was assessed. Soil horizons from

mountain beaver mound soil and adjacent unmounded profiles were collected with a

monolith-type quantitative sampler. Bulk density, changes in soil depth, soil C

(estimated from LOI), Kjeldahl-N, Kjeldahl-P, and Oxalate extractable P and K were

measured. Results from these analyses were normalized for differences in organic

material by calculating variables as a mass per hectare per fixed weight of ashed soil.

This approach combined the advantages of sampling by individual soil horizons, with

statistical tools to compare soil profiles with dissimilar horizonal arrangements.

Patterns of soil mixing due to mountain beaver, as well as dimensions and arrangement

of a single burrow are described. Mountain beaver mixing altered the depth distribution

of C, N, and P, increased soil depth, and reduced bulk density. The distribution of

gravel in unmounded profiles suggested a history of soil mixing on this site that

obscured mixing effects attributable to recent mountain beaver activity. Colluvial

action, windthrow, and past animal activity are the most likely causes of background



mixing in unmounded profiles. Soil mixing attributed to mountain beavers has the

potential to increase site production by increasing soil depth and decreasing bulk

density, which can in turn affect moisture holding capacity and rooting depth. Results

suggest that mountain-beaver mixing did not change site capital of plant nutrients but

altered their distribution within the soil. Potential effects of described changes on

short-term and long-term weathering release of plant nutrients is discussed. Mountain

beaver mixing resulted in exposure of loose mineral soil on the surface which may

increase dry ravel erosion. Thus, burrowing animal activity may represent an important

sediment export mechanism from managed stands.
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Effects of Burrowing by Mountain Beaver (Aplodontia rufa) on Soil in a Young Forest
in the Oregon Coast Range

Introduction

Problem Definition

Soils provide moisture, nutrients, and support to terrestrial plants. Changes in

these functions can increase or decrease plant growth over the short and long term.

Understanding the relationship between soils and plant growth is difficult, however.

This is especially true in forests where standard measures of forest growth span decades,

and long-term fertility of forests is considered over centuries (Soffins et al. 1983, Moller

1983, Bormann and Gordon 1989). This study uses quantitative and qualitative soil

properties to evaluate whether or not soil mixing caused by mountain beaver

(Aplodontia rufa ) has the potential to affect short or long-term site productivity

(potential plant growth).

Mountain beavers are a locally abundant burrowing rodent endemic to the western

United States and Canada (Hooven 1977). Fossilized remains indicate that this

organism significantly predates modern rodents (Shortwell 1958). These animals are

well known to foresters in western Oregon and Washington. Cafferata (1992) claims

that mountain beaver are responsible for more serious damage to Douglas-fir

(Pseudotsuga menziesii (Mirb.) Franco) plantations in the Pacific Northwest than any

other animal. Mountain beaver burrowing alters soil development patterns by relocating

subsoil to the surface.

The first goal of this study was to describe changes in forest soil from mountain

beaver burrowing. The second goal was to assess the potential for these changes to

affect forest productivity (Table 1). In lieu of direct forest production measurements,

chemical and physical properties of soil profiles affected and unaffected by mountain

beaver were analyzed. Results of these soil analyses were interpreted in terms of how

they have been linked to forest productivity by earlier studies. Thus, linkages between

site productivity (potential plant growth), site production (realized plant growth per unit

time), and soil properties (a measurement or description of soil) are defined to allow

qualitative assessment of the mountain beavers potential to alter forest productivity.

Mountain beaver's effects on forest productivity depend upon frequency and

intensity of burrowing. Existing anecdotal evidence suggests that mountain beaver can
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heavily impact soil on given sites. However, estimates of turnover rates and return

frequency of this kind of disturbance were not addressed in this study. A process based

analysis of soil effects was chosen to establish whether this kind of disturbance has the

potential to alter site production, before attempting to extrapolate these findings to larger

scales.

Table 1. Outline of project goals, methodological approaches, hypothesized differences
and planned comparisons.

Study Goals Strategies Hypothesized
Differences

Comparisons

Describe effects of
mountain beaver on
surface soil properties

Compare bulk density,
soil organic material
(%C), carbon: nitrogen,
and gravel content of
disturbed and undisturbed
proffles where
differences between
disturbed and undisturbed
soilwfflbeinterpretedas
"disturbance effects"

Distusbed surface soil
should have lower % C,
higher % large gravel,
higher C:N, and lower Db
than undisturbed surface
horizons

Use pair-wise t-tests to
compare undisturbed A
horizons with disturbed
'Ap' horizons. Compare
A to buried A (Ab ) for
estimate of variance or
change in Ab for these
variables,

%C
C:N
Db
% gravel

Evaluate the potential for
mountain beaver soil
disturbance to affect short
or long term productivity

Compare soil indicators
of site productivity in
disturbed and undisturbed
profiles

Compare distribution of
weatherable mineral in
disturbed and undisturbed
profiles.

Compare Kjeldahl N and
P distributions between
disturbed and undisturbed
profiles

Disturbed soil profiles
will have greater effective
soil depth, equal or
greater %C, and lower Db
due to rapid post
disturbance inputs

Disturbed soil should
have more non-
exchangeable Oxalate
extractable
potassium

Disturbance may alter
the capitol or distribution
of N or P in disturbed
profiles.

Use pair-wise t-tests to
compare whole disturbed
profiles to comparable
mass of undisturbed
profiles, or kg/ha of
nutrient in 0.0-0.5, 0.5-
1.0, 1.0-1.5, 15-2.0, 0.0-
2.0 kg of ashed sampled
profile, for these
variables

kg C/ha
Bulk Density
Ox-K
Ox-P
Kjeldahl. N
Kjeldahl. P



Linkages Between Soil Properties and Site Productivity

Soil development is tied to soil properties by feedback through site production

(Figure 1). Rates at which soils change during succession may depend in part on site

production (Bormann and Sidle 1990), which in turn is affected by initial soil properties

(Steinbrenner 1979, Binkley and Greene 1983, Harrington and Courtin 1994). Some

forests, by virtue of their soil properties, recover from disturbance or increase production

more rapidly than others given similar vegetation and climate (Bigger and Cole 1983).

r
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Figure 1. Illustration of conceptual model of the linkages and functional relationships
between site productivity, soil properties, and soil development (+, or - indicates
increase or decrease in quantity or rate).

This conceptual model reveals assumptions on which this study is based. First,

processes which alter soil development may have positive, negative, or no effect on site

1
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productivity depending on initial soil conditions and the nature and intensity of the

alteration. Further, the supply of weatherable minerals in the rooting zone has the

potential to limit site productivity and determine the recovery rate of site production

after harvest or other disturbance. This view has been hypothesized for red alder (Alnus

rubra Bong.) growing on highly weathered soils (Bormann et al. 1994), and is

supported by research on highly weathered forest soils in New Zealand (Zabowski

1994), and Australia (Turner 1983). These studies suggest that without nutrient inputs

from weathering or external sources, post-disturbance site production depends on

recycling between preexisting nutrient pools. Without weathering or external inputs,

gradual nutrient losses imply long-term reduction in site fertility. In addition to

sustaining long-term productivity, rapid weathering has the potential to increase soil

development rates.

Linkages Between Soil Disturbance and Site Productivity

Soil disturbance is defmed here as any process that moves soil material, thereby

altering the pattern of in situ soil profile development. Examples of soil disturbance

include mixing, erosion, deposition, and compaction.

Research on forest soil disturbance has focused on negative effects of harvest-

related erosion (Miles et al. 1984, Childs et al. 1989) and soil compaction on forest soil

productivity (Mersereau and Dyrness 1972, Greacen and Sands 1980, Alexander and

McLaughlin 1990, Miller et all. 1996). Soil disturbance may reduce site production in

some systems, however, rapid increase in site production after glacial retreat (Bormann

and Sidle 1990), and productive highly disturbed mineral soils in Oregon (pers.

communication Mike Newton) are noteworthy counterexamples. If soil disturbance

ultimately reduces site productivity, then vegetation on recently disturbed soils should

exhibit low productivity relative to vegetation on more developed soil. Bormann and

Sidle (1990) reported that net primary productivity on the most developed soils at

Glacier Bay Alaska (> 160 years alter glacial retreat) decreased 50% relative to sites

with younger soils (80-160 years alter glacial retreat). This decrease could not be

attributed to increased respiratory costs associated with maturing stands. They

concluded that soil disturbance may be necessary to maintain long-term productivity on

soils in southeast Alaska.

