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Biogeochemical data from four small watersheds in the Silver

Creek study area, southwestern Idaho, provide the basis for: 1. An

estimate of chemical and erosional denudation rates (CD and ED), 2.

an estimate of plagioclase weathering rate, 3. a rational basis for

estimating the rate of nutrient supply to soil from mineral weather-

ing, and 4. an evaluation of the impact of clearcutting on the

nutrient budget in a coniferous forest. The watersheds are located

in the Idaho batholith, and soils are formed on coarse-textured

quartz monzonite parent material, are shallow, and exhibit minimal

profile development. Multi-aged stands of ponderosa pine and

Douglas-fir comprise the overstory. Contemporary denudation rates

for four watersheds average 235 kg ha
-1

y
-1

, equivalent to 8.9 mm per

10
3
years. Modal CD rates slightly exceed ED rates, although mean ED

exceeded CD over the 11-year period of study. Percent rock out-

cropping in the watersheds is positively correlated and volume of

soil accumulated is negatively correlated with the probability that

ED exceeds CD in any given year. Chemical weathering of plagioclase

averages 267 kg ha
-1

y
-1

. Preferential weathering of anorthite

results in its selective depletion relative to albite based on net

export of Na and Ca in streams. This is supported by data indicating

relative enrichment of albite in the soil compared to fresh rock.

Rates of cations released during chemical weathering exceed amounts

retained in the ecosystem. The amounts retained represent a realis-

tic estimate of potential supply rate from weathering. Plant uptake

and biomass increment provides the largest sink for nutrients



released from weathering, thus time-variant growth dynamics strongly

influence nutrient supply rates. Cations retained on new exchange

sites formed during clay formation from weathering provide a sink for

less than 2 percent of the cations retained. Under present stand

conditions in Silver Creek, approximately half the K, Ca, and Mg

released from weathering is retained in the ecosystem. Clearcut

logging and slash burning caused small, but statistically significant

increases in dissolved N losses of approximately ten times natural

rates over a 4-year period. Dissolved transport of other elements

was not increased. Small increases in sediment transport of K, Ca,

Mg, N, S, and P occurred 3 years following harvest. Large losses

resulting from bole removal ranged from 4 percent of total ecosystem

N to 21 percent of available K. Rates of replacement from precipita-

tion, primary mineral weathering, and N2 fixation are sufficient to

restore the ecosystem to the nutrient status prior to harvest in 50

years.
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WEATHERING RATE, NUTRIENT SUPPLY, AND DENUDATION IN

FORESTED WATERSHEDS, SOUTHWESTERN IDAHO BATHOLITH

INTRODUCTION

Much of central Idaho is underlain by a large intrusion of

granitic rock, the Idaho batholith, emplaced in the early and middle

Cretaceous (Larsen and Schmidt, 1958). The Idaho batholith is part

of a chain of large intrusive plutons extending along the western

border of North America. Its surface outcroppings cover an area of

approximately 41,000 km
2

. Most of this is forested land with

shallow, coarse-textured cohesionless soils that have proven to be

extremely erodible. There are limited areas of moderate relief, but

most of the topography consists of steep slopes separated by narrow

ridges and valleys.

The Idaho batholith is also an area characterized by tremen-

dously valuable resources. Rich in minerals, timber, and grazing,

it undergirds much of the non-farm economy of Idaho and its neigh-

boring states. Over one half million animal-months of sheep grazing

and nearly one quarter million animal-months of cattle grazing take

place within the batholith each year. Total timber volume is

estimated at 60 billion board feet, and 90 sawmills are drawing

timber from batholith lands. Streams in the Idaho batholith provide

55% of the spawning and rearing areas for salmon and steelhead

passing McNary Dam on the Columbia River. Watershed values in the

batholith are also very high. Annual water yield for the batholith

is nearly 50 area cm. (2.25 x 10
10

m
3
) which is about 50 percent of

the total water yield for the state.

Management of these high resource value lands is greatly

complicated by the inherent erodibility of batholith soils and the

potential for subsequent sediment damage to streams and fish.

Concern over management policy peaked in the 1960's, and is best

exemplified by a 13-year moratorium that was placed on all logging
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and road construction activities in the 3370-km 2 South Fork of the

Salmon River drainage after severe erosion and sedimentation

problems in 1964 and 1965 decimated salmon spawning beds in this

river. Management decisions have also been questioned because of a

lack of knowledge concerning the potential for loss of on-site

productivity due to soil loss accompanying erosion. Soils in the

Idaho batholith are low in water holding capacity per unit depth of

soil, have a relatively low cation exchange capacity because of low

clay content, and are low in exchangeable bases. Surface erosion

removes those horizons of the soil that are richest in the attri-

butes that enhance productivity. Because logging activities and

associated road construction have been shown to accelerate erosion

in the Idaho batholith (Megahan and Kidd, 1972), the USDA Forest

Service became concerned about logging activity and the potential

for productivity loss. Central among these concerns were questions

about accelerated nutrient loss to streams due to timber harvest

activities, and the long-term consequences to ecosystem nutrient

status from repeated entries.

Processes of weathering, denudation, and nutrient supply and

loss are intimately linked, yet the available literature in these

fields shows a distinct lack of synthesis. This is particularly the

case if one desires information on nutrient supply rates from

weathering. The geological/mineralogical and soils literature

commonly contains recent papers on weathering processes and rates,

and the geomorphological literature contains numerous papers on

chemical denudation (Saunders and Young, 1983, summarized several

dozen published in the last decade). Yet the estimates of nutrient

supply from weathering of primary minerals are uncommon and often

disputed. There are no currently accepted techniques for estimating

supply from weathering, and separate techniques applied to the same

area have resulted in published results differing by a factor of two

(Likens et al., 1977).
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Research needed to answer these land management concerns would

require information on rates of nutrient transfer in natural and

disturbed forest ecosystems, amounts of nutrients removed with

timber harvest, and estimates of nutrient re-supply rates to

harvested sites. Research was already underway in the Silver Creek

Study Area, located in the southwestern Idaho batholith, to investi-

gate changes in dissolved stream chemistry due to logging. It was

logical to extend this study to include phytomass dynamics in order

to provide the data needed for nutrient budgeting.

Several small watersheds were in calibration phase in the

mid-1970s in Silver Creek in preparation for paired watershed

studies to evaluate timber harvest and road construction effects.

Four of these watersheds (SC-1, SC-2, SC-5, .and SC-6) were selected

to study natural erosional and chemical denudation rates; two were

selected to study mineral weathering rates (SC-1 and SC-2); one was

selected (SC-5) to construct a detailed nutrient budget emphasizing

elemental supply from weathering; and one watershed (SC-6) was

selected to evaluate timber harvest effects.

These particular studies were selected because they (1) fit in

with the overall objectives of the Silver Creek Research Program;

(2) provide information on the potential for productivity loss from

timber harvest; and (3) the lithologically uniform and mineralogi-

cally simple parent material in this portion of the Idaho batholith

is ideal for studying nutrient supply rates from weathering.

The need for reliable data on rates of nutrient supply to

forest soils has intensified as a result of the trend toward more

complete utilization of the tree crop, which greatly increases

removal of nutrient capital from the site. Some studies have

indicated that K and Ca would be required to be added through

fertilization to sustain site productivity under whole tree harvest

management. On low to medium productivity sites, fertilization of

public lands is not economically feasible. With knowledge about
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natural rates of supply, land managers can suit rotation lengths and

harvest intensities to their sites with greater confidence.

The first of the following four papers presents chemical and

erosional denudation rates in four watersheds in the Idaho batho-

lith. These rates are correlated with annual water yields, and

frequency distributions developed on the long-term hydrologic record

in the watersheds. Denudation rates are discussed in terms of soil

and geomorphic characteristics of the watersheds. The second paper

uses a mass balance approach on Na and Ca in two watersheds to

estimate the weathering rate of plagioclase. Preferential

weathering of anorthite relative to albite is indicated by net

export rates of Ca and Na in streams. Soil analyses support this by

indicating relative enrichment of albite in C horizons. The third

paper describes a logical basis for estimating the actual rate of

elemental supply to a forest ecosystem based on weathering rate, and

stand growth dynamics. A rate of supply is calculated for a stand

in one watershed. The fourth paper evaluates a timber harvest

treatment in one watershed in light of nutrient loss accompanying

harvest on the basis of time required for the forest ecosystem to

reach its pre-harvest nutrient level.
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EROSIONAL AND CHEMICAL DENUDATION IN THE

SOUTHWESTERN IDAHO BATHOLITH

James L. Clayton and Walter F. Megahan

ABSTRACT

Annual erosional denudation (ED) and chemical denudation (CD)

rates are determined on four forested watersheds located in the

Idaho batholith, Idaho, U.S.A. Bedrock in the study area is a

coarse-grained quartz monzonite. Annual sediment yields are

computed from sediment collected in settling ponds at the watershed

mouths and corrected for trapping efficiency. Solution loads for

denudation components (Na, K, Ca, Mg, Si02, A1203 and Fe0) are

computed using equations relating concentration to flow, and by

integration of mean daily flow values. Eleven years of water

chemistry data and 19 to 23 years of sediment yield data are used in

the denudation estimates. Strong relationships exist between CD, ED

and annual water yield, so probability distributions of annual water

yield are used in Monte Carlo simulations to establish frequency

distributions of annual CD and ED rates. Mean annual total denuda-

tion for the four watersheds (CD + ED) equals 235 kg ha
-1

y
-1

or 8.9

Bubnoffs. The 11-year mean ED rates exceed CD rates for three of

four watersheds, although it is more probable in any given year that

CD will exceed ED for three of the watersheds. ED is temporally

more variable than CD for all watersheds. Simulations of denudation

over 1,000-year periods indicate that the frequency of occurrence of

ED is skewed toward higher denudation values, and the modal ED rate

is substantially lower than the mean value. CD rates are less

skewed, with mean and mode in the same class. Ninety-seven percent

of CD is comprised of Na, Ca and SiO
2
fluxes. Episodic high ED

rates are related to high peak flows from snowmelt runoff associated
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with winters of large snow accumulation. Perturbations such as fire

or road construction would be expected to accelerate ED more than

CD.

