AGENCIES AND SCIENCE WORKING FOR THE FUTURE

NOVEMBER

NEW MEXICO WATER RESOURCES RESEARCH INSTITUTE

1991

Maichus Baker _.is a research hydrologist with the
Rocky Mountain Forest and Range Experiment Sta-
tion. He received his M.S. in silviculture from Yale
University and his Ph.D. in forest hydrology from the
University of Minnesota. His areas of expertise in-
clude the influence of vegetation manipulation on
water quantity and quality. Recently he has concen-
trated on studies of soil and wind erosion and their
influence on site productivity.

SOIL LOSS — KEY TO UNDERSTANDING SITE PRODUCTIVITY

Malchus B. Baker, Jr.

and

Roy L. Jemison

U.S. Forest Service
Rocky Mountain Forest and Range Experiment Station
Forestry Sciences Lab. - ASU Campus
Tempe, Arizona 85287-1304

»

INTRODUCTION

The concept of site productivity has changed
significantly over the past two decades. Foresters
previously characterized site productivity in terms of
"site index." Site index is based on height of domi-
nant or dominant and codominant trees in even-
aged stands at some index age, usually 25, 50, or
100 years (Wenger 1984). The recent emphasis on
managing whole ecosystems has made it increasing-
Iy difficult to use a single index for describing the
productivity of an ecosystem, however, because
productivity should reflect a host of complex inter-
acting functions and processes (Steele and Pfister
1991). Therefore, ecosystem productivity must be
expressed as the integrated product of all the pro-
cesses acting dynamically over time. Presently, our
best concept of ecosystem productivity is based on
the capacity of soil to support plant growth as re-
flected by some index of biomass production (Pow-
ers 1991).

Although ecosystems are made up of a wide
range of component parts and interrelated process-
es, soil and vegetation are the fundamental building
blocks of all terrestrial ecosystems and thereby can
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serve as useful surrogates for studying and discuss-
ing ecosystem processes and their respomses to
perturbation. Soil is important because it not only
provides a physical medium for plant growth, but
also supplies most of the essential plant nutrients
and, along with climate, relief, and biology, estab-
lishes the limits of biomass production. Vegetation
is an important component of ecosystem productivi-
ty because it provides a mechanism for converting
solar energy and carbon dioxide into biomass, and
also provides a protective cover against surface
erosion.

Ecosystem processes and subsequent produc-
tivity are affected by a wide range of natural and
human perturbations (Powers 1991). Many of these
human perturbations affect both vegetation and
soils (the key surrogates for site productivity). For
example, soil is disturbed during such management
activities as grazing, prescribed fire, and timber har-
vesting. Therefore, there is an urgent need to
better understand the influence of different man-
agement practices on soil disturbance. This knowl-
edge will provide a better basis for developing
guidelines for making future management decisions.
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The objectives of this paper are to review the
influences of management practices on site produc-
tivity, to discuss the importance and influence of
soil erosion on productivity, and to describe some
of the Forest Service research being used to ad-
dress these issues in the Southwest.

MANAGEMENT INFLUENCE ON SITE
PRODUCTIVITY

The three ecosystem properties most likely
affected by human activities are losses of soil organ-
ic matter, porosity, and depth.

The soil normally contains 80% to 90% of the
total ecosystem nitrogen and even more of the
phosphorus (Powers 1991). The remaining nitrogen
and phosphorus is in the aboveground biomass.
Loss of organic matter from the vegetative and soil
components of an ecosystem can produce nutrient
and moisture stress and ultimately a reduction in
site productivity (DeBano 1991), particularly on
infertile and droughty sites (Powers 1991). Using
information from Wells and Jorgensen (1979),
Powers (1991) concludes that loss of organic matter
and nutrients by conventional timber harvesting
(leaving slash lobbed and scattered) is unlikely to
have a major influence on productivity of most
sites. However, shorter harvest rotations, whole-
tree logging, and broadcast burning of slash and
forest litter may detrimentally affect productivity
over time. Management practices that expose the
soil also increase the risk of erosional losses and
could reduce site productivity.