When investigating windthrow-caused soil disturbance, Bormann et al. (1995)
found that soil C, N, and P increase more rapidly 50-350 years following windthrow
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than on older soil. Mixing highly organic, low pH surface soil with more neutral C

horizon, as well as breaking up dense Bh horizons may increase the rate of primary

mineral weathering. These results suggest that relationships between soil disturbance

and forest productivity are not well understood, and valuable insight may be gained by

interpreting post-disturbance soil development patterns.

Overview of Soil Disturbance

Different kinds of disturbance alter soil in various ways, and can be grouped into

three major classes. Disturbances which alter soil in situ (compaction), disturbances

which remove soil from ecosystems (rapid or gradual erosion), and disturbances which

move soil within sites, or change its context (mixing and burial). Understanding the

significance of soil disturbance regimes depends on the soil involved, local productivity

constraints, as well as the rate and pattern of soil disturbance.

Soil compaction is caused by a range of factors, including passage of animals or

equipment (Greacen and Sands 1980), and root growth (Sands et al. 1979). Although

most studies find that compaction decreases productivity or has minimal effect (Miller et

al. 1996), some reports indicate that compaction can increase productivity (Greacen and

Sands 1980). These responses (or lack thereof) to soil compaction may reflect threshold

relationships between physical soil properties such as bulk density, porosity, soil

strength, and linked processes such as moisture retention, gas exchange and root

penetration. These relationships may control whether soil compaction in a given

ecosystem context will decrease or increase productivity. Soil compaction decreases

productivity by interfering with the growth of roots (Childs et al. 1989), and by

decreasing porosity (Alexander and McLaughlin 1990). Increases in productivity from

limited compaction have been alternatively attributed to increased moisture retention,

and altered hydraulic conductivity (Greacen and Sands 1980), or to increased diffusion

coefficients of ions in affected soils (Kemper et al. 1971).

Erosion includes both rapid and gradual processes, and may be caused by wind,

water, or slope (dry ravel). It occurs in most landscapes over geologic time scales

(Skinner and Porter 1987). Erosion is regulated by slope, soil properties, parent

material, vegetation, climate, and geomorphic processes. People affect erosion rates by

altering vegetation cover or soil properties (Alexander 1988, Swanson et al. 1990). The
effects of erosion on ecosystem productivity are closely tied to the nature and quantity of
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soil which remains, and how rapidly soil development replaces lost material (Alexander

1988).

The consequence of soil mixing on productivity depends upon site productivity

constraints, soil properties, and the pattern of mixing. Soil mixing occurs in most

terrestrial ecosystems, caused by multiple processes. Climate can cause soil mixing due

to frost heaving, as well as from wet-dry cycles acting on 2:1 clay minerals (shrink-swell

clays). Geomorphic processes such as soil creep, and colluvial action lead to

characteristic mixed soil patterns. Soil mixing caused by organisms is also widespread.

Organisms which cause soil mixing range from termites, and earthworms to small and

large mammals. The combination of deep rooted trees and high wind can lead to

pervasive soil mixing in forested ecosystems (Schaetzel et al. 1989, Bormann et al.

1995). Human-caused soil mixing can be inadvertent or deliberate. Soil tifiage is an

ancient and key element of many agricultural systems, while soil mixing from forest

harvest, once common with ground based equipment, is now often deliberately

minimized with cable or helicopter yarding.

Animals as Soil Disturbance Agents

A wide variety of animals disturb soil at some point in their life history (Butler

1995). Animals dig to locate or cache food, create burrows or dens, avoid temporarily

harsh environments, escape predators, and to reach water. Soil disturbance patterns

from earthworms, hymenopteran and isopteran insects, as well as burrowing rodents

have all been investigated in diverse soils, climates, and vegetation types. These studies

show that small animals can alter important ecological processes and the effects of

burrowing animals on soils and plant production depend upon the pattern and intensity

of disturbance, soil conditions, as well as local productivity constraints.

Scientific interest in burrowing animals dates at least to Darwin (1881) in his

essays on earthworms. Darwin identified the action of earthworms as having the

potential to gradually bury cinders spread on agricultural soils, as well as to cause the

subsidence of large stones or ruins. Recent research on earthworm effects on soil has

demonstrated their potential to redistribute nutrients (Sharpley and Syers 1976, Edwards

et al. 1992, Spain et al. 1992), alter the arrangement of soil particles (Altemuller and

Josckko 1992), affect hydraulic and gas conductivity of soil (Urbanek and Dolezal 1992,

Kretzschmar and Monoestiez 1992, Smettem 1992), alter bulk density (Springett et al.

1992), and improve soil structure (Blanchart 1992).
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Insects, especially colonial hymonopterans and isopterans such as ants and

termites, affect various soil properties. In Africa, soil mounds attributed to termites have

finer texture and elevated nutrient content relative to non-mound soil, in addition,

vegetation patterns on and around termite mounds are distinct from non-mound area

vegetation (Glover et al. 1964). Ants are known to mix soil (Lackaby and Adams 1985),

alter soil texture and nutrient distribution (Davis-Carter and Sheppard 1993), affect soil

moisture distribution and storage (Laundre 1990), increase the availability of P and K

(Culver and Beattie 1983), as well as increase pH and alter coarse fragment distribution

in affected soil (Levan and Stone 1983).

Burrowing mammals are distributed worldwide (Butler 1995), and have the

potential to affect ecosystem functions and processes. Burrowing rodents sort soil

material and coarse fragments (Cox 1984), alter soil chemistry (Koide et al. 1987), and

soil moisture content (Mielke 1977), facilitate plant succession (Andersen and

MacMahon 1985), as well as alter plant cover and composition (Coppock et al. 1983).

Members of the geomyidae, especially Thonimomys spp., and Geomys spp., are

considered potentially important agents in affecting soil formation rates and watershed

functions (Grinnel 1923), and soil fertility (Greene and Reynard 1932, Taylor 1935).

North American geomyids and African rhizomyid mole rats are thought to create 'mima

mound' topography (Cox 1984, Cox and Gakahu 1985). Mima-mounds are raised

mounds of fine to loamy textured soils, situated over dense pans or impermeable soil

layers, often with a pavement of cobble sized stones at their base (Cox 1984).

Gopher disturbance in different soil and vegetation types supports the view that

soil disturbance impacts on productivity depend on local soil and productivity

constraints. In a 31-year experimental grazing exciosure on Utah's Wasatch plateau,

pocket gopher (Geomys bursarius) affected soils had higher organic material, nitrogen,

phosphorous, and lower bulk density relative to soils where gopher activity was

controlled (Laycock and Richardson 1975). In contrast, alpine tundra soil, chronically

disturbed by pocket-gophers, had significantly lower soil C (Cortinas and Seastedt

1996). Gopher mounds found in serpentinitic grassland in California held less nitrate

and P. and had reduced plant growth relative to non-mound soil (Koide et al. 1987).

Previous results indicated that plants growing on serpentinitic mound soil were larger

and produced more seed (Hobbs and Mooney 1985). Gopher mounds in a Texas coastal

prairies exhibited reduced N, P, and K (Spencer et al. 1985).

In eastern Mongolia, burrowing rodents are thought to initiate the conversion of

saline, low plant cover (< 10%), closed depressions termed "Solonchak" into meadow

steppe habitat (Dmilriev et al. 1989). This conversion is thought begin when small
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rodents colonize Solonchak soils on the edges of meadows. Mounds created by rodents

develop increased plant cover, and eventually increased deposition of fme bess.