KEY WORDS Denudation Dissolved load Sediment load

Forested basins Granitic soil
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INTRODUCTION

The Idaho batholith covers an area of 41,000 km 2
in central

Idaho and western Montana. It is a member of a chain of large

intrusive bodies extending inland along the western border of North

America. Large areas of rather uniform lithologies predominate in

the batholith, although there is a systematic progression from

older, more mafic rocks in the west to progressively younger, more

felsic rocks in the east. Most of the region is forested, and the

lands are administered by the USDA Forest Service. Management of

these lands is complicated by the high erosion potential and

inherent low nutrient status of the coarse textured, cohesionless

soils.

Small watersheds provide a useful field laboratory for evalu-

ating the effects of various management activities on natural

biogeochemical processes. Our interests deal primarily with changes

in water yield, peak flows, sediment yields, and geochemical cycling

caused by logging and associated activities such as road construc-

tion, slash disposal and site preparation for tree regeneration.

This research is directed at predicting the effects of these

activities on both onsite productivity and downstream resources. In

order to make these predictions it is also important to study the

processes of weathering, erosion and slope and channel storage under

undisturbed conditions. For these reasons we are interested in

estimates of contemporary erosional and chemical denudation in this

area.

In a recent review of denudation rate studies, Saunders and

Young (1983) pointed out that most studies include field measure-

ments of 1-3 years duration. Because climatic factors, and

therefore watershed responses, vary significantly over time, it is

necessary to have longer periods both for calibration prior to

treatment and for evaluation of treatment effects. Our data set for

precipitation, streamflow and sediment yield ranges from 19 to 23
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years on four watersheds; our stream and precipitation chemistry

data covers 11 years. In addition, we have omitted from this study

watersheds that we suspected to have water inputs from sources

outside their drainage divides or losses to deep seepage upstream

from sampling stations at the watershed mouth. This assumption of

"basin tightness" is essential to a denudation computation (Clayton,

in press). The objective of this paper is to quantify the magnitude

of erosional and chemical denudation rates in the southwestern Idaho

batholith, and to relate temporal variation in denudation to annual

water yields.

DESCRIPTION OF THE STUDY AREA

The Silver Creek study area is located in the southwestern

portion of the Idaho batholith, 44°25' N latitude and 115°45' W

longitude (Figure 1.1). Four watersheds were selected for this

study on the basis of having similar hydrologic and topographic

characteristics (Table 1.1). These watersheds are forested, the

principal overstory species being ponderosa pine (Pinus ponderosa

Laws.) and Douglas-fir (Pseudotsuga menziesii Mirb. Franco). Soils

on slopes are generally shallow, coarse textured (gravelly loamy

coarse sands or coarse sandy loamy), and weakly developed,

exhibiting only A and C horizons. Some soils at lower elevations on

alluvial terraces are greater than 1 m in depth. These more stable

soils commonly have weak cambic horizons. Slopes on the watersheds

are steep, with gradients ranging from 50 to 75 percent. The area

has a mediterranean climate with dry summers and cool, moist

winters. Annual precipitation averages 100 cm, with about 65

percent falling as snow in the winter (Megahan et. al, 1983). Peak

runoff coincides with the spring snowmelt period. High intensity

convective rainstorms are common during the summer months.

Bedrock in the area is uniform, light colored quartz monzonite

(Clayton, in press), typical of a large portion of the main inner

facies of the batholith (Ross, 1963). This rock contains
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Figure 1.1. Location map of the study area in the Idaho batholith.
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Table 1.1.--Descriptive data for the study watersheds.

Parameter Watershed

SC-1 SC-2 SC-5 SC-6

Area, km
2

Mean annual precipitation, cmt
1.86

112

1.18

109

1.09

98

1.62

99

Annual water yield, cm# 43.7 46.7 34.2 30.4

Elevation, highest point, m 2079 2066 1775 1775

Elevation at mouth, m 1490 1480 1395 1425

Relief ratio 0.248 0.251 0.203 0.189

Drainage density, km
-1§

6.51 7.63 6.27 8.27

Mean annual instantaneous 0.17 0.16 0.10 0.10

peak flow, m
3

sec
-1

km
-2

t Based on an isohyetal map constructed from 17 years of records.

+ Based on 17 years of records.

§ From 1:12,000 base map and estimated June 1 surface water.

approximately equal amounts of quartz, orthoclase and An19 plagio-

clase, with minor amounts of biotite. Prior research has shown that

the dominant weathering reaction on a mass per unit time basis is

hydrolysis of plagioclase (Clayton, 1985). Further, preferential

weathering of anorthite results in its selective removal relative to

albite based on analysis of net export rates of dissolved Ca and Na

in streamwater. Supporting data indicate albite enrichment of the

soil relative to albite content of the fresh rock.

Watersheds SC-1 and SC-2 were undisturbed through the period of

record of this study. Watershed SC-5 had 2,995 m of road construc-

tion in 1980. This construction disturbed 3.7 ha of ground surface

area, but none of the eroded material reached the mouth of the
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watershed during WY 1981 or 1982. Roads were constructed in SC-5

incorporating extraordinary design features to reduce erosion and

sedimentation, and all erosion has been mapped in an accompanying

study. Watershed SC-6 was partially cutover in WY 1977. Timber was

harvested in twenty-three percent of the area and all yarding was

done with a helicopter. There are no roads in SC-6. Clayton and

Kennedy (1985) have evaluated the effects of this helicopter logging

activity on stream chemistry and sediment production; they found no

increases in denudation components resulting from the logging.

METHODS

Denudation components considered in our analysis include: 1.

mineral sediment, 2. inorganic minerals transported with particulate

organic matter, and 3. dissolved elements derived from mineral

weathering (Na, K, Ca, Mg, Al, Si and Fe). Annual inputs of these

elements by precipitation are subtracted from effluxes measured at

the watershed mouths. Methods for making denudation computations

are described in detail below.

Chemical Denudation

Annual precipitation on each watershed was computed by

adjusting the 17-year average precipitation input from an isohyetal

map based on eleven gages by the annual deviation from the 17-year

mean for all gages. Precipitation chemistry has been sampled at

four locations in the Silver Creek area using bulk (dryfall plus

wetfall) collectors since 1974. During the period April through

October, precipitation samples were collected for analysis whenever

a sufficient volume had accumulated. During the winter, fresh snow

samples were collected monthly for analysis. Samples were analyzed

for Na and K by flame emission spectrophotometry, and Ca and Mg by

atomic absorption spectrophotometry. Silica was determined by

reducing molybdosilicic acid to the heteropoly blue complex
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according to the method of Greenberg et. al. (1980). Fe and Al were

not found in sufficient concentrations in our precipitation to

warrant their analysis.

Mean concentrations of elements are lower in snow than rain in

the study area. Elemental inputs with precipitation were computed

by multiplying annual precipitation volumes by long term mean

elemental concentrations in rain or snow, and using the assumption

that 65 percent of annual precipitation falls as snow.

Annual water yields were computed from continuously recorded

streamflow records using water-level recorders and Parshall flumes.

Water samples for chemical analysis were collected monthly during

winter, biweekly during the summer, and at 2- to 4-day intervals

during peak flows which correspond with spring snowmelt. Samples

were analyzed for Na, K, Ca, Mg and Si02 using the same techniques

described for precipitation. Fe analyses of stream water were done

colorimetrically with o-phenanthroline, and Al was determined

colorimetrically by the Eriochrome cyanine R technique. Methods for

Fe and Al analyses are described by Greenberg et. al. (1980).

Dissolved losses at each watershed mouth were computed using

equations that correlate elemental concentration and instantaneous

stream discharge. Utilizing these regression equations, daily

fluxes were generated from mean daily flow, and these were summed

over a period of a year to compute fluxes in kg ha
-1

y
-1

. This

technique averages the prediction error of the regression over 365

observations, and thus provides a highly reliable estimate of efflux

for an unbiased regression model. Al concentration is not corre-

lated with discharge, so we allowed Al concentration to equal a

constant in the regression equation. This leads to a negligible

error because dissolved Al species never exceed 0.01 percent of

chemical denudation in our watersheds.

Chemical denudation was computed by subtracting annual precipi-

tation inputs of Na, K, Ca, Mg and Si02 from annual dissolved
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effluxes of these elements, then summing these values plus dissolved

effluxes of Fe0 and Al2 0
3

.

Erosional Denudation

Sediment volumes retained behind debris dams at the watershed

mouths were surveyed each year after snowmelt and at the end of the

summer. During each survey, several representative core samples

were taken for organic matter analysis. The number of core samples

taken has ranged from four to 25, depending on the volume of sedi-

ment retained behind the dams. Sediment bulk densities were

computed using a regression equation of density on percent organic

matter developed by Megahan (1972). The trapping efficiency of the

dams on each stream was checked by sampling for total sediment load

passing the dam spillways over a variety of flow events. Efficien-

cies were found to correlate well with the total volume of sediment

retained during a given sample interval. During low runoff years,

low sediment volumes accumulate, and a relatively high percentage of

sediment is organic. Because of the low density of organic

sediment, the trapping efficiency of the dams is relatively low.

During high runoff periods, a large percentage (>95%) of sediment

transported to the dams is coarse granitic material, and the dams

are quite efficient at trapping this material. Trap efficiencies

for lithic plus organic sediment ranged from 23 to 97 percent over

the life of the study. We used the relationships developed between

total dam catch (volume basis) and trap efficiency to predict actual

volume of sediment yield for each sample period, and adjusted this

volume by the organic matter bulk density regression to compute mass

of lithic sediment yield for each water year.