Soil compaction and the associated increases
in soil density by animals and machinery can limit
plant growth (Powers 1991). Soils, according to
Sands (1983), will also compact under their own
weight if appreciable amounts of organic matter are
lost (Powers 1991). Losses in productivity are
generally proportional to increases in soil bulk
density (Froehlich and McNabb 1984). Soil com-
paction reduces porosity and infiltration capacity of
the soil, which leads to potential increases in sur-
face runoff and erosion. Therefore, the type of
equipment, animal use, distribution of animal and
equipment traffic, and susceptibility of a given soil
to compaction must be considered when making
any management decisions.

Soil depth is important because organic matter
(where many nutrients are concentrated) is not
distributed evenly in the soil. Because organic
matter generally is concentrated at the surface and
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declines rapidly with depth (Powers 1989), small
losses in surface soil can have a major effect on
productivity. Displacing logging debris and layers
of topsoil during site preparation (piling and wind-
rowing slash) can produce nutrient deficiencies that
result in loss of productivity (Powers 1991). These
practices also expose the mineral soil, subjecting it
to increased raindrop impact and surface sealing,
which increases the potential erosion losses.

IMPORTANCE OF SOIL EROSION

Surface erosion rates are largely influenced by
the amount of vegetative cover and surface litter
available to protect the soil surface (Megahan
1991). Road construction and wildfire are often
responsible for the greatest reduction in vegetation
and, therefore, can result in the greatest increase in
erosion (Megahan 1991).

The impact of erosion on site productivity
depends on the depth of soil loss, the areal extent,
the erosion rate, and the redistribution of eroded
material (Megahan 1991). Surface erosion often
has a relatively short-term effect (often a matter of
a few years) on a site. It normally involves loss of
a small depth of soil, but this loss can be wide-
spread in a given area. In a few years, with rees-
tablishment of vegetation, erosion rates are quickly
reduced. In contrast, gully or rill erosion occurs on
relatively small areas but involves greater loss in
soil depths, and often occurs on highly productive
sites such as swales or along channel bottoms. This
concentrated gully erosion can have a long-term
effect on site productivity. Although erosion gener-
ally reduces productivity from the area that is erod-
ed, productivity of downslope areas of deposition
floodplains can increase.

Management practices that accelerate soil
erosion can have a major impact on site produc-
tivity by reducing nutrient supply and water-holding
capacity of the soil, and damaging the vegetation
(Megahan 1991). Examples of damage to vegeta-
tion include loss of mechanical support of the vege-
tation, removal of propagules (seeds, small plants,
roots), and actual burial of the vegetation. Howev-
er, even erosion rates under the most severe condi-
tions can often be quickly mitigated with the rapid
reestablishment of vegetation (Megahan 1991).
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CURRENT RESEARCH

A wide variety .of natural ecosystems in the
southwestern United States are being subjected to
increasing use by a rapidly expanding human popu-
lation. To better understand these impacts, the
U.S. Forest Service is conducting a series of basic
and applied studies aimed at predicting the effect of
different management activities on runoff, erosion,
sediment movement, nutrient cycling, and soil pro-
ductivity (DeBano 1989). These studies are formu-
lated within the context of the cumulative effects of
integrated land management activities on watershed
condition and ecosystem productivity. Cumulative
land-use effects are defined as changes to the envi-
ronment caused by interactions of natural ecosys-
tem processes with the effects of land-use activities
distributed through time or space, or both (Sidle et
al. 1988). The concept "cumulative effects” is the
concern that, although each individual land-use
activity can remain within the bounds of acceptable
environmental damage, the cumulative effects can
become unacceptable, particularly when several
activities occur collectively. Although we are study-
ing many facets of the overall cumulative effects,
only two important areas of investigation dealing
with water and wind erosion are reported below.