Converted meadows have markedly lower soil salinity, increased plant cover (60%-

70%), increased species richness, and soil horizon development.

In English Oak (Quercus spp.) plantations in the former Soviet Union, wood-mice

burrows increased infiltration rate of spring runoff relative to other forest types and

fallow fields (Bykov and Sapanov 1989). Increased available moisture in the growing

season correlates with high productivity oak stands. Thus, the suitability of these

plantations as wood-mouse habitat appears to exert a strong positive feedback on site

production.

These reports from a wide range of sites with an equally broad array of animals

should make it clear that burrowing animals can affect plant production, and key soil

processes, and that animal effects are strongly controlled by local soil, vegetation, and

climate patterns.



Methods

Study Area

Soil sampling was conducted in the Oregon Coast Range of the Alsea Ranger

District, Siuslaw National Forest. The study site was located along the boundary road

between the Alsea and the Waldport Ranger districts. Of 32 sampled profiles, 28 came

from a young Douglas-fir plantation (-15-20 years old) between Grass and Meadow

Creeks, and 4 profiles were sampled adjacent to the boundary road in an unmanaged

approximately 150 year old stand. This area is underlain by the Tyee formation which

consists of poorly consolidated marine sediments deposited on the continental margin of

North America during the middle Eocene (Baldwin 1964).

Soils formed from Tyee formation parent material represent a large proportion of

productive forest soils in the Oregon Coast Range (Franidin and Dyrness 1988). The

study site is mapped as a Bohannon-Slickrock association (Corliss 1973). These soil

formations are typical for the Oregon Coast Range under moderate precipitation

(150 - 200 mmyrl). These soils are slide-prone and typically do not develop into deep

profiles on steep slopes (Corliss 1973).

The vegetation in the area consists of mixed stands of Douglas-fir, western

hemlock (Tsuga heterophyla (Raf.) Sarg), and red cedar (Thujaplicata Donn). with

understories of vine maple (Acer cjrcinatum Pursh), salal (Gaultheria shallon Pursh),

sword fern (Polysti chum munitum (Kaulf.) Presl), and salmonberry (Rubus spectabilis

Pursh). The Grass Meadow plantation was harvested, broadcast burned, and planted

with Douglas-fir in the late 1970's. The canopy has closed recently and understory

vegetation is declining or absent. Four profiles adjacent to the boundary road were

located under mixed age stands dominated by mature Douglas-fir.

Describing Burrowing Effects on Soil

A mountain beaver burrow was excavated in the summer of 1992. The depth,

dimensions, arrangement, content and use of runway tunnels, and burrow chambers were

described. The burrow was located on Starker Forest land in Benton Co. Oregon, within

the Buttermilk Creek subbasin of the Yaquina River. Parent material is Tyee formation.



In order to describe the effects of mountain beavers on soil profiles, % C, C:N

ratio, bulk density, and % gravel were compared between mounded and unmounded

surface horizons. These properties were selected to provide an index of physical,

chemical, and biological differences between outcast mounds and nearby surface soil.

The surface horizons were chosen because these are the most recently disturbed soil in

outcast mounds.

Table 2. Summary of variables, assumptions, and planned interpretation for description
of burrowing effects on soil

Variable

Soil Carbon

C:N ratio

Bulk Density

Percent Gravel

Assumptions and Planned Intrepretation

10

C % is assumed to be a rough indicator of surface soil
development. Low carbon in mounded soil suggest that mound
soil was derived from less developed subsoil, or that rapid
decomposition has lowered C content subsequent to disturbance.

C:N ratios are a rough index of the state of decomposition of
organic residues. The ratio of C:N in soil is commonly close to
10:1 (Brady 1990), C:N ratio of organic residues ranges from
400:1 in sawdust to 30:1 in N rich plant residue and fresh
manure. Significant differences in ratios of C:N between soils
indicates that the organic material is qualitatively different.

Bulk density differences are assumed to be a rough index of soil
strength and porosity. Soil with low bulk density have low
strength and relatively high porosity. This suggesting increased
moisture holding capacity, and easier root penetrance.

The gravel content of residual soil developed from Tyee
sandstone should increase with depth in the absence of mixing.
This relationship has been observed in the field (Fig. 9) and is
consistent with the same observation for a variety of soils
formed in situ from hard parent material. Mixing of soil should
tend to obscure this relationship.



Evaluating Potential to Affect Site Productivity

The potential for soil disturbance caused by mountain beavers to affect site

productivity was evaluated with three general strategies (see Table 1). Comparison of

established soil indicators of site productivity, the distribution of easily weatherable

minerals, and the distribution of N and P between mounded and unmounded profiles

provided a general picture of whether the described pattern of soil disturbance could

alter site productivity. For each soil property measured, its' assumed relationship to site

productivity is described.

Soil indicators of site productivity

Quantitative indicators of site production, and qualitative indicators of site

productivity were compared between mounded and unmounded proffles. The potential

for changes in these soil properties to affect site productivity was evaluated based on

their defined relationships to actual or potential plant growth.

Relation between soil C and site production

Percent soil C indicates site productivity based on reported relationships between

depth of A horizon (a surrogate measure of soil organic material) and site index of

Douglas-fir in western Washington state (Steinbrenner 1979); and a strong positive

relationship between soil carbon and net primary productivity for some soils in

California and Arizona (Alexander 1982). Soil organic material stores N, P, and

alkaline earth metals, as well as improving soils physical properties for plant growth.

Despite the fact that soil C is not a consistent indicator of site production (Blake and

Ruark 1992), it should be a useful index of the potential contribution of mineral soils to

site production, if used with caution. For the purposes of this study it was assumed that

forest soils in western Oregon and Washington with chronically low soil C (<5 %)

should grow trees more slowly than those with moderate to high levels of soil C. This

inference was applied to defmed volumes of soil. If defined volumes of soil were
chronically low in soil C, then those volumes were assumed to have contributed

proportionally less to site production than C rich volumes.

11



Relation between bulk densiiy and site productivity

Bulk density is a useful gauge of deleterious changes in soils associated with

disturbance (Alexander and McLaughlin, 1990). Bulk density is lowered by the

formation of soil aggregates, and increased by compaction. Aggregation of soil

increases the pore size between aggregates which affects the balance between large and

small pores in the soil. Root function depends on the presence of moisture in small

pores, and oxygen diffusion through larger pores to deliver nutrients to plants (Russell

1977). In addition root growth is limited by high bulk density (Alexander and

McLaughlin 1990). These general relationships make bulk density a useful index with

which to compare disturbed and undisturbed soils.

Relation between soil depth and site production

Depth of disturbed soil was measured as the depth of disturbed horizons + total

depth of adjacent undisturbed profile. This comparison was chosen because the core

sampler did not consistently include buried profiles. Soil depth is related to site

production in forest soils through observed empirical relationships. Different measures

of soil depth (total, effective soil depth, etc.) are significant indicators of site index for

Douglas-fir in Washington and Oregon (Steinbrenner 1979). The mechanisms proposed

to explain this relationship include proportional increases in moisture retention and

nutrient capital. The consistency of this relationship, and the diversity of possible

explanations suggest that a range of factors underlie this correlation. For the purposes of

this study, measured changes in soil depth are assumed to be a qualitative index of

potential effects on site production.

Distribution of weatherable nutrients

Low molecular weight organic acids can significantly increase the weathering rate

of primary and secondary soil minerals (Huang and Keller 1970, Huang and Keller

1971, Boyle etal. 1974, Fox and Comerford 1990). Elevated concentration of oxalic

acid have been associated with mycorrhizal mats, and bulk forest soil (Cromack et al.

1979, Fox and Comerford 1990, Griffiths et al. 1994). Thus, it should be possible to

12
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index the potential short-term release of weatherable nutrients by extraction of soil with

organic acids (Song and Huang 1988, Comerford et al. 1990, Fox et al. 1990).