We consider the entire annual lithic sediment yield from each

watershed composed of primary and secondary minerals, to comprise

the annual erosional denudation component. Organic sediment samples

from WY 1975 and 1976 were digested in a mixture of HC104 and HNO3,

then analyzed for Na, K, Ca and Mg by previously described methods.
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Transport of these elements in organic sediment is part of the

chemical denudation loss from each watershed. Total transport of

these elements in organic sediment ranged from 0.17 to 0.24

kg ha
-1

y
-1

and never comprised more than 0.3 percent of chemical

denudation from a watershed in any year, so we have omitted this

component from further computations.

Flow Frequency Analysis

The 23 years of streamflow records for watershed SC-5 provide

adequate record for developing a frequency analysis of total annual

water yield. Annual water yields for the western U.S. have been

shown to conform most commonly to either a two parameter Gamma or

two parameter log-normal frequency distribution (Markovic, 1965).

The data set was applied to both distributions and the two parameter

log-normal provided the best fit based on a chi-square test. The

other study watersheds have shorter records (20 years for SC-6 and

19 years for SC-1 and SC-2). Based on the proximity of all four

watersheds, the log normal distribution for annual water yields was

assumed to be appropriate in all cases and the data were fitted

accordingly. Cumulative probability distributions for the four

study watersheds are plotted on Figure 1.2.

RESULTS

Denudation Based on Sample Data

The mean chemical and erosional denudation data for each

watershed over the 11-year study period along with other statistics

are presented in Table 1.2. For three of the four watersheds, mean

erosional denudation rates exceed chemical denudation rates. On the

fourth watershed mean chemical and erosional rates are approximately
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equal. There is considerably higher variability in annual erosional

denudation than chemical denudation both within and between years

(Figure 1.3).
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In order to explain some of the temporal variation in

denudation we explored the relationship between annual water yield

and erosional and chemical denudation. Chemical denudation is

highly correlated with annual water yield, and increases linearly

Table 1.2.--Mean chemical and erosional denudation (kg ha
-1

y
-1

),

standard deviation (s), standard error of the mean (S),

and 95 percent upper confidence limit (UCL) and lower

confidence limit (LCL) about the mean for four water-

sheds in the Idaho batholith, based on WY 1972-1982

inclusive.

Watershed

CD

SC-1 SC-2 SC-5 SC-6

Parameter ED CD ED CD ED CD ED

Mean 105 141 115 154 112 111 95 122

s 38 110 42 160 42 104 40 119

Si 12 33 13 48 13 31 12 36

UCL 130 215 143 261 140 181 122 202

LCL 79 67 86 46 85 41 68 42

with water yield increases (Figure 1.4). This relationship is

expected because transport of dissolved elements is a function of

the total volume of solution as long as the supply of solute is not

limited. There is a logical upper bound to the linear relationship

between chemical denudation and water yield when solute supply

becomes limiting, but this limit is apparently beyond the range of

our data. The regression coefficients for the four watersheds are

statistically significant at °t = .05 (Figure 1.4).
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Figure 1.3. Annual range in chemical and erosional denudation for

four study watersheds in the Idaho batholith.

Erosional denudation rates are related to increasing water

yield by a power function (Figure 1.5). The correlation coeffi-

cients are not as high as for the chemical denudation rate corre-

lations, but annual water yield still explains 73 to 80 percent of

the variance in erosional denudation. These regression coefficients

also are significant at °c = 0.5.

Logically, erosional denudation should be related to stream

power, and therefore peak flows. In our snowmelt dominated systems,

high peakflows are correlated with high snow accumulation years, and
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hence, high annual water yields, and apparently this is reflected in

sediment transport rates. Erosional denudation rates are less than

chemical denudation until annual water yields exceed a threshold

value for each watershed (Figure 1.6). An iterative solution to

estimate the point of equality for regression equations of chemical

and erosional denudation as a function of annual water yield for

each watershed yields threshold values of 40.9, 46.7, 50.7 and 34.5

cm of annual flow for watersheds SC-1, SC-2, SC-5 and SC-6, respec-

tively. By entering these threshold values in Figure 1.2, it is

possible to estimate the probability of occurrence of the threshold
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Figure 1.4. Chemical denudation rates plotted as a function of
annual water yield for the four study watersheds.
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Figure 1.5 Erosional denudation rates plotted as a function of

annual water yield for the four study watersheds.

for each watershed. The respective probabilities of exceeding the

threshold values for watersheds SC-1, SC-2, SC-5 and SC-6 are 0.51,

0.40, 0.17 and 0.38. Another way to state this is that annual rates

of erosional denudation can be expected to exceed chemical

denudation 51, 40, 17 and 38 percent of the time, respectively, for

these undisturbed, forested watersheds.
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Variations in the probability of erosional denudation exceeding

chemical denudation among the watersheds suggest fundamental differ-

ences in watershed properties. For example, soil accumulation

should be inversely proportional to the probability of excedance of

erosional denudation. A detailed soil survey is available for the

study watersheds. Average soil depths for each soil mapping unit

were weighted by mapping unit area within each watershed to provide

an estimate of the total volume of soil present in each watershed.

These data were then plotted against the percentage of occurrence of

erosional denudation on Figure 1.7a. The correlation was not tested

for statistical significance, but the expected inverse relation

between soil accumulation and probability of erosional denudation is

apparent.

The complement to the relationship in Figure 1.7a would also be

expected. That is, areas of outcropping bedrock should be directly

proportional to the probability of excedance of erosional denuda-

tion. Such data are also available from the soil survey and are

plotted as a percentage of the total area for each watershed against

the probability that erosional denudation exceeds chemical denuda-

tion on Figure 1.7b. Again, the expected trend is apparent.

Monte Carlo Simulation

The denudation data in Table 1.2 are based on 11 years of

record. However, utilizing the probability distribution of annual

streamflow and the denudation versus flow relationships in Figure

1.6, it is possible to simulate long-term records of denudation

using Monte Carlo procedures. This was done for the SC-5 watershed

where streamflow records were longest.

Following standard data generation techniques for estimating

flow probabilities from random numbers, annual flow values for SC-5

were generated to conform to parameters of the 2-parameter

log-normal sample frequency distribution. Generated flows were then
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used to predict annual erosional and chemical denudation based on

the regression equations for SC-5 relating denudation to annual

streamflow.

A series of twenty 1,000-year sequences of erosional and

chemical denudation were generated using this procedure and fre-

quency distributions of the values were developed for each series.

In addition, the frequency distribution of the ratio of erosional to

chemical denudation was developed for each 1,000-year series. The

generated frequency distributions represent the long-term proba-

bility of denudation processes assuming undisturbed forest vegeta-

tion and long-term climatic stability.

A representative data set was selected to illustrate the

results of the analysis (Figure 1.8). Note that the peak of the

frequency distribution for erosional denudation occurs in the 60

kg ha
1
yr

-1
class compared to the 100 kg ha 1

yr
-1

class for chemical

denudation. In addition, the peak erosional denudation occurs less

frequently than the peak chemical denudation rate. However, the

distribution of erosional denudation is more skewed so that extreme

values are about double those for chemical denudation. The average

annual erosional denudation rate for the simulated 1,000-year-period

was 99 kg ha
-1
yr

-1
compared to 111 kg ha

-1
yr

-1
for the 10-year

sample period. In contrast, average simulated and sampled chemical

denudation rates were equal amounting to 112 kg ha
-1

yr
-1

.

The frequency distribution of the ratios of simulated erosional

and chemical denudation is much more symmetrical than the individual

denudation rates with a peak occurring between 0.7 and 0.8 (Figure

1.9). Ratio values reach 1.7 during high flow years. It is

apparent that the relative importance of erosional versus chemical

denudation processes is a function of annual runoff with erosional

processes dominating during high runoff years. Climatic trends that

increase runoff would increase the relative importance of erosional

denudation. Progressive runoff increases ranging from 10 to 80
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percent were introduced into the denudation simulation model to

evaluate the breakeven point between erosional and chemical denuda-

tion processes. The point of equality occurred at runoff increases

of about 50 percent. At higher runoff values, erosional denudation

increasingly exceeded chemical denudation.

DISCUSSION

In computing chemical denudation rates, certain assumptions

were made. We assumed no losses of meteoric water to deep seepage
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and, therefore, no associated losses of dissolved elements.

Further, we assumed that all water and dissolved elements leaving

the watershed originated from precipitation and weathering, and

there were no water sources originating from outside the catchment

divide. We tested this assumption by computing a Cl budget in the

four watersheds. This test relied on the fact that there is a neg-

ligible source of Cl from rock weathering (C1 concentration in

rock = 0.07 ± 0.01%); that the only other source of Cl is from pre-

cipitation; and biological cycling of Cl is in a steady state

(reasonable in view of the low biological demand and high mobility

of C1). Over the 5-year period 1978-1982, stream effluxes of Cl

equalled 89 percent, 93 percent, 98 percent and 104 percent of Cl

inputs in precipitation for the four watersheds. Because of the

sampling and analytical errors inherent in computing these budgets,

we choose to accept the assumption of no substantial gains or losses

of water due to springs or deep seepage.

We also assumed that biological uptake and release of denuda-

tion components within the forest stand is in a steady state. Plant

demand for nutrients is cyclic during the life of a stand. During

periods of rapid biomass incremental growth, plant demand for Ca and

K may lower the chemical denudation estimate, and conversely,

following a major disturbance to a stand (fire, disease) decay and

nutrient release may cause an overestimate of long term chemical

denudation. All four watersheds are forested with multi-canopied

stands. There has been no logging activity other than the pre-

viously described harvest in SC-6, and we have established that

there are no effects to chemical denudation from that activity.

There have been no extensive fires in the area since 1941. On that

basis, we assume that biological controls on chemical denudation are

typical of the long term influence due to a forested cover type on

the watersheds.