Water Erosion

When erosion studies were first initiated,
water erosion was considered to be one of the most
important processes affecting the productivity of
southwestern ecosystems. To study water erosion,
we used a rotating-boom rainfall simulator
equipped with V-Jet nozzles (Swanson 1965). This
simulator, which is capable of producing rainfall
rates of 60 and 120 mm/hr, is situated between
two, 3-m x 10-m plots (Simanton et al. 1989). Both
naturally vegetated and mechanically bared plots
are subjected to simulated rainfall (Baker et al.
1991). Runoff and sediment production from bared
plots yield an estimate of soil erodibility which is
independent of plant cover. Measurements from
adjacent naturally vegetated plots indicate how
different vegetative covers (e.g., pinyon-juniper
woodlands, annual grasslands, forests) affect runoff
and sediment production.

The initial results of rainfall simulator trials on
several forest and range sites in California indicated
that the soil loss from bare soils varied widely from
0 to over 14,000 kg/ha (Fig. 1). The inherent erod-
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ibility of these soils was probably related to several
soil chemical and physical properties. Soil physical
properties such as aggregate stability are known to
affect the susceptibility of soils to raindrop impact
and detachability which affects infiltration and,
finally, the rate and amount of runoff and erosion
(Trott 1982).
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Figure 1. Sediment yields from four California soils in two
vegetation types with cover removed. Simulations were made
under three soil moisture conditions—dry, wet, and very wet.

Vegetative cover was also found to have a
pronounced effect on runoff and sediment yields
(Fig. 2). Sediment yields of the same range soils
presented in Figure 1 were reduced to 150 kg/ha or
less when vegetation was undisturbed. Vegetation
is known to have several desirable effects including
reduction of raindrop impact, thereby limiting soil
detachment and splash (Trott 1982). Both vegeta-
tive cover and organic material improve the water
storage capacity of the soil surface, thereby delaying
and reducing runoff. Plant cover itself also ob-
structs overland flow, reducing flow velocity and
sediment transport capacity. Soil crusting is also
less likely to occur under vegetation.
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Figure 2. Sediment yields from three California range soils with
vegetation undisturbed. Simulations were made under three soil
moisture conditions—dry, wet, and very wet.

Wind Erosion

Studies using a rainfall simulator on pinyon-
juniper woodlands revealed only small amounts of
sediment movement. This finding, in conjunction
with the observation of substantial soil deposition
under and around the bases of trees and shrubs,
suggested that wind erosion may be an important
erosional process in pinyon-juniper woodlands. Ash
and soil movement by wind were also observed,
particularly following prescribed burning of fuel-
wood slash.

A study was initiated by the Forest Service to
quantify the effects of slash and subsequent wind
erosion on the transport of nutrients and sediment
in pinyon-juniper woodlands (Baker 1991). A 10-ha
opening was created in a pinyon-juniper stand
during a firewood harvest (Fig. 3). The residual
slash was lopped and scattered, and allowed to cure
for two years. In the fall of 1990, the cured slash
was mechanically crushed except for a 1-ha block,
located near the center of this opening, that was
burned in the spring of 1991.

Wind erosion samplers (Fryrear 1986), for
sampling suspended particles in the air, were locat-
ed along the windward edge of the opening (the
prevailing wind is from the southwest), in the
crushed slash area, and in the slash area that was
burned (Fig. 3). These erosion samplers were
located at heights of 1 m, 0.2 m, 0.1 m, and 0.05 m
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above the soil surface. Mean sediment amounts
(kg/m?) collected in the samplers during the sum-
mer season (May 15 through October) are given in
Table 1. These measurements reflect the amount
of windborne sediment caught in the vertical profile
at each area sampled, not the total amounts that
were removed from the site.

PINYON—JUNIPER
SITE PRODUCTIVITY STUDY

@ Sediment samplers

D Burned slash area

Figure 3. Layout of wind erosion study in a pinyon-juniper
fuelwood harvest area.