This study assumes that concentrations of organic acids measured in soil

underestimate the concentration of organic acids in the rhizosphere. Methods are not

available which selectively sample pure rhizosphere solution. Oxalic acid

concentrations between 1.0 and 68 mM have been measured by leaching and

centrifugation of gravimetric solution from bulk soil (Fox and Comerford 1990), and

fungal mats (Griffiths et al. 1994). While these methods are useful for comparing

concentrations of organic acids between soils, they necessarily dilute soluble species in

situ. This view is supported by laboratory simulation of rhizosphere weathering kinetics

(Ochs et al. 1993). Thus, this study chose a 200 mM, pH 3.0 solution of ammomum

oxalate to index potential weathering release of P and K.

Oxalate has been shown to strongly affect the release of non-exchangeable K, P,

and Al from soil minerals (Song and Huang 1988, Comerford et al. 1990, Fox and

Comerford 1990). The release of K and P from soil in oxalic acid is assumed to

represent a conservative index of the potential release of weatherable alkaline earth

metals and P from soil minerals.

Recent reports (Bormann et al. in review) suggest that rates of primary mineral

weathering in mixed soils are significantly higher than previously suspected. In rapidly

aggrading, or recently disturbed ecosystems, the supply of nutrients from weathering

reactions is thought to be important in determining the rate at which nutrients

accumulate in soil and biomass (Bormann and Sidle 1990, Zabowski et al. 1994).

Therefore, this measure of weatherable K and P was designed to generate an index of

the supply of weatherable cations in mounded and unmounded soil.

Capital of N and P

Relationships between the capital and availability of nutrients in soils are variable.

This study assumes that, capital of N and P. measured by Kjeldahl extraction of < 4.0

mm bulk soil, indicates long-term site productivity potentials. Kjeldahl N and P should

not, however, be understood as indices of availability. Kinetics of N and P release are

complex and depend on site-specific soil characteristics. Soils on this site are assumed

to be relatively free of long-term N and P sinks. This is supported by the absence of

large accumulations of recalcitrant organic material Cromack et al. (manuscript in prep),

or stable secondary P bearing minerals as might be found in Ultisols or Oxisols.



Soil Sampling

This study compared profiles of mountain-beaver outcast mounds with adjacent

unmounded profiles. Mountain beaver outcast mounds were selected to represent

typical burrow mounds. Observations in a variety of habitats indicated that mounds

tended to fall into two general categories, small and poorly defined mounds from

shallow runway tunnels, and larger, lighter colored mounds from burrows. Adjacent

unmounded profiles were selected to best represent pre-disturbance conditions. Profiles

were compared by sampling all identifiable horizons accessible to the sampler, including

portions of buried profiles below outcast mounds (Figure 2). This allowed comparison

of mounded and unmounded soil as well as comparisons to investigate burial effects.
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Figure 2. Illustration of a pair of 'typical' profiles sampled. Rectangles indicate
approximated sampler dimension (10 cm x 75 cm). Note: diagram is depicted across
slope, oriented as samples were collected, paired profiles were from 1-15 m apart
depending on micro-topography.
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Each profile pair consisted of a disturbed mound soil, and an adjacent undisturbed

case-control profile. Each profile was divided into identifiable soil horizons, and

sampled. Seventeen soil profiles were sampled quantitatively (the entire mass within

sampler).

Sampling equipment and technique

Soil profiles were sampled with a monolith type core sampler. This sampler was

rectangular in cross section (- 10 cm x 15 cm x 75 cm), with one face open (Figure

3(a)). The sampler was pounded as deep as possible with reasonable effort (usually at

least 55 cm), and perpendicular to the slope. Slope on the top of the sampler (Figure 3

(b) z), distance from the top of the sampler to surrounding soil surface (Figure 3 (b) y),

and distance from top of the sampler to the soil inside (Figure 3 (b) x) were measured.

Then, soil downhill from the sampler was removed allowing the monolith containing

soil to be tipped out of position with the open face oriented up. Examination of the

sampled profile allowed horizon identification, measurement, and simple description.

Finally, individual soil horizons were removed quantitatively from the sampler,

collected, and labeled. Additional information about sampled soil, and profiles was

noted including structure, inclusions, and evidence of voids.



Figure 3. (a) Diagram of monolith type soil core sampler. Upper surface is reinforced
with heavy steel, lower edge is hardened and sharpened tool steel. Kinetic hammers or
tire rubber padded steel sledges are used to pound into soil. (b) Diagram of sampler in
soil, x= distance from top of sampler to surface of sampled soil, y = distance from top of
sampler to surface of mineral soil outside of sampler, z= slope of sampler and soil
surface.

Sample Handling and Processing

Air drying and storage

Field moist samples were returned to the lab and air dried in an otherwise unused

greenhouse with good air circulation and high temperatures (>100 ° F daily). Air dried

samples were returned to sample bags and stored until processing.

16
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Figure 4. Diagram of soil processing. Sieve fractions separated by hand to yield size
separates consisting of mineral samples of gravels + soil aggregates, roots and organic
debris retained by sieves > 4.0 mm.

Bulk soil processing and subsampling

Air dried horizon samples were weighed and sieved through successive 9.54 mm,

8.0 mm, 5.6 mm, and 4 mm sieves. Roots and organic debris were separated by hand

from sieve fractions > 4.0 mm and stored separately. Gravels and soil aggregates were

kept for each sieve fraction. Material <4.0 mm was retained and utilized for subsequent

chemical analysis. Weights of 5 minerals fractions (<4.0 mm, <5.6 mm, <8.0 mm,

<9.54 mm, and > 9.54mm) were recorded, along with the total weight of roots and

organic debris retained by sieves. Representative subsamples of the <4.0 mineral soil

were taken for chemical analysis (Figure 4). The <4.0 mm fraction, instead of the < 2.0

mm, was chosen for chemical analysis due to the abundance of stable aggregates and

fragile gravels. This decision was based on two considerations: 1) crushing gravels

might confound some chemical analyses, and 2) abundant soil aggregates, between 2

and 4 mm, were expected to contain significant soil C and N (Cromack et al. manuscript

in prep). Hand separation of aggregates and gravel >2.0 mm and <4.0 mm was

impractical. Therefore, the <4.0 mm fraction was used for all chemical analyses. This

decision is warranted especially for forest soils with abundant soft gravels and stable soil
aggregates.



Chemical Analyses

All chemical analyses were performed on representative subsamples of < 4.0 mm

oven dried at 105° C overnight. The size of subsamples varied depending on the

analysis performed. Representative subsamples were made using a series of soil splitters

depending on the size of the sample to be split. Oven dry weight of whole sample <4.0

mm was estimated with a separate subsample (- 50 grams).

Micro-Kjeldahl digests

Kjeldahl digests of < 4.0 mm ground soil (- 1.0 g) were performed following

(Bremner and Muihaney 1982). Subsamples of soil were ground prior to Kjeldahl

extraction in order to reduce variability due to incomplete digestion of particulate

organic material, or occlusion of organic material in mineral aggregates (pers.

communication with Carol Glassmann). The N and P content of extracts was determined

colorimetrically with an autoanalyzer.

Loss on ignition

Soil organic mattter was estimated by loss on ignition of ground <4.0 mm soil at

475°C for 16 hours. The temperature and relatively long furnace time were designed to

minimize losses due to removal of structural water in clays and to decrease variability

due variation in furnace conditions during shorter ignition times.

A subset of 21 samples from A to C horizons were analyzed in triplicate by loss on

ignition, and singly by LECO CN autoanalyzer. A simple regression model predicting

% C from loss on ignition was generated. This model was used for all other samples to

estimate % C using loss on ignition ( %C = (0.6 13) (LOl) - 2.485, r2 =. 994). This

equation predicts 0% C with a 2.485 % loss of weight. This is interpreted as evidence

that hydrated kaolin (hallyosite) is present in oven-dry samples. This source of error in

estimated % C is not considered a serious problem for this analysis. The distribution

and variation of kaolin / hallyosite in the samples is unknown and would be expected to

vary, therefore no correction was applied to estimated % C. Jaine et al. (1997) found

similar discrepancies and utilized a similar approach to estimate C content of soil.
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Acid ammonium oxalate extraction

To displace exchangeable cations, unground <4.00 mm subsamples (-. 5 g) were

first treated with 30 ml 0.5 M NH4C1 and shaken for 30 minutes. Samples were

centrifuged, and the supematant discarded. Next, 30 ml of de-ionized H20 was added,

samples were shaken for 20 minutes, centrifuged, and decanted. This step was repeated

once. Carefully decanted soil pellets were resuspended in low light with 0.2 M pH 3.0

ammonium oxalate. These were shaken in the dark for 120 minutes and centrifuged.