Erosion rates on the study watershed approximate a minimum

because of the well developed forest cover. However, the
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probability that such conditions will last for 1,000 years is very

small. Aside from man-caused accelerated erosion, natural disasters

such as extreme storms, wind storms, insect attacks and wildfire are

likely to cause accelerated erosion. For example, based on a

75-year history of fire occurrence in the vicinity,-11 we can expect

to burn off the entire study basin an average of at least three

times in a 1,000-year-period. Both surface and mass erosion rates

increase drastically as a result of fire (Megahan and Molitor, 1972;

Gray and Megahan, 1981). Other natural disasters, especially major

storm events, further accelerate erosion. Detailed simulation of

these impacts on the long-term denudation rates is beyond the scope

of this report. However, it is very likely that the additional

effect of accelerated erosion over a 1,000-year-period would cause

long term dominance of erosional denudation. over chemical

denudation.

Nearly 97 percent of total chemical denudation is made up of

dissolved Na, Ca and SiO
2

transport (Table 1.3). The source of the

Na and Ca, and the majority of SiO2 is from plagioclase weathering.

Clayton (1985) estimated a 17-year average plagioclase weathering

rate of 236 kg ha
-1

y
1

. The modal An content of plagioclase in the

study watersheds is An19, however preferential weathering of

anorthite is indicated by the high Ca fluxes in stream water.

Clayton estimates that albite weathering averages 138 kg ha
-1

y
-1

.

Soil mineral analyses indicate a 7 to 11 percent increase in the

weight ratio Na:Ca over the same ratio in fresh rock samples,

suggesting albite enrichment in the soil. This is further evidence

'Unpublished data. Max Muffley, Fire Control Officer, Emmett RD,

Boise National Forest.
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Table 1.3.--Average composition of the chemical denudation component

from four watersheds in the Idaho batholith based on

WY 1972-1982 inclusive. Denudation is expressed in

kg ha
-1

y
-1

.

Component Mean
Denudation

Std. Dev.
Percent of Total

Chemical Denudation

Na 12.3 4.0 11.5

K 1.63 0.75 1.5

Ca 13.6 5.7 12.7

Mg 1.43 0.54 1.3

SiO
2

77.4 28.8 72.5

Fe0 0.33 0.24 0.3

Al2 0
3

0.061 0.032 <0.1

of the preferential weathering rate of anorthite in the soil. Ero-

sional denudation of weathered residuum is likely to set an upper

limit on albite enrichment in the soil, and assures a supply of

unweathered plagioclase to the soil, sustaining the preferential

weathering of anorthite.

The 11-year mean value on total denudation (erosional plus

chemical denudation) for the four watersheds is 235 kg ha
-1

y
-1

,

which equals 8.9 B--
2/

. This figure falls within the low range for

montane watersheds according to a recent summary paper by Saunders

and Young (1983). Their results indicate that lower rates are

2./
B = Bubnoffs, the standard units for denudation expressed in

mm/10
3

y. This represents a rate of lowering of the earth's sur-

face, assuming rock specific gravity = 2.65.
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expected on siliceous rocks and on watersheds that are forested.

This value is approximately three times the denudation rates cal-

culated for Hubbard Brook (watershed 6), New Hampshire (Likens et

al., 1977) and for Pond Branch, Maryland (Cleaves et al., 1970).

Both these study sites in the eastern United States are small water-

sheds with a forest cover. Chemical denudation rates exceed ero-

sional denudation rates by 5:1 in both Hubbard Brook and Pond

Branch. Lower erosional denudation at these sites compared to the

Silver Creek watersheds might be explained, in part, by gentler

topography and by more even distribution of precipitation over the

year in the Eastern United States.

Marchand (1971) estimated a denudation rate of 1.4 to 1.9 B in

the White Mountains, California, on a forested area underlain by

quartz monzonite. Although his study area is lithologically similar

to ours, climatic conditions in the White Mountains are signifi-

cantly drier and colder. Zeman and Slaymaker (1978) reported a

denudation rate of 12.5 B in a perhumid,forested mountainous basin

in British Columbia, underlain by quartz diorite. Mean ratio of

chemical to erosional denudation in this study was 0.64 to 1, in

contrast to our ratio of 0.80 to 1. Dissolved SiO
2

contributed 47

percent of chemical denudation in British Columbia in contrast with

our figure of 72.5 percent.
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AN ESTIMATE OF PLAGIOCLASE WEATHERING RATE IN THE IDAHO BATHOLITH

BASED UPON GEOCHEMICAL TRANSPORT RATES

James L. Clayton
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INTRODUCTION

Geochemical transport rates through spatially well defined sys-

tems (usually drainage basins) have provided insight into the kinds

and magnitudes of geomorphic processes on the earth's surface. For

example, comparisons of annual solution load transport and sediment

load transport from basins have been interpreted in light of erosion

rates, bedrock susceptibility to physical and chemical weathering,

local climate, vegetation cover, and landform (Leopold et al., 1964;

Carson and Kirkby, 1972; Gregory and Walling, 1973; Meybeck, 1976).

In small basins underlain by bedrock with a uniform mineralogy, more

detailed investigations can provide estimates of contemporary chemi-

cal weathering rates. These studies require mass balances of pre-

cipitation and stream chemistry, and either an assumption of steady

state intrasystem elemental cycling or quantification of intrasystem

cycling rates.

Various studies along these lines present non-carbonate rock

weathering rates (cf. Cleaves et al., 1970, 1974; Marchand, 1974;

Reynolds and Johnson, 1972; Likens et al., 1977; Verstraten, 1977).

With the exception of Cleaves et al. (1974) who studied

serpentinite, rocks in the other studies contained such mixed lith-

ologies that it was difficult to assign weathering rates to

individual minerals, and only general rates of weathering for the

rock as a whole were presented.

The coarse-grained quartz monzonite facies (Ross, 1963) of the

Idaho batholith underlies most of the southwestern Idaho montane

watersheds. These watersheds provide an ideal laboratory for

studying plagioclase weathering rates. The rock is relatively free

of accessory minerals containing Na or Ca, and large plutons of

uniform lithology are common to the area. Inputs of Na and Ca from

precipitation were calculated from 17 years of precipitation inten-

sity data and 7 years of bulk rain and snow chemistry data. Efflux

rates of Na and Ca were generated from mean daily flow data over 17
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years using a reliable relationship between concentration of the two

elements and instantaneous stream discharge for the study water-

sheds. The difference between stream efflux and inputs from precip-

itation was considered to be the input into the surface water system

by weathering. Calculation by this method shows that plagioclase

weathering does not deliver Na and Ca to the surface waters in pro-

portion to the molar ratios in the mineral. Ca is preferentially

released relative to Na in the surface waters. Various biotic and

physical sinks for Na within the watersheds were explored and

rejected. Molar Na:Ca ratios in soils when compared to fresh rock

suggest that differential weathering rates of anorthite and albite

in the normally zoned plagioclase explain the relative enrichment of

Ca in stream water.

DESCRIPTION OF THE RESEARCH AREA

The Idaho batholith covers an area of 41,000 km
2

in central

Idaho and western Montana. It is a member of a chain of large

intrusive bodies extending inland along the western border of North

America. Much of the Idaho batholith is composed of an inner zone

of uniform, light colored rock of granodiorite and quartz monzonite

composition (Ross, 1963). A border zone of more calcic rock may

have originally constituted an envelope that enclosed much of the

main facies. The batholith is zoned spatially and chemically;

older, more mafic rocks are found at the western edge, becoming

progressively more felsic and younger in an easterly direction

(Schmidt, 1964).

The Silver Creek study area is located along Silver Creek,

tributary to the Middle Fork of the Payette River in the south-

western batholith (44°25'N latitude and 115°45'W longitude, Figure

2.1). Bedrock is a coarse-grained quartz monzonite, typical of the

main inner facies. Two watersheds were selected for study on the

basis of their hydrologic characteristics and the lack of deep sub-

surface springwater feeding into the streams. Descriptive data
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on the watersheds are presented in Table 2.1. Streamflow and pre-

cipitation have been monitored continuously on these watersheds

since 1964, and stream and precipitation chemistry has been

monitored since 1973.

Table 2.1. Descriptive data for the study watersheds.

Parameter Watershed

SC-1 SC-2

Area, km
2

1.86 1.18

Mean annual precipitation, cm-
1/

112 109

Annual water yield, cm-
1/

43.7 46.7

Elevation, highest point, m 2079 2066

Elevation at mouth, m 1490 1480

Relief ratio 0.248 0.251

Drainage density, km
1
2
I

6.51 7.63

Mean annual peak flow, m
3
.sec

-1
.km

-2 lj
0.17 0.16

Based upon 17 years of record.

?FromFrom 1:12,000 base map and estimated June 1 surface water.

The watersheds are forested with mature stands of timber. The

principal overstory species are ponderosa pine (Pinus ponderosa

Laws.) and Douglas-fir (Pseudotsuga menziesii Mirb. Franco). Soils

are generally shallow, coarse textured (gravelly loamy coarse sands

or coarse sandy loams), and weakly developed, exhibiting only A and

C horizons. Precipitation averages approximately 110 cm per year

and falls mainly as snow.

Mean annual soil temperatures at 50 cm depth are less than 8°C

on north-facing slopes, and between 8° and 15°C on south-facing
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slopes (Nelson, 1976). Soils are generally very wet during snowmelt

and dry out rapidly during the summer, reaching lowest water

contents in September. In 1977, the year with most complete soil

water data, average soil water tension in the upper 1.2 m of soil

ranged from <0.01 MPa in early May to 0.4 MPa in early September.

For the same period, water tension in the upper 0.3 m of soil ranged

from <0.01 MPa to >1.5 MPa.