Table 1. Mean sediment collected during the
summer at four heights above the ground sur-
face at Ancient Wind Study Site, 1991.
Height above the ground
Location 10m 02m 0lm 005m
........ kg/m® - - - - - - - -

Windward 1.3 1.6 28 5.6
Crushed 03 2.8 8.7 11.5
Burned

Windward 3.5 145.0 464.0 947.0

Middle 125 274.0 953.0 11540

Leeward 179 2280 610.0 11640

The one-day catch immediately after slash
burning was particularly high (Table 2). May is
typically windy in the Southwest. On the day fol-
lowing the burn, winds gusted up to 95 km/hr. This
one-day "sediment catch" represents 100% of the
scason catch at the 1-m height for the windward
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and crushed sampler locations. Catches in the
lower samplers were 10% to 25% of the total sea-
sonal catch. The one-day catch in the burned area
was about 40% to 50% of the total catch.

Table 2. Mean sediment collected at four
heights above the ground surface at Ancient
Wind Study Site on 5/15/91, one day after slash
was burned.
Height above the ground
Location 10m 02m 01lm 005m
-------- kg/m’® - - - - - - -

Windward 1.3 1.0 0.7 1.1
Crushed 03 0.6 1.0 19
Burned

Windward 1.5 69.0 2420 5490

Middle 55 115.0 470.0 4920

Leeward 8.8 110.0 301.0 642.0

CONCLUSIONS

Management practices may affect site pro-
ductivity by changing organic matter, soil porosity,
and soil depth in a given ecosystem. Changes in
these three factors influence the availability of
nutrients, water, and gases to the vegetation.

Although erosion is a typically slow process in
all ecosystems, natural disturbances (such as wild-
fire, floods, and wind) and human disturbances
often accelerate the erosion rates. Although hu-
mans generally have little control over natural
disturbances, a better understanding of their influ-
ence on the productivity of southwestern ecosystems
is needed to develop better management strategies,
which can be used following such disasters. A
better knowledge of the effects of natural distur-
bances also allows managers to isolate these effects
from those caused by human activities.

Manipulations or uses of natural ecosystems
can potentially increase the risk of erosion. The
impact of erosion on site productivity depends
mainly on the depth, areal extent, and rate of soil
loss along with redistribution of eroded material.
Better knowledge of these factors is needed to
reduce their impacts on productivity.

75

REFERENCES

Baker, Jr., M.B. 1991. Study Plan: Effects of Wind
on Soil Erosion in Pinyon-Juniper Vegetation.
U.S. Department of Agriculture, Forest Ser-
vice, Rocky Mountain Forest and Range Ex-
periment Station, Tempe, AZ. Unpublished.

Baker, Jr., M.B,, J.S. Krammes, and L.F. DeBano.
1991. Runoff and Erosion from Selected Forest
and Rangeland Sites in California. U.S. De-
partment of Agriculture, Forest Service, Rocky
Mountain Forest and Range Experiment Sta-
tion, Tempe, AZ. Unpublished.

DeBano, L.F. 1989. Problem Analysis: Management
of Southwestern Watersheds. U.S. Department
of Agriculture, Forest Service, Rocky Moun-
tain Forest and Range Experiment Station,
Tempe, AZ. Unpublished.

DeBano, L.F. 1991. The effect of fire on soil prop-
erties. Proceedings of the Management and
Productivity of Western-Montane Forest Soils,
April 10-12, 1990, Boise, ID. Compiled by
A E. Harvey and L.F. Neuenschweander. Gen.
Tech. Rep. INT-280:151-156. U.S. Department
of Agriculture, Forest Service, Intermountain
Research Station, Ogden, UT.

Froehlich, H.A. and D.H. McNabb. 1984. Minimiz-
ing soil compaction in northwest forests. Pro-
ceedings of the 6th North American Forest Soils
Conference—Forest Soils and Treatment Im-
pacts, June 19-23, 1983, Knoxville, TN. Edited
by E.L. Stone. University of Tennessee, De-
partment of Forestry, Wildlife, and Fisheries.

Fryrear, D.W. 1986. A field dust sampler. Journal
of Soil and Water Conservation. 41:2:117-120.