After extraction with ammonium oxalate ortho-phosphate was measured using

molybdate blue. Oxalate anions interfere with formation of the phospho-molybdate

complex responsible for color development (Wolf and Baker 1990). Therefore,

additional molybdate was added to equal excess oxalate anions and allow colorimetric

determination of P (1 mole of molybdenum : mole of excess oxalate). Soil extracts

contained appreciable quantities of DOC which significantly increased absorbance of

solution. To correct for interference, dilute extract (0.25 ml of extract in 6.0 ml of

analyte) was analyzed twice for each sample, once with ascorbate developing reagent

and once without. The difference in absorbance (790 nm) between developed and

undeveloped aliquots was utilized for P determination. The Fe, Al and K content of

acidified aliquots were determined with atomic absorption.

Bulk density

Volume of sampled horizons was calculated from the measured thickness of each

horizon in the sampler, corrected for measured compression of profile (compression

x-y in Figure 3 (b)). Measured profile compression was distributed among individual

horizons by attributing most compression (-80% ) to surface horizons (Api, Ap2, Ap3,

A, AB), and distributing -10% to the next horizon, and the remaining compression to

the rest of the profile. Correction factors were modified for individual profiles based on

field notes and 'best guess' estimates of horizons with maximum compression.

Maximum measured compression of profiles were 15 cm and 25 cm for mound and

unmounded profiles respectively. Mean compression of profiles was 7 cm (95 %

confidence interval of +1- 2.12 cm) for mounded profiles, and 5 cm (95 % confidence

interval of +I. 2.18 cm for unmounded profiles). Corrected thickness of individual

horizons was multiplied by the cross sectional area of the monolith sampler for
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estimated total volume of horizon. The volume of coarse fragments (minerals > 9.5

mm), and organic debris were estimated from the weight of each fraction multiplied by a

density factor. Density of coarse fragments (25 glcc) was taken from published densities

of Tyee sandstone (Schlicker and Deacon 1974). Density of organic debris was assumed

to be 0.4 g.cm3. Volume for bulk density was calculated by subtracting estimated

volume of coarse fragments and organic debris from total estimated volume of horizon.

Total weight for bulk density included estimated oven dried weight of minerals <9. 54

mm and roots.

Field Observations and Stratification of Profile Pairs

Based on field observations of sampled profiles and horizons, profile pairs were

categorized by the relative age of mounded profiles. The soil structure in mound

horizons, and the presence of undecomposed organic debris were used as a rough index

of time since disturbance. Profile pairs with little or no evident structure in mound

horizons, and with buried recognizable leaves or needles were considered to be recently

disturbed. Profile pairs with a majority of disturbed horizons exhibiting structure were

considered relatively old. Based on these criteria, pairs of profiles were sorted into

young and old. For the purposes of this study, old disturbance is approximated as > 3

years.

Quantitative Analysis

Units of comparison

The sampling design utilized in this study (based on quantitative honzonal

samples) provides flexibility in how variables are expressed and compared. For

example, fixed depth comparisons can be reconstructed by calculating the percentage of

each sampled horizon thickness contained in a fixed depth. For any given variable, the

calculated percentage of each horizon is used to sum the net content for each profile.

The calculated sum for each profile could then be used in comparisons as if they were

collected and analyzed as fixed depth samples. Comparisons of individual horizons, or

fixed weights of soil are also possible. The units of comparison utilized for different
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statistical tests reflect the goals and hypotheses which individual tests are designed to

address.

Mounded and unmounded profiles were compared based on horizons, fixed ashed

weight, and ashed weight of mound soil. Tests based on sampled horizons were

performed to ifiustrate changes in. surface soil characteristics attributed to mountain

beaver translocation. Tests based on fixed ashed weight of profiles, and the ashed

weight of mounded soil were performed to investigate possible differences in the

mineral phase of the soil. Due to variation in bulk density and organic matter content,

comparisons based on fixed weight or depth of unashed soil could lead to comparisons

of different quantities of mineral soil. For an investigation of the properties of the

mineral phase of soil, this variation may result in misleading comparisons. The strategy

of correcting for organic matter content has been utilized to investigate changes in soil

over time (Bormann et al. 1994). In order to compare a normalized weight of soil over

time, changes in the organic material content need to be corrected for. While this study

does not compare soil as it changes over time, because of the focus on the mineral phase

of the soil comparisons were standardized by mineral mass.

Correction for organic material using ashed weight

The estimated content of C, N, P, and K was calculated for profiles based on five

fixed ashed weights. Comparisons between mound and nonmound profiles were

performed for 0.0 - 0.5,0.5 - 1.0, 1.0 - 1.5, 1.5 - 2.0, and 0.0 - 2.0, kg ashed soil.

Ashed weights were estimated sequentially by calculating the fraction of the ashed

weight of individual horizons required to equal a fixed weight. Then, using estimated

fraction of each horizon, measured variables were summed for fixed ashed weights.

Ashed weights of mounded soil (Ap horizons) were calculated for each mounded

profile. Then, for each profile pair an equivalent ashed weight was calculated.

Correction for vertical area sampled

Carbon, N, P. and K expressed as kg/unit area/mass of ashed soil were based on

the known cross sectional area of the soil sampler (Figure 3), and the measured slope of

sampler (Figure 5). The vertical area sampled was calculated by correcting the surface



area sampled (equal to the cross sectional area of the monolith) by the measured angle

of the sampler (Figure 3). Correction was calculated as follows: (cos z) (sampler area)

= vertically corrected area.

Figure 5. Diagram of the relationship between actual and vertical area sampled. z =
slope of sampler. Dimensions are depicted as linear, but the same relationship holds for
two dimensional correction.

Statistical Methods

Pairwise t-tests of differences between calculated values for selected soil properties

from disturbed and undisturbed soil profiles were calculated. Means, standard errors,

and 95 % confidence intervals were calculated for disturbed and undisturbed profiles. F-

tests for homogeneity of variances were conducted for non pairwise t-tests, and log

transformations of values were calculated when necessary to homogenize variance. In

cases where variances could not be homogenized, this is reported along with

interpretation of tests. Statistical tests and descriptive statistics were calculated with

MS-Excel following Sokol and Roif (1981). The minimum level of significance chose

was p <0.05, with higher levels being reported where applicable.

Samp'ed Dimension
(uncorrected)
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Results and Discussion

Descriplion of a Mountain Beaver Burrow

Excavation of a mountain beaver burrow in a recent clearcut revealed a two tiered

complex of shallow runway tunnels (Figure 6), and deeper burrow chambers (Figure 7).

Separate denning, feeding, and refuse chambers were identified in addition to

unidentified chambers and connecting tunnels (Figure 7). This pattern, as well as the

aerial extent (-' diameter 20 m), depth, and arrangement of tunnels and chambers agreed

closely with results from previous excavation of 4 burrows in western Oregon (Voth,

1968).
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Figure 6. Aerial view of runway tunnels associated with the burrow of a single
mountain beaver in Benton Co., Oregon. Dimension of tunnels not to scale. Mean
diameter of runway tunnels was 9.2 cm with 95 % confidence interval of +1-1.6. Mean
depth of runway tunnels was 11.0 cm with 95 % confidence interval of +1-1.6. Total
estimated volume of runway tunnels was 3.24 m3. This burrow is estimated to be less
than 7 years old based on site harvest history.
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The burrow chamber (Figure 7) was situated underneath a decaying stump, while

the runway tunnels (Figure 6) were associated with the coarse woody debris left from

recent harvest. The association of burrow and tunnels with woody debris is consistent

with earlier reports on the habitat preferences and colonization patterns of mountain

beavers (Voth 1968, Hacker 1991).