DATA COLLECTION AND CHEMICAL ANALYSIS

Precipitation chemistry was sampled at four locations in the

Silver Creek study area over the elevation range 1420 m to 2070 m.

Bulk precipitation samples (wet plus dry fallout) were collected in

250 mm orifice diameter plastic containers during the rain season

from May through October. These samples were collected for chemical

analysis whenever sufficient precipitation (approximately 100 ml)

was present. Clean snow samples, when available, were collected on

a monthly basis during winter (November through April). Precipita-

tion samples were returned to the laboratory, filtered through 0.45

um membrane filters and refrigerated until analysis. Stream water

was collected for chemical analysis at biweekly intervals from June

through October and monthly from November through March. During

spring snowmelt, stream samples were collected more frequently to

adequately sample the rising and receding limbs of the

melt-generated hydrograph. Stream samples were filtered and

sub-samples preserved with acid and refrigerated at 2°C.

Stream and precipitation samples were analyzed for a variety of

elements and compounds including the following: Na
+

, Ca
++

, SiO2,

Al
+3

, and Cl. Total alkalinity and pH were measured on unfiltered

and unpreserved samples within a few hours of collection. Sodium

was determined by flame emission spectroscopy and Ca
++

by atomic

absorption spectroscopy. Silica was determined colorimetrically

following formation of the silicomolybdate complex and reduction to
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the heteropoly blue form with sulfite. Aluminum was determined

colorimetrically by the Eriochrome cyanine R dye technique, and Cl

was determined by titration with Hg(NO3)2, using

diphenylthiocarbazone to detect the presence of free Hg . Total

alkalinities were determined by titrating with 0.01
11

H
2
SO

4
to pH

4.3.

Stream discharge was monitored continuously through Parshall

flumes using Stevens Model A-35 water level recorders. A network of

12 recording raingages and six snow storage gages located in SC-1,

SC-2 and 4 adjoining watersheds measured precipitation. An

isohyetal map based upon 17 years of precipitation data was used to

arrive at the average precipitation figures presented in Table 2.1.

ANALYSIS OF DATA

A. Assumption of Basin Tightness

The mass balance technique requires an assumption that all the

water leaving the watershed originates as precipitation that has

recently fallen within the topographic bounds of the watershed.

Surface water emanating from springs whose origin is from interbasin

transfer or from deep sources will have a chemistry dictated by

geochemical processes other than weathering near the earth's

surface, and thus will confound the weathering rate estimate. In

addition, water lost to deep seepage in the watershed will cause an

underestimate of weathering because fluxes of solutes will be lost

to deep seepage. Springs are common in the southwestern Idaho

batholith, and the presence of two on watersheds in the Silver Creek

area precluded their inclusion in this study. Losses to deep

seepage are difficult to detect but were of concern in the Idaho

batholith because of the deep fracture and joint patterns that

exist.
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To test if the two selected basins have springs or deep seepage

losses, I used a Cl conservation balance similar to the method of

Cleaves et al. (1970). This test is designed to check if Cl inputs

from precipitation approximately equal Cl- outputs in streamflow

measured at the flume at the bottom of the watershed. The assump-

tions: (1) that there is a negligible mineral source of Cl from

weathering (a reasonable assumption for the study area; [Cl] in

rock = 0.07± 0.01%); (2) that the only other source of Cl is from

meteoric inputs of precipitation. Further, I assumed that intra-

system cycling of Cl is in a steady state, which is likely because

of the low biologic demand and high mobility of Cl.

The Cl budget was tested for the 3 years from October 1, 1978

through September 30, 1981. Precipitation inputs were estimated

from 57 samples of rain and seven samples of snow collected over

this period. During the three years, Cl inputs were 4.7 and 4.6 kg

ha
1
for SC-1 and SC-2 respectively, and effluxes were 4.9 and 4.8

kg ha
-1

respectively. Because of the sampling and analytical errors

associated with computing Cl inputs and losses, there is no reason

to suspect these differences are real. From this I conclude there

are no substantial spring water inputs or deep seepage losses.

B. Assumption of Thermodynamic Equilibrium

In using streamwater transport of solutes to estimate

weathering rates, an implicit assumption is made that the thermo-

dynamic activities of selected aqueous species of the solutes of

interest and of water in the stream are, "within acceptable limits,"

similar to their activity in the zone of most active weathering.

What qualifies as "acceptable limits" is difficult to define. In

addition, there are well known problems with equating water

extracted or freely drained from soils with water held at high

energy levels (high matric potentials) in soil pores. Mattigod and

Kittrick (1980) point out that the activity of water in soil is

highly variable in time and space, and that it can shift mineral
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equilibria. Sposito (1981) demonstrated this effect on the

Al-K-Si-H
2
0 system, and showed a marked shift in the stability

fields favoring kaolinite or muscovite at the expense of gibbsite as

H
4
SiO

4
activity decreases, when the activity of water is lowered to

commonly found soil values (e.g., [H20] = 0.5).

To define an "acceptable limit" I compared the range in activ-

ities in streamwater of dissolved species on predominance diagrams

to the suspected equilibrium weathering products (Figure 2.2).

These diagrams show the favored solid phases in equilibrium with

solute activities. Prior research in the Idaho batholith indicated

that the common stable weathering product in freely drained soils

is kaolinite (Clayton, 1974; Clayton et al., 1979). Predominance

diagrams for the systems Na-Al-Si-H20 and K-Al-Si-H20 were con-

structed using thermodynamic data of Robie et al. (1979) for all

solid phases except Na-smectite. The thermodynamic data of Feth et

al. (1964) were used for reactions involving Na-smectite with other

phases. The predominance diagrams were constructed using the

assumption that Al is conserved in the system.

To estimate range of activities in stream water (Figure 2.2), I

used annual maximum and minimum concentrations of SiO
2'

Na, and K,

which correspond to sample collections during baseflow and peakflow

discharges respectively for water years 1978 to 1980. The estimated

activities were not corrected for ionic strength (specific con-

ductance ranged from 12 to 83 pS) or temperature (range from 277 to

293 K).

For both the Na and K systems, streamwater chemistry appears to

be in equilibrium with kaolinite as the solid phase. This suggests

that the assumption that chemistry of the streamwater is similar to

the chemistry of water in the weathering environment is reasonable.
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Figure 2.2. Predominance diagrams for the systems K-Al-Si-H20 (a)

and Na-A1-Si-H
2
0 (b) at equilibrium at 25° C and 100

kPa pressure. Domains of stream chemistry at high and

low flows for the four watersheds are plotted on the

diagrams. Thermochemical data after Robie et al.

(1978) and Feth et al. (1964).

C. Computation of Na and Ca Released by Weathering

Annual precipitation inputs of Na and Ca were computed for the

watersheds using an average figure of 110 cm of precipitation per

year, and the assumption that 65 percent of this precipitation fell

as snow. The 65 percent assumption was based upon data from Megahan

et al. (1983) for an erosion study conducted in the Silver Creek
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area. From 53 station samples of rain and 11 station samples of

snow, Na and Ca concentrations in precipitation, mg/liter were as

follows:

Na, mg/liter Ca, mg/liter

Mean Std. dev. Mean Std. dev.

Rain 0.18 0.15 1.37 0.44

Snow 0.06 0.033 0.22 0.06

Total annual inputs of Na equal 1.12 kg.ha-1 .y
-1

and Ca equal 6.86

kg.ha
-1

.y
-1

based upon the concentration and mean annual precipita-

tion data.

The computation of annual effluxes of Na
+

and Ca
++

dissolved in

streamwater requires integration of point sample concentrations and

discharge values over time. Regression equations were developed

relating instantaneous concentration, Ci and instantaneous dis-

charge, qi. For Na
+

and Ca
++

, these equations are of the form:

Ci = a . qi-b [1]

Concentrations are negatively correlated with discharge, because

dissolution rates do not keep pace with increasing flow volumes

during high run-off events. Utilizing the regression equations,

daily fluxes were generated from mean daily flows, and these daily

fluxes were then summed over a period of a year to compute fluxes in

kg ha
1
y
-1

. This technique averages the prediction error of the

regression over 365 or 366 observations of flow, and thus provides a

highly reliable estimate of efflux for an unbiased regression model.

Annual efflux data were regressed on annual water yield in

centimeters from both watersheds (Figure 2.3). Regressions were

positive, linear, and highly correlated (r
2

>.96). The long-term

average efflux of Na and Ca from the watersheds was computed from

these regression equations using the 17-year mean annual water yield
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figure in Table 2.1. There were no significant differences in

either intercept or slope for the regression of annual flux on

annual water yield for the two watersheds, therefore, the data were

pooled to compute an average efflux for the 2 watersheds.

7.
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Figure 2.3. Plots of annual efflux of Na and Ca, kg.ha
-1

.v
-1

vs.

annual water yield in centimeters. Numbers on the

regression lines correspond to the watersheds.

Regressions are based on 8 years of water chemistry

data. Annual water yields ranged from 9 to 73 cm over

the 8 years.
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Based upon these calculations, the long-term Na efflux averaged

13.6 kg.ha
-1

.y
-1

, and Ca efflux averaged 24.8 kg.ha
-1

.y
-1

. Sub-

tracting meteoric inputs from precipitation resulted in a weathering

release figure of 12.5 kg.ha
-1

.y
-1

for Na
+
and 18.0 kg.ha

-1
.y
-1

for

Ca
++

There are few comparative studies that provide calcium and

sodium weathering release data on similar parent materials in

western North America. Marchand (1971) did a similar study in the

White Mountains in California on a small watershed underlain by

quartz monzonite (An
25-30

). The study site is drier (approximately

half the mean annual precipitation of Silver Creek) and cooler than

the study reported in this paper. Weathering release of Na
+
was 8

kg.ha
-1

.y
-1

and Ca
++

was 17 kg.ha
-1

.y
-1

in the White Mountains.