Kimmins, J.P., D. Binkley, L. Chatarpaul, and J. de
Catanzaro. 1985. Biogeochemistry of Temperate
Forest Ecosystems: Literature on Inventories
and Dynamics of Biomass and Nutrients. Infor-
mation Report PI-X-47 E/F. Chalk River,
Ontario, Canadian Forestry Service, Petawawa
National Forestry Institute.

Megahan, W.F. 1991. Erosion and site productivity
in western-montane forest ecosystems. Pro-
ceedings of the Management and Productivity of
Western-Montane Forest Soils, April 10-12,
1990, Boise, ID. Complied by A.E. Harvey and
L.F. Neuenschweander. Gen. Tech. Rep. INT-
280:146-150. U.S. Department of Agriculture,
Forest Service, Intermountain Research Sta-
tion, Ogden, UT.



Malchus B. Baker, Jr.

Powers, R.F. 1989. Maintaining long-term forest
productivity in the Pacific Northwest: defining
the issues. Maintaining Long-Term Productivity
of Pacific Northwest Ecosystems. Edited by
D.A. Perry, R. Meurisse, and B. Thomas.
Timber Press: Portland, OR.

Powers, R.F. 1991. Are we maintaining the produc-
tivity of forest lands? Establishing guidelines
through a network of long-term studies. Pro-
ceedings of the Management and Productivity of
Western-Montane Forest Soils, April 10-12,
1990, Boise, ID. Complied by A.E. Harvey and
L.F. Neuenschweander. Gen. Tech. Rep. INT-
280:70-81. U.S. Department of Agriculture,
Forest Service, Intermountain Research Sta-
tion, Ogden, UT.

Sands, R. 1983. Physical changes in sandy soils
planted to radiata pine. [UFRO Symposium on
Forest Site and Continuous Productivity, No-
vember 22-28, 1983, Seattle, WA. Edited by R.
Ballard and S.P. Gessel. Gen. Tech. Rep.
PNW-163. U.S. Department of Agriculture,
Forest Service, Pacific Northwest Forest and
Range Experiment Station, Portland, OR.

Sidle, R.C., J.W. Hornbeck, and R.R. Ziemer. 1988,
Water Quality: Cumulative Effects from Forests
and Rangelands. Water Quality PRP. US.
Department of Agriculture, Forest Service,
Washington, DC.

Simanton, J.R.,, M.A. Weltz, and H.D. Larson.
1989. Rangeland Field Studies 1987 and 1988.
Handout for WEPP Core Team Meeting, Au-
gust 29-31, 1989, Tucson, AZ. U.S. Depart-
ment of Agriculture, Agricultural Research
Service, Tucson, AZ. Unpublished.

Steele, R. and R.D. Pfister. 1991. Western-montane
plant communities and forest ecosystem per-
spectives. Proceedings of the Management and
Productivity of Western-Montane Forest Soils,
April 10-12, 1990, Boise, ID. Compiled by
A E. Harvey and L.F. Neuenschweander. Gen.
Tech. Rep. INT-280:20-28. U.S. Department
of Agriculture, Forest Service, Intermountain
Research Station, Ogden, UT.

Swanson, N.B. 1965. Rotating-boom rainfall sim-
ulator. Transactions, American Society Agri-
cultural Engineers. 8:71-72.

76

Trott, K.E. 1982. Relative erodibilities of several
California forest and range soils. Earth Re-
sources Monograph 6. US. Department of
Agriculture, Forest Service, Watershed Man-
agement Staff, Region 5.

Wells, C.G. and J.R. Jorgensen. 1979. Effect of in-
tensive harvesting on nutrient supply and sus-
tained productivity. Impact of Intensive Har-
vesting on Forest Nutrient Cycling, Proceedings
of a Symposium, August 13-16, 1979, Syracuse,
NY. State University of New York, College of
Environmental Science and Forestry, School of
Forestry, Syracuse, NY.

Wenger, K.F. 1984. Forestry Handbook. Second
Edition. New York, NY: John Wiley and Sons.