Figure 7. Mountain beaver burrow excavated in Benton Co. Oregon. Schematic
diagram shows approximate depth, size, and arrangement of chambers encountered.
Mountain beaver "baseballs" refer to baseball sized fragments of parent material covered
with tooth marks, -10 were found in this burrow. Dry foliage of dwarf Oregon-grape
(Berberis nervosa Pursh) was found in the bedding chamber. The feces, and feeding
refuse chambers had abundant small insects and plant roots.

The occurrence of numerous insects and specialized refuse chambers agreed

closely with Voth (1968). Observed colonization of fecal refuse chambers by insects

and plant roots suggests that reported discrepancy between measured rates of feces

production, and limited volume of disposal chambers (Voth 1968) may be explained by

rapid decomposition of feces. Decomposition of organic matter depositied by mountain

beavers could increase organic and carbonic acid production in surrounding soil.

Elevated acid production may increase nutrient release from weathering (Berner 1992),

resulting in high fertility zones deep in soil profiles. Increased fertility deep in profiles
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may in turn increase rooting depth, and net weathering release of nutirents. Voth (1968),

counted 58 burrow systems within a 2 ha study site. The total volume of soil affected by

the burrow chambers is difficult to estimate, as the effects from the burrow itself are

unknown.

Pattern of Soil Mixing

The pattern of soil mixing by mountain beavers can be described generally as the

relocation of soil from mineral soil horizons (mostly B or C) to the surface, producing an

outcast mound and a void (Figure 8)

Figure 8. Diagrammed pattern of soil relocation due to mountain beaver burrowing.
Illustrated profiles represent simplified arrangement and variation of affected horizons.

An average of 2.2 Ap horizons were identified with an average total thickness of

33 cm in 16 profiles (Table 2). They ranged from 1-4 Ap horizons with 11.4 - 68.0 cm
of total thickness.



Table 3. Summary of number and thickness of disturbed horizons sampled
from 16 profiles.

Mounded Soil
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Outcast mounds varied in color, degree of structural development (structureless to

wealc fme sub-angular blocky), as well as whether or not organic debris was present or

well decomposed. Unmounded profiles varied in the arrangement and thickness of A

horizons, degree of development of B horizons, and the depth to C horizons. Variation

was manifest as uneven indistinct soil horizon boundaries, discontinuous horizons, and

color differences (Figure 2), agreeing closely with reported profile descriptions (Corliss,

1973).

Gravel Distribution in Unmounded Profiles

The percentage of gravel (mineral > 9.54 mm) in unmounded soil located on a

stable landform shows a close relationship with depth (Figure 9). This pattern suggests

disintegration of gravels, as parent material is subjected to physical and chemical

weathering in situ. The location of this profile on a convex landform with nearly 00

slope, supports the interpretation that soil formed in place from Tyee sandstone exhibit

progressive loss of gravels as rock is converted to soil. This basic relationship (coarse

fragment increasing with depth) is widespread in soil formed in place from hard parent

material. An alternative interpretation would suggest that coarse frament content is

controlled by factors other than progressive wathering from the surface down in residual

soils, or that the profile depicted in Fig. 9 was mixed historically and the observed

gravel distribution resulted from chance alone.

The variability of relationships between depth and proportion of coarse gravels in

unmounded profiles of the young plantation (Figure 10 a-f), suggests that mixing in

unmounded soils is prevalent in the upper 30 cm. This mixing is assumed to result from

Vanable Mean (95% CI) Minimum Maximum

Number of Ap
horizons

Thickness Ap
horizons cm

2.2 (0.5)

33.1(8.5)

1

11.4

4

68.0



the combined action of soil creep, mass movement, windthrow, harvest-related

disturbance, and mixing by burrowing animals Thus, comparisons between the most

recently mixed profiles (mountain beaver mounds) and unmounded profiles should be

interpreted in terms of the background pattern of soil mixing which underlies recent

changes caused by mountain beavers.

Percent gravel >9.5 mm

0 25 50
I I0

Cr

= 0.96
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Figure 9. Relationship between depth % coarse gravel (minerals > 9.54 mm) Profile
located under mature stand (Boundary road) on stable landform. Labels indicate horizon
designations.
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Figure 10. Percentage of gravel >9.5 mm of all unmounded profiles sampled (a-n).
Least squares regression plots with r2 values for (% gravel)=b0+ bi(depth).
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Mountain Beaver Effects on Surface Soil

Carbon . N. P concentration in surface soil

The average % C , % N and % P in disturbed surface Ap horizons was

significantly lower than in undisturbed surface A horizons (p<O.00l) (Table 3). Buried

Ab horizons are significantly lower in % C and %N compared to undisturbed A

horizons, and have significantly higher % C, and % N than disturbed Ap horizons.

These results suggest that mound soil is partly derived from subsurface soil horizons low

in organic material. In addition they suggest that decomposition rates increase in buried

A horizons. These results are consistent with rapid post-disturbance decomposition

lowering the carbon content of mounded soil. The color of surface disturbed Ap

horizons was more similar to B and C horizons than to buried A horizons. Rapid post-

disturbance decomposition may partially explain the significantly lower C content of

surface Ap horizons. However, mound soil is more likely to have been derived from

subsoil low in % C.



Bulk density of surface horizons

No significant differences in bulk density were detected between mounded surface

Ap horizons and unmounded surface A horizons (Table 3). Short-term decrease in soil

bulk density can result from tillage (mixing), while long-term changes in soil bulk

density results from increases in soil organic matter, and formation of structure (Brady

1990). Without inputs of organic matter and progressive soil aggregation, recently

mounded soil is likely to increase bulk density from settling.

These results suggest that soil mixing by mountain beavers can decrease bulk

density (at least temporarily). Bulk density is assumed to be a qualitative indicator of

soil productivity (Alexander and McLaughlin 1990). Decreased bulk density implies

increased total porosity and decreased soil strength, these can in turn increase gas

exchange, water holding capacity, and root penetration. Thus, these changes have the
potential to alter plant rooting patterns.

Measured Db ai consistent with other core measured Db from forest plantations

on Tyee sandstone-derived soil in the area, Cromack et al. (in prep) report soil bulk
densities ranging from 0.54-0.67 g/cc.

31

Table 4. Properties of the surface soil horizons with 95% CI: %C, % N (Kkeldahl), % P
(Kjeldahl), C:N, Bulk Density (Db), and % Gr (gravel> 9.54 mm); parentheses enclose
95% CI

Soil Property
Ap

(mound)
n=16

A
(non-mound)

n=16

Ab
(buried A horizon)

n=12

% C

% N

% P

C:N

Db (g/cc)

Gr ratio

6.9

0.22

0.042

33.5

0.5

10.3

(1.2)

(0.04)

(0.006)

(3.7)

(0.05)

(4.8)

14.4 (4.0) ***

0.47 (0.13)***

0.054 (0.008) ***

30.1 (4.1)

0.49 (0.08)

9.3 (4.5)

10.2

0.30

0.048

31.9

0.44

7.4

(1.6)**

(0.04) **

(0.007)

(4.6)

(0.04)

(3.7)



Carbon : nitrogen ratio of surface soil

There were no significant differences detected between the C:N ratio of disturbed

and undisturbed surface horizons (Table 3). The average C:N of disturbed surface Ap

horizons was 33.5, while the average C:N of undisturbed surface horizons was 30.1.

High variance relative to measured differences suggested that this test lack sufficient

power to detect differences. Power analysis (Sokol and Rohif 1981) indicated that with

the variances measured, 30% differences in means would be required to detect true

differences 80% of the time at a significance level of 0.1. Measured differences between

means were -10%. Measured C:N values are higher than those reported from a forest

plantation growing on similar soils, Cromack et al. (manuscript in prep) reported C:N

ratios of 22:1. The presence of red alder in those stands may explain the difference

between C:N ratios reported here.