Zeman and Slaymaker (1978) conducted a similar study in the Coast

Range of British Columbia. Their watershed is underlain by a

hornblende bearing quartz diorite, so I suspect plagioclase is more

anorthitic than in Silver Creek or the White Mountains. In addi-

tion, their study area is much wetter, receiving approximately 450

cm of precipitation compared to 110 in Silver Creek and 40 in the

White Mountains. Na
+
release by weathering in the Coast Range of

British Columbia averaged 12.4 kg.ha
-1

.y
-1

and Ca
++

release averaged

34.4 kg.ha
-1

.y
-1

.

WEATHERING RATE COMPUTATION

Based on the net Na and Ca efflux data, albite (NaA1Si
3
0
8

)

weathering proceeded at 142 kg.ha
-1

.y
-1

and anorthite (CaAl2 Si
2
0
8

)

weathering proceeded at 125 kg.ha
-1

.y
-1

. This is a best estimate

for weathering rate under present climatic conditions and is equiva-

lent to a total mean value for plagioclase weathering of 267

kg.ha
-1

.y
-1

. Annual values for the 17 years of streamflow records

ranged from a low of 73 kg.ha
-1

.y
-1

in water year 1977 to a high of

504 kg.ha
-1

.y
-1

in water year 1974. The molar Na:Ca ratio computed

from the above weathering rates is 1.2, equivalent to incongruent
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dissolution of an An
45

plagioclase. Such a plagioclase is consid-

erably more calcic than previously reported for this area of the

batholith (An
25

, Schmidt, 1964; An
17-26

, Larsen and Schmidt, 1958).

It is difficult to find outcroppings that are fresh and contain

sufficient unaltered plagioclases to characterize the

albite-anorthite content in the Silver Creek study area. Further-

more, fresh outcrops commonly have atypical mineralogy, or

atypically low fracture density, making them suspect for charac-

terizing the modal plagioclase mineral in the area. Recently

excavated sites such as roadcuts provide the only opportunity for

sampling fresh rock other than core drilling. Two roads in water-

sheds between SC-2 and SC-5 run centrally through the study area.

These roads have cuts sufficiently deep to expose fresh rock in

several locations. Fourteen rocks were sampled along these roads,

returned to the lab, and ground in an impact mill in preparation for

various analyses. The index of refraction of three to five

plagioclase grains lying on the 001 cleavage plane was determined

for each specimen. Using the method of Phillips and Griffen (1981),

the modal anorthite content of these rocks is An
16-21'

A balanced hydrolysis reaction for the weathering of An19

plagioclase to kaolinite is:

526 Na
0.81

Ca
0.19

Al
1.19

Si
2.81

08 + 626 H
+
+ 2017 H2O

313 Al
2
Si

2
0
5
(OH)

4
+ 852 H

4
SiO

4
+ 426 Na

+
+ 100 Ca

++
[2]

For this reaction, the sodium:calcium ratio, Na:Ca (molar), released

on hydrolysis is 4.3, considerably larger than the Na:Ca of approxi-

mately 1.2 found in stream efflux. Thus, a distinct discrepancy

exists between the molar ratios of Na:Ca transported in the stream

and that predicted from dissolution of An
19

plagioclase.



44

This discrepancy could be due to a differential weathering rate

for albite and anorthite, or a differential transport rate for Ca++

and Na
+

released. A differential transport rate would require a

sink for Na
+
somewhere on the watersheds, either in the soil as a

secondary weathering product or in organic matter.

The existence of a sink for Na released on weathering is not

likely. Some Na+ is undoubtedly adsorbed on new exchange sites

arising from the formation of kaolinite. If we were to assume an

exchange capacity of 0.15 moles of charge per kg of kaolinite formed

(a reasonable maximum figure for kaolinite), this is only sufficient

to retain 1.93 percent of the cation charge arising from Na+ and

Ca
++

released during hydrolysis. Further, Ca
++

is preferentially

adsorbed (neutral, 1M NH
4
OAc extraction) in Silver Creek soils by

between one and two orders of magnitude. 3/ Other sinks such as Na

in the lattice of secondary minerals are too small to consider.

Preferential uptake and immobilization of Na relative to Ca by

biota is an equally unlikely explanation. Most of the live

phytomass in Silver Creek is in old growth timber, and I assume net

annual uptake is near zero. One young stand located in SC-5 that is

accreting biomass contains nearly five times as much Ca as Na, and

annual net uptake of Ca is over six times annual net uptake of Na in

this stand. This would result in a larger Na:Ca ratio in stream

water relative to that released from weathering. No other large

biotic sinks for Na exist.

Cleaves et al. (1970) indexed the annual mass of oligoclase

weathering to kaolinite to Na transport in a stream on the basis

that Na is highly mobile and minimally affected by a biomass sink.

In this study, conducted in the Piedmont of Maryland, plagioclase

was the only mineral containing Na. Ca and soluble SiO
2
weathering

3/
Data on file, Forestry Sciences Laboratory, Boise, Idaho.
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rates were adjusted to conform to Na weathering, which the authors

assumed was equal to Na transport. Indexing weathering of
An19

plagioclase in the Silver Creek area to Na transport would lead to a

large underestimate of anorthite and total plagioclase weathering.

A differential weathering rate for albite and anorthite

provides a more logical explanation for the discrepancy in the molar

Na:Ca ratio of the modal mineral (4.3) and mean annual stream efflux

(1.2). Clayton et al. (1979) observed that plagioclase feldspars in

the Idaho batholith are commonly zoned and the more calcic core is

often preferentially weathered (Figure 2.4). Such preferential

weathering of anorthite might initially account for an enrichment in

Ca transport. However, this process would also result in a relative

Figure 2.4. Preferential weathering of the more calcic core of a

plagioclase to kaolinite. Magnification = 50x.
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enrichment of albite in the soil and thus would ultimately be

self-limiting. But preferential chemical weathering coupled with

moderate year to year erosion rates and episodic high erosion rates

might sustain a supply of An19 plagioclase to the weathering environ-

ment. Clayton (1981) estimated that erosional denudation (sediment

transport) in SC-2 (referred to as D Creek op. cit) approximately

equaled chemical denudation over 6 years, 1975 to 1980 inclusive.

During years with high climatic stresses, erosional denudation

greatly exceeds chemical denudation, so it is reasonable to assume

erosional processes may remove albite accumulating in a weathering

residuum or soil. It is also reasonable to assume that soils might

retain the evidence of preferential anorthite weathering and exhibit

Na:Ca ratios higher than fresh rock.

Samples of A horizon, C horizon, and bedrock were collected at

two sites along the road where the previously described rocks were

sampled. Samples of C horizon and rock from both sites were sent to

the University of Oregon Department of Geology for x-ray fluores-

cence (XRF) analysis. Duplicate samples plus the two A horizon

samples were digested in our laboratory using a mixture (1:1 vol.)

of HF and HC104. Results of both analyses showed enrichment of Na

relative to Ca in the C horizons of the soil compared to the rock

samples.

Results of the A horizon analyses showed a 9 percent enrichment

in Ca relative to Na. Most likely this results from relative

enrichment of Ca in the litter that is continually added to the

surface soil. Table 2.2 summarizes the results of the rock and soil

analyses.

SUMMARY

Chemical weathering of plagioclase to kaolinite averaged 267

kg.ha
-1

.y
-1

and ranged from 73 to 504 kg.ha
-1

.y
-1

over a 17 year

study in the southwestern Idaho batholith. Preferential weathering
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of anorthite resulted in its selective removal relative to albite

based upon net export rates of dissolved Ca and Na in streamwater.

Supporting data indicated relative enrichment of albite in the soil.

Based on two different analysis techniques, the Na:Ca ratio in soil

C horizon ranged from 7 to 11 percent greater than the ratio in

fresh rock. Erosional denudation of weathered residuum is likely to

set an upper limit on albite enrichment in the soil and assures a

supply of unweathered plagioclase in the weathering environment,

thus sustaining the observed preferential weathering of anorthite.

Table 2.2.--Total Na and Ca analyses on A horizon, C horizon, and

rock samples by XRF or HF-HC104 digestion and atomic

absorption - flame emission spectroscopy.

Analysis technique Sample

Molar

Na:Ca (Precision)

% Na

enrichment in soil

XRF

XRF

HF Digest

HF Digest

HF Digest

C

Rock

A

C

Rock

3.39

3.18

2.77

3.26

2.94

(±0.032)

( ±0.03)

( ±0.14)

( ±0.16)

( ±0.15)

7%

(9% depletion)

11%
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A RATIONAL BASIS FOR ESTIMATING ELEMENTAL SUPPLY RATE

FROM WEATHERING

James L. Clayton

ABSTRACT

Based on a nutrient supply study conducted in the Idaho batho-

lith, I have estimated the amounts of cations released by chemical

weathering that are retained in a mixed Douglas-fir ponderosa pine

forest ecosystem. The estimate includes cations adsorbed by new

secondary minerals formed during weathering plus net nutrient uptake

by biomass. This provides a more realistic estimate of potential

nutrient supply to soil by weathering than previous published

weathering rates that include a large component that is leached from

the ecosystem. Maximum rates of nutrient retention occur during

maximum foliar increment, a situation approximated by the stand

conditions in the study watershed. Net annual uptake of cations in

biomass greatly exceeds annual increase in soil retention. Approxi-

mately half the K
+
, Ca

++
, and Mg

++
released by primary mineral

weathering are retained in the ecosystem.
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INTRODUCTION

Land managers considering intensive tree harvesting, short

rotation management, or even conventional harvesting on depauperate

soils are often concerned with the implications of harvest to the

nutrient capital of their site. Nutrient loss to the system must be

counterbalanced by resupply over a reasonable time, or fertilization

is required. Estimates of nutrient supply to ecosystems by primary

mineral weathering are uncommon in the literature, although nutrient

budget studies frequently include an estimate of weathering release

based upon dissolved cation efflux rates from watersheds. The

implication is that this weathering rate defines the upper bound of

potential elemental supply to the ecosystem. This upper bound

greatly exceeds the maximum actual retention of cations released by

weathering in temperate forest ecosystems. Actual nutrient supply

rates to the system are time variant, and may be considered equal to

the net accrual to the soil and biotic pools.