Potential Effects of Mountain Beaver on Site Productivity

Soil indicators of site productivity

Mountain beavers alter soil bulk density, porosity, carbon distribution, and

increase total soil depth on affected sites. Based on established empirical relationships

(Steinbrenner 1979, Alexander 1982), and general understanding of soil quality, these

changes have the potential to increase site production. While increases in site

production from mountain beaver burrowing depends on the distribution and intensity of

animal activity, this analysis shows that burrowing has the potential to positively affect

soil properties and linked processes which can limit productivity in Pacific Northwest

forests.
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Total organic carbon

The quanitity of (Mg ha-') in unmounded profiles declined with depth (-50 -20

Mgha-1) presumably reflecting higher C inputs at or near the surface (Figure 11). In

contrast, C in mounded profiles (-30 Mgha1), did not change with depth. No

significant differences were found in the total C in the first 2 kg of ashed soil between

mounded and unmounded soil, however, a significant redistribution of C appears to have

taken place (Figure 11).

Redistribution of C deeper in profiles may increase rooting depth from preferential

root growth towards nutrients or moisture (Russell 1977). Increased rooting depth could

increase moisture uptake during doughty periods, as well as increase contact between

strong weathering agents in root exudates (Ochs 1993) and fresh mineral surfaces. In

addition, burial of organic material, and deepening of root functions should increase

mean residence time of CO2 released from decomposition, and root respiration. Contact

between mineral surfaces and organic acids from decomposition or root exudates (and

carbonic acid from CO2) may increase weathering release of nutrients (Boyle et al. 1974,

Ugolini and Dahigreen 1991, Berner 1992, Bormann et al. in prep).

C (Mg/ha)
0 20 40 60

0.0-0.5 -

o 0.5-1.0 -

1.0-1.5

.

1.5-2.0 -
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Figure 11. Diagram of the estimated mass per hectare of C estimated from loss on
ignition for successive 0.5 kg weights of ashed soil. Successive soil weights are roughly
proportional to depth.



Bulk density

The cumulative bulk density of the 10 oldest outcast mounds (categorized by

presence/absence of soil structure and undecomposed organic debris) was significantly

lower than the bulk density of equivalent ashed weights of unmounded paired profiles.

(p<O.05) (Table 4). When all mound profiles sampled were included in the analyses, no

differences were detected. Thus, bulk density of disturbed soil appeared to decrease

subsequent to disturbance, and achieved lower values than adjacent surface soil. The

magnitude of estimated bulk density differences (Table 4) is not large, however, total

increase in volume of disturbed soil is conservatively estimated to be 13% (95% CI of

8%- 18%). This estimate is based on comparison with the least dense portion of

undisturbed profiles. Based on initially low C content, it is likely that mound soil is

often derived from higher density subsoil. Progressive decreases in bulk density post-

disturbance suggests enhanced biological activity in mounded soil. With no inputs of

soil organic material or increased biological activity, recently mixed soil should increase

density from settling. This inference of enhanced biological activity suggests that

disturbed soil may contribute more to site production than comparable undisturbed soil

in situ.

Table 5. Bulk density of mounded soil mean (95% CI; n=l0) Mean depth of disturbed
profiles calculated as depth of undisturbed profile + depth of disturbed horizons (95%
CI;n=l6)

Depth 86 33
(cm) (8) (8)

*, ''I', "" indicate significance at 0.1, 0.05, 0.01, and 0.001
probability levels for comparisons of disturbed and undisturbed soil.
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Mound Unmounded Pair-wise
Soil Property Profile Profile Difference

Bulk Density 0.48 0.55 0.07
(g/cc) (0.05) (0.06) (0.02)*



Soil depth

Estimated mountain beavers mound profiles were 86 cm (95% CI +1- 8 cm) deep

compared with adjacent unmounded profiles whose average depth was 33 (95% c.i. 8

cm). In addition, soil relocated by mountain beavers is conservatively estimated to have

a minimum 13 % increase in volume (compared with surface soil) post disturbance

(Table 5). Therefore, despite voids created by mountain beavers (tunnels and burrows),

mixing resulted in a 13% net increase in volume of translocated soil.

The fate of voids created by burrowing was not evaluated in this study.

Observations made during burrow excavation, however, indicate that roots preferentially

utilize refuse chambers. This observation suggests that some voids contribute more to

site productivity than surrounding soil. In addition, unused burrows may eventually

refill with organic debris and deterioration of walls and ceilings, resulting in jumbled,

relatively low density soil. Thus, voids created by burrowing may provide a

concentration of nutrients in the short run, and over longer time frames appear likely to

refill.

Observations and published correlations between soil depth and site index of

Douglas-fir (Steinbrenner 1979) strongly suggest that net positive effects of mountain

beaver on soil depth have the potential to increase site production over short as well as

long time periods. Realized increases in site production would be highly dependent on

individual site characteristics, and the intensity of mountain beaver activity.

Distribution of readily weathered minerals

Oxalate extractable K

The ox-K (Mg ha-') appeared to decrease with depth in unmounded profiles,

mounded profiles exhibited less change with depth in Ox-K (Mg ha-1; Figure 12).

While no significant differences were detected between the same ashed weights of

mounded and unmounded soil, the depth distribution of Ox-K was altered by mixing

(Figure 12).

The observed distribution of ox-K cannot be fully explained, however, it does

suggest that these soil can release significant quantities of K when subjected to strong

weathering agents such as oxalic acid. This is consistent with other reports of
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significant releases of K from forest soil by weathering agents (Comerford et al. 1990)

and the release of Al and Fe in ectomycorrhizal mats (Griffiths et al. 1994). This

extraction provides an index of the potential short-term weathering release of K. The

slightly elevated release of ox-K from unmounded surface soils supports the

hypothesized importance of soil disturbance in the short-term weathering release of base

calions. Gravel distributions (Figure 10) clearly indicate that both mounded and

unmounded soils on this site experienced sustained mixing, probably from multiple soil

disturbance processes. The ox-K distributions indicate that maximum short-term

weathering release of K may be delayed after disturbance, hence the slight increase

between recent mounds and adjacent unmounded soil.

Since the source of ox-K in these soils is not clearly understood, two alternative

explanations are presented. First, elevated ox-K may come silt and clay released from

Tyee parent material as it disintegrates. Sediments forming the Tyee formation have

abundant silt and clay, which are released as the parent material disintegrates. The

highest clay in Bohannon and Slickrock soil series is found in A horizons (Huddleston

1980). Rojanasoonthon (1963) used thin section microscopy to evaluate the weathering

state of Tyee derived coast range soils. Mineral grain counts identified abundant

feldspar, mica, and biotite which increased with decreasing particle size. Primary

minerals such as feldspar, mica, and biotite contain significant non-exchangeable K

which is released by organic acids ( Huang and Keller 1970, Huang and Keller 1971,

Comerford et al. 1990). An alternative explanation is that humic substances may have

occluded exchangeable K as it precipitated with Fe and Al (pers communication Bruce

Caidwell). Based on the yield of Al and Fe in these extracts (unpublished data), oxalate

should release exchangeable K held within such mineral precipitates. Both explanation

are plausible, and consistent with observations, and available data.
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Figure 12. Diagram of the estimated mass per hectare of Oxalate-K (0.2 M, pH 3.0, acid
ammomum oxalate) estimated for successive 0.5 kg weights of ashed soil.Successive
soil weights are roughly proportional to depth.

Oxalate extractable P

Oxalate-extractable P (ox-P); (kg ha-') decreased with depth in unmounded

profiles. In mounded profiles, no change was apparent with depth (Figure 13).

Unmounded profiles had significantly more ox-P in the first two slices of ashed soil than

the same masses of mounded profiles. There was no significant difference between

estimated total release of ox-P for paired profiles. The release of ox-P is interpreted here

as an operational index of the potential short-term release of P in weathenng

environments comparable to rhizospheres (Fox and Comerford, 1990, Fox et al. 1990,

Ochs et al. 1993). Differences in ox-P release from surface soil do not suggest net

reductions in P, they do suggest differences in the rate of release given similar

weathering environments. Distribution of P in different size fractions, coatings of

mineral grains with iron oxides, and differences in humic precipitates could affect the P

yield for a given in oxalate extracts without underlying differences in total mineral P.

Mineralogical analysis of red and yellow soil weathered from Tyee parent material
reveal abundant iron oxide coatings on minerals in both soils subjected to both high and
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low precipitation (Rojanasoonthon, 1963). This suggests that iron is abundant in these

soils, providing a mineral sink for P, as well as a source for the ox-P measured.
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Figure 13. Diagram of the estimated mass per hectare of oxalate-P (0.2 M, pH 3.0, acid
ammonium oxalate) estimated for successive 0.5 kg weights of ashed soil. Successive
soil weights are roughly proportional to depth.



Distribution of Kjeldahl extractable nitrogen and phosphorous

Soil mixing by mountain beavers significantly altered the depth distribution of N

and P (Figures 14 and 15) as measured by Kjeldahl extraction. Mounded soil exhibited

little or no variation with depth, while unmounded soil exhibited marked decreases in N

and P with increasing depth. Redistribution of N and P did not appear to affect capital

of either nutrient in mounded soil as compared with unmounded soil. Increasing the

distribution of N and P with depth may serve to increase rooting depth.
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Figure 14. Diagram of the estimated mass per hectare of Kjeldahl-N for successive 0.5
kg weights of ashed soil. Successive soil weights are roughly proportional to depth.



0.0-0.5-

o 0.5-1.0_

1.0-1.5_

1.5-2.0 -

Kjeldahl-P (kg/ha)

0 50 100 150 200 250 300
I I I I I

0 Mounded Soil

Umnounded Soil

40

Figure 15. Diagram of the estimated mass per hectare of Kjeldahl-P for successive 0.5
kg weights of ashed soil. Successive soil weights are roughly proportional to depth.

Summary of potential productivity effects

Nutrient redistribution, increased soil depth, reduced bulk density, and burial of

organic material in mountain beaver mounds may encourage deeper rooting. Reductions

in bulk density reduce soil strength and increase porosity. Lower soil strength facilitates

root proliferation, while increased porosity may increase moisture holding capacity of

mixed soil. Thus, increased ease of rooting combined with root growth toward deep

nutrients or moisture could increase rooting depth and increase moisture uptake during

droughty periods. Increased rooting into deeper or recently mixed soil may increase

contact between fine roots, associated microbes, and fresh minerals. The release of ox-P

and ox- K from mounded soil is less than from unmounded surface soil, suggesting

reduced weathering release of nutrients, however, the release of these nutrient also

depends on the sources of weathering agents such as carbonic acid and organic ligands.

In low fertility soils, some plants are known to dramatically increase their production of

organic acids (Lipton et al. 1987). Evidence for elevated decomposition rates in buried
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A horizons suggests elevated p CO2 and therefore, elevated carbonic acid in mound soil

(Berner 1992). Thus, initial reduction of potential weathering yield of nutrients in

mound soil (as measured by Oxalic acid extraction), may be offset by increased

production of weathering agents. This may partially explain the paradox of mounded

soil showing evidence of elevated biological activity. Reduced P yields from oxalate in

mound soil (Figure 13), and marginal reduction of K release (Figure 12) suggest reduced

poois of readily weatherable mineral nutrients in disturbed soils. Pervasive mixing in

unmounded profiles, as evidenced by gravel distributions (Figure 10) and estimated net

yield of K (-30 Mg/ha) and P (-80 kg/ha) from umnounded profiles suggest that

weathering yield in these soils is high with the most recently disturbed soil showing only

slight reductions in potential short-term weathering release.



Conclusions

Soil mixing by mountain beavers altered the depth distribution of C, N, and

possibly P. by translocating soil from B and C horizons and by burying A horizons.

Evidence of short-term effects of mountain beaver mixing is partially obscured by

background mixing probably from colluvial action, windthrow, and historical animal

effects. Relative to adjacent surface horizons, horizons in mountain beaver mounds

contained less C and N, appeared to release non-exchangeable K and mineral P more

slowly, and had comparable bulk density. Despite this apparent reduction in fertility,

when stratified by age, the oldest mounds (>3 yrs) had lower bulk density than

equivalent masses of adjacent surface soil. This suggests increased biological activity

after mixing.

Historical mixing in unmounded soil profiles confounded planned interpretation of

P and K release in oxalate extracts. At best, this index of potential short-term

weathering compared the effects of recent mixing with a background of historic mixing.

These results indicate that weathering may be an important short-term source of

nutrients in these soils, but do not clearly differentiate between short-term and chronic

mixing effects. Long-term weathering release should be higher from recently disturbed

soil. Gradual disintegration of parent material in recently disturbed soil should expose

increasing mineral surface area. In the long-term, exposure of parent material at the

surface due to mixing will speed its physical breakdown from wet-dry, and freeze-thaw

cycles, as well as elevated biological activity. This view may be supported by repeating

comparisons where surface soil had a limited supply of weatherable nutrients relative to

subsoil.

Observed changes in soil depth, total soil bulk density, and depth distribution of C,

N, and P suggest that mountain beaver burrowing has the potential to increase forest

productivity by improving soil characteristics. These results suggest maximum effect

on site production from recent mountain beaver presence on sites with shallow soils.

The potential effects of mountain beaver's soil mixing on site production depend on the

intensity and return frequency of mountain beaver activity. Voth (1968) reported 29

burrows ha1, however, the duration and net soil effect from that level of mountain

beaver activity is not known., This study raises additional questions about the role of soil

mixing in general. Rojanasoonthon (1963) reported that even on stable landforms,

evidence of historical mixing was ubiquitous in soil derived from the Tyee formation.
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The diverse mechanisms which cause soil mixing should be investigated in terms of

long-term productivity. This study suggests that mixing was pervasive on the study site

in unmounded soils, and biologically driven weathering could rapidly supply plant

nutrients in this soil given sufficient release of organic ligands.

Mountain beavers interact with numerous processes at the stand level. Previous

research indicates that they may create or maintain gaps in young stands (Neal and

Borrecco 1981), effectively extending the presence of early successional vegetation in

even aged stands. The capacity of these animals to maintain gaps later in succession is

unknown but potentially important. Mountain beavers appear to alter shrub, grass, and

forbe dynamics in the Siuslaw National forest (pers. observation). The rare grass Poa

laxiflora (Buckley.) is frequently associated with mountain beaver affected areas (pers.

observation, pers. commun. with Katie Grenier). Reid (1981) estimated that mountain

beaver burrowing introduced 0.44 m3 of sediment/km of channel/year (1- 30% ) into

low order stream channels, and 4.1 m3 of sediment/km2 of 6th order stream basin/year

from riparian areas. Observations made in the study area support the view that mountain

beaver burrowing has the potential to increase sediment export. In particular, dry ravel

of soil from burrow excavations appeared to be an important erosion mechanism. The

magnitude of this should be investigated. The size distribution of sediment eroded from

burrow mounds could be important to aquatic ecosystems. Gravel-rich burrow outcast

could positively effect fish habitat in stream reaches with insufficient spawning gravel.

In watersheds overloaded with fine sediments, dry ravel erosion of outcast mounds may

be an unappreciated mechanism for sediment export from young managed stands.

Management of forested landscapes with mountain beaver populations presents

special challenges. Mountain beavers have the potential to influence site fertility,

stocking levels in reforested areas, and sediment budgets. Thus, managers should

consider the suite of processes which these animals can influence. Desirable effects of

mountain beavers may include reduced thinning costs in managed stands, improved site

fertility, and the maintenance of desirable wildlife species tied to early successional

vegetation. Undesirable effects (in addition to damage to young crop trees) may be as a

sustained source of sediments in central coast range subbasins managed as even aged

plantations. Depending on management goals, mountain beaver activity may be

exploited to achieve future desired conditions with minimal cost.
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