Nutrient budgets in forested ecosystems have been studied

intensively over the past 20 years. Seminal papers by Duvigneaud

and Denaeyer-DeSmet (1964), Ovington (1962, 1965), and Tamm (1964)

pointed to the concerns regarding perpetuation of a supply of

nutrients to forested lands in Europe that have been under manage-

ment (widescale clearing and natural regeneration) for well over

1,000 years. They suggest that the nutrient capital of soils is

gradually depleted by successive croppings, and the ultimate and

necessary result is a decline in timber production.

In the past decade, study results have generally indicated that

tree bole harvest removes nutrients and causes accelerated leaching

losses at rates compatible with natural nutrient inputs (Wells and

Jorgensen 1979). However, concern has shifted from normal, sawlog

harvesting to more complete or total utilization of the tree crop,

which greatly increases removal of nutrient capital from the site

(Boyle et al. 1973; Weetman and Webber 1972; Malkonen 1973; Kimmins
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1977; Alban et al. 1978; Leaf 1979). Weaver and Forcella (1977)

estimated that whole tree harvest of climax Rocky Mountain forests

would result in increased nutrient drains of 3, 6, 4, and 3 times

bole removal rates for N, P, K, and Ca, respectively. Johnson et

al. (1982) reported increased export of N, P, K, and Ca from whole

tree harvest ranging from 2.6 to 3.3 times conventional bole removal

rates from a mixed oak forest at Oak Ridge National Laboratory.

They concluded that soil amendments might be necessary to sustain Ca

supplies to this ecosystem under whole tree harvest management.

Much of the merchantable timber in the Western United States is

located on steep, mountainous landscapes with high natural erosion

rates. Soils on these sites are often shallow and weakly developed.

Following logging, accelerated erosion can occur, depleting the soil

nutrient pools in these ecosystems. Fertilization to replace

nutrients in forest ecosystems that have lost productivity can only

be considered a practical solution in highly productive stands under

intensive management. Kimmins (1977) correctly pointed out that

nutrient management would be important in the future.

Nutrient budgeting has been used extensively to predict the

long-term consequences of particular harvest strategies. However,

nutrient budgeting is still an inexact science, prone to numerous

errors. Leaf (1979) expressed the concern that in our haste to

provide data on nutrient cycles to land managers, our sampling

techniques may have been so crude that we have provided a measure of

disservice rather than of service. This may be most apparent for

estimates of nutrient supply rates to the ecosystem from primary

mineral weathering. Clayton (1979) reviewed a variety of techniques

for arriving at estimates of nutrient supply from weathering, and

concluded that nutrient budgeting techniques probably provide the

current most accurate numbers.

The principal shortcoming of previously published nutrient

supply rates is that elemental release rates from weathering, are
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considered equivalent to maximum potential supply rates. These

supply rates are based on elemental loss from ecosystems by soil

solution transport below lysimeters or as dissolved transport in

streams, and thus include a component not available for tree nutri-

tion. In temperate forest ecosystems of the world, rates of

nutrient release from weathering generally exceed nutrient

retention, principally because of: (1) lack of an efficient sink

mechanism in the soil for immobilizing elements released from

weathering, and (2) lack of an effective exploitation of the soil

volume by roots. Obviously, these forest ecosystems have evolved

within the nutrient retention limitations of the existing soil sink

and root exploitation strategy. The land manager's concern and need

for realistic estimates of nutrient replenishment rates is directed

to managed forest ecosystems, where large nutrient removals result

from harvesting.

A more rational upper bound for potential nutrient supply rate

from weathering can be computed from annual net elemental accrual in

vegetation and litter, plus annual increases in cation adsorption

sites in the soil arising from secondary mineral formation and

changes in soil organic matter. Vitousek and Reiners (1975) pre-

sented a hypothetical relationship between the degree of maturity of

an ecosystem and its ability to retain nutrients. They suggested

that the difference between net input and output of a nutrient

element is proportional to the rate of accrual of that element into

the biomass increment.

The research reported here presents a concept for estimating

nutrient gains to a forested ecosystem in southwestern Idaho in

which litter layer and soil organic matter content are assumed to be

in a steady state. These assumptions are reasonable in view of the

age and profile development of the soils, and in view of the forest

stand maturity and lack of recent fire activity. A mass balance

approach to arrive at a geochemical budget for a watershed is used

to investigate the potential and actual supply rates of five
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essential elements to a forested ecosystem. The macronutrients Ca,

K, Mg, S, and P are considered in this study. Cycling of the

nonessential element Na is also considered because of its magnitude

and similarity of transport to other cations in the biogeochemical

cycle. Results indicate that weathering release of S is consid-

erably lower (not detectable) than meteoric inputs to the Idaho

batholith. This result was not unexpected (Strahler and Strahler

1973). Therefore, weathering is not an important pathway to

consider in the S budget of this ecosystem. Weathering release

rates of P from primary minerals are difficult to determine because

of the lack of mobility of P. The rate of supply of P from

weathering is discussed in light of this problem.

SITE CHARACTERISTICS, SAMPLING, AND LABORATORY ANALYSIS

This research was conducted on watershed SC-5, one of the

Silver Creek research watersheds located in the southwestern Idaho

batholith (44°25'N latitude and 115°45'W longitude). SC-5 is a

1.09-km
2
watershed draining in a southeast direction. Slopes on the

watershed range from 20 to 65 percent, and commonly have south or

east facing aspects. Elevation at the mouth of the watershed is

1395 m and the highest elevation is 1775 m. Bedrock in this area of

the batholith is a coarse-grained quartz monzonite, typical of the

main inner facies of the southern Idaho batholith (Ross 1963). The

modal rock in SC-5 contains quartz, plagioclase (An
16-21

), ortho-

clase, and minor amounts of biotite (Clayton, in press). Rock near

the surface is moderately well-weathered to well-weathered according

to the classification scheme of Clayton et al. (1979). These

classes of weathering indicate rocks of low mechanical strength, and

quartz grains are the only minerals to appear fresh to the unaided

eye. Feldspars and biotite show considerable alteration to clay

minerals in thin section.

Soils in the area were mapped on Forest Service Resource

Photography base photos (1:15,840) at the family level. Soils are



53

generally shallow, coarse textured, and weakly developed, exhibiting

only A and C horizons. Typic and Lithic Xerorthents predominate on

southerly slopes. Cryorthents, Cryumbrepts, and Cryopsamments are

common on other aspects. Textural classes are sandy or

sandy-skeletal. Single samples of major horizons from the four

soils most common to SC-5 were sampled from 28 soil pits for labora-

tory analysis. Bulk densities were determined in the field by

coring. Laboratory analyses included:

1. pH - saturation paste

2. Cation exchange capacity by Na saturation (Chapman

1965)

3. Exchangeable bases, neutral, 1 M NH40Ac extract

4. Exchange acidity, BaC1H2 - TEA method (Peech 1965)

5. Percent organic matter, Walkley - Black method

(Allison 1965)

No samples for nutrient analysis were taken below C horizons,

although many of the soil contacts with bedrock are classified as

paralithic. Both weathering and tree roots are commonly observed in

bedrock in the batholith, often to depths greater than 10 m. Roots

are generally confined to fractures in rock, but presumably they

derive both water and nutrients from this zone during some periods

of the year. Primary mineral weathering below the soil is slow

compared to rates in the soil because of the abundance of primary

minerals in young batholith soils, higher specific surface of grains

in the soil, presence of organic acids, more frequent leaching and

greater temperature fluctuations (Clayton et al., 1979).

The watershed is forested, and the principal overstory species

are ponderosa pine (Pinus ponderosa Laws.) and Rocky Mountain

Douglas-fir (Pseudotsuga menziesii Mirb. Franco). The timber stand

is uneven aged, multicanopied, and averages about 24 MBF/acre

(Scribner) in trees >27 cm diameter at breast height (d.b.h.). The

oldest trees are approximately 400 yr in age, and all ponderosa
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pine. Intermediate Douglas-fir and ponderosa pine trees are in a

180 to 200 yr age class, and there is a discontinuous pole-sized

class of Douglas-fir, 80 yr old. There have not been any fires

larger than 0.4 ha in SC-5 in the last 60 yr, and no evidence of

major fires for over 80 yr. Basal area averages 25.2 m
2

ha
-1

. Two

habitat types (Steele et al. 1981) predominate on the watershed:

Douglas-fir/ninebark (Physocarpus malvaceus (Greene) Kuntze),

ponderosa pine phase; and Douglas-fir/white spirea (Spiraea

betulifolia Pall.), ponderosa pine phase.

Incremental phytomass growth and standing crop estimates for

SC-5 were determined in the following way:

Two hundred forty-five 0.008-ha plots were established to

provide a 3 percent cruise of SC-5. On all trees, d.b.h. and height

by species were recorded; increment cores were taken on a one out of

five random subsample to provide the heartwood-sapwood transition

and last 5 years' diameter increment. Using the current diameter,

diameter increment, and height, various allometric equations

predicted incremental growth by plant part. The foliage and branch

estimates for ponderosa pine and Douglas-fir are predicted using

equations from Brown (1978). Boles of pine <39 cm d.b.h. are

predicted using unpublished equations provided by Patrick Cochran,

Bend Silviculture Laboratory, Bend, OR. Pine boles >39 cm d.b.h.

and Douglas-fir boles and roots are predicted from equations of

Gholz et al. (1979). No equations for ponderosa pine roots were

deemed suitable for the research area, so they were estimated using

the assumption that pine has the same branch:root ratio predicted

for Douglas-fir.
4/

Understory plants other than ponderosa pine and

4/
The author is indebted to David Perry, Dept. of Forest Science,

Oregon State University for providing the standing crop and incre-

mental growth data.
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Douglas-fir constitute <5 percent of the total vascular plant

phytomass in the watershed.5./

Tissue chemistry data for ponderosa pine and Douglas-fir from

Clayton and Kennedy (1980) are coupled with the standing crop and

incremental growth data to provide annual uptake, net uptake, and

standing crop of elements in the stand. Half the samples collected

by Clayton and Kennedy are from SC-5; the other half were from an

adjacent watershed in the Silver Creek study area.

Streamflow and precipitation in SC-5 have been monitored

continuously since 1960. Water chemistry studies were begun in 1973

and precipitation chemistry studies in 1974. Stream and precipita-

tion chemistry sampling and techniques for computing annual

elemental fluxes into and out of the watershed by these pathways are

described by Clayton (in press). Precipitation influxes are

computed for each element assuming 98 cm mean annual precipitation,

which is arrived at from an isohyetal map of SC-5 based on 18 years

of record from three rain gages. Chemical composition of snow is

different from rain in Silver Creek, and the volume ratio 65:35

snow:rain is used in computing chemical content (Megahan et al.

1983). Finally, chemical concentrations from 93 station samples of

rain and 11 station samples of snow are used to compute elemental

inputs in precipitation.

Dissolved effluxes in streamwater are computed using equations

that correlate concentration in mg/liter and instantaneous stream

discharge in m3 /sec. These equations predict a mean daily flux from

mean daily flow. Annual efflux in kg ha
-1

yr
-1

is computed by

51Estimate made by Russell A. Ryker, Research Forester,

Intermountain Forest and Range Experiment Station, Boise, Idaho.
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summing mean daily flux over the number of days in the year.

Long-term average effluxes are not computed by averaging the 10

years of available record. Instead, I have used a strong relation-

ship that exists between annual efflux and annual water yield in cm,

and the 21-year mean annual water yield figure of 33.5 cm for SC-5

to predict long-term average annual efflux. I describe this

procedure in greater detail elsewhere (Clayton, 1985).

In order to test if the watershed is tight, i.e., if there are

any losses of water and dissolved nutrients to deep seepage below

the flume, and to test if there are water sources from springs, the

Cl budget for the watershed was examined from 1978 through 1981.

The sole source of Cl input is from precipitation, and there are no

large biotic or abiotic sinks for Cl in the system. Over the

3-year period, there was a 4 percent excess of Cl outflux over

influx in precipitation (Clayton, 1985). Because of the errors

associated with sampling and computing the fluxes, the significance

of the 4 percent difference is unknown.

ANALYSIS OF DATA

Clayton (1979) suggested that a mass balance equation of the

form I = (I -I [ppt]) + A I can be used in a watershed
rw out in p+s

study to estimate elemental release from weathering. In this

example I = annual release of element I from rock weathering, lour

= annual dissolved efflux of I in the stream, Iin (ppt) = annual

input in precipitation, and A I
p+s

= the annual change in storage of

element I in the plant and soil compartments of the ecosystem. The

following section develops the data base required to solve this

equation.
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Precipitation and Stream Chemistry

The concentration of nutrients in snow and rain are presented

in Table 3.1, with the number of samples and coefficient of

variation.

Table 3.1.--Average concentration of various elements collected in

rain and snow samples, Silver Creek study area.

CV = coefficient of variation; n = number of samples.

Element
Concentration

Snow CV n Rain CV

mg/liter mg/liter
Na 0.06 55 11 0.18 72 93

K 0.09 17 11 0.26 46 93

Ca 0.22 27 11 1.37 32 93

Mg 0.014 26 11 0.064 57 93

S 0.28 29 11 0.68 49 53

P 0.001 54 11 0.009 66 53

Using the 65:35 assumption of snow:rain ratio and using 98 cm

as the long-term average annual precipitation, chemical influxes in

precipitation are presented in Table 3.2. In addition, stream

effluxes and efflux minus influx data are presented in Table 3.2.

The difference between efflux and influx is the magnitude of

elemental release from weathering that is lost from the ecosystem by

leaching. This provides data for the first half of the mass balance

equation.

The mobility of elements in the soil-water system or, more

generally, the mobility of elements when not tied up by plants

greatly influences the flux data presented in Table 3.2. This is

particularly the case for phosphorus, which is immobilized in the
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Table 3.2.--Annual precipitation influx and stream efflux entering

and leaving watershed SC-5.

Element Stream Precipitation Difference
efflux influx

kg ha
-1

yr
-1

kg ha
-1

yr
-1

kg ha
-1

yr
-1

Na 12.6 1.00 11.6

K 3.41 1.53 1.88

Ca 16.1 6.10 10.0

Mg 1.55 0.31 1.24

S 3.22 3.6 -0.38

P 0.049 0.033 0.016

soil in both organic compounds and inorganic complexes with Ca, Fe,

Al, and clays (Jackson, 1964). More information about the reaction

sequence: primary mineral P--' non- labile P is required

to describe P supply rate from weathering. A mass balance of

elemental fluxes within the watershed does not supply the detail

necessary to estimate primary mineral P release, and the reaction

rate of non-labile P may be more important in controlling

available supply rate to tree roots.

Incremental Growth and Net Nutrient Uptake

Table 3.3 presents an estimate of standing crop, average yearly

net increment, and yearly mortality for ponderosa pine and

Douglas-fir in SC-5.

The annual tissue shedding for foliage is 712 kg ha
-1

for

ponderosa pine and 549 kg ha
-1

for Douglas-fir. New foliage produc-

tion is 752 and 658 kg ha
-1

yr
-1

, respectively, leading to the net

incremental growth figures for foliage presented in the table.



Table 3.3.--Standing crop, annual net increment and annual mortality of uneven aged stands of

ponderosa pine and Douglas-fir in SC-5. All values are in kg ha
-1

± standard

error.

Standing
crop

Ponderosa pine
Annual net Standing
increment Mortality- crop

Douglas-fir
Annual

a/
increment Mortality-

kg ha
1

kg ha
-1

kg ha
-1

kg ha-1 kg ha
-1

kg ha
1

Foliage 3,844 ± 403 40.6 ± 3.6 11.8 3,506 ± 289 108 ± 8.0 18.6
Branches:

<0.64 cm 127 ± 12 2.1 ± 0.5 5.0 1,631 ± 131 48.7 ± 3.6 10.5
0.64 2.5 cm 4,504 ± 469 37.3 ± 3.4 23.4 2,694 ± 227 86.3 ± 6.5 49.6
2.5 7.6 cm 5,446 ± 678 57.1 ± 5.6 44.3 1,869 ± 268 85.8 ± 10.5 19.6
>7.6 cm 4,502 ± 787 59.0 ± 8.8 0 82 ± 19 4.5 ± 1.0 0
Sapwood 42,381 ± 4937 514.4 ± 48.1 365 42,556 ± 5,085 1,768 ± 176 518
Heartwood 9,878 ± 1,269 130.1 ± 14.7 40.7 9,164 ± 1,421 436 ± 56 112
Bark 7,873 + gp 83.5 ± 7.3 64.2 7872 ± 928 324 ± 32 123
Roots 33,049-' 425 158 14,227 ± 1,848 618 ± 67 173

Total 111,604 1,349 711 83,601 3,479 1,024

a/
Mortality figures refer to death only, not annual tissue shedding.

13/
Pine roots are estimated using the same root:top ratio as Douglas-fir.
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Other incremental growth figures are predicted directly by the

allometric equations previously discussed.

Plant chemistry data of Clayton and Kennedy (1980) were used to

convert incremental growth and mortality data into net changes in

standing crop of nutrients. The budgeting procedure is was tested.

The assumption is good for some elements (Ca, Mg) and poor for

others (K, P, S). However, those elements that are redistributed

through the plant in phloem tissue prior to abscission satisfy a

requirement that otherwise would be met through the pathway litter-

fall, decay and uptake from the soil. The mass balance equation is

not pathway dependent for net uptake, and so the requirement of the

plant is the same in either case. The same reasoning is used with

regard to root shedding. Sollins et al. (1980) assumed 30 percent

of fine roots (<5 mm) died back annually in the western Cascades of

Oregon. Presumably, the elemental content of these roots may differ

during the year, particularly when comparing the time of active

growth to senescence. I chose to take the mean elemental concen-

tration of fine roots and apply it to the net incremental growth to

compute net uptake.

Net annual uptake in kg ha
-1

yr
-1

based upon the above

discussion is as follows: Na = 1.94, K = 2.42, Ca = 10.1, Mg =

1.18, S = 0.59, P = 0.61.

Change in Soil Storage

Elements released from weathering are retained in the soil as:

(1) soluble salts present in pore water, (2) adsorbed as ions on

exchange sites, (3) incorporated into the lattice of secondary

minerals, or (4) incorporated in living or dead organic matter. As

pointed out previously, the great majority of P in soils is incor-

porated in organic compounds or highly insoluble complexes with Al,

Ca, and Fe. Most of the S in well-drained soils of humid regions is

incorporated in organic matter. Under the assumption that soil
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organic matter is in a steady state in SC-5, it appears that S is in

a tight economy in Silver Creek. Precipitation inputs (3.64 kg ha
-1

yr
-1

) slightly exceed solution losses (3.22 kg ha-1 yr
-1

), and the

difference approximates the net annual vegetation requirement (0.59

kg ha
-1

yr
-1

). Bedrock in the Idaho batholith is low in S content

(Larsen and Schmidt 1958), the modal content ranging from a trace to

0.03 percent. Clayton (1981) estimated denudation in a nearby

watershed at 6.3 mm/1000 yr. Assuming S release rates parallel

denudation rates, weathering would provide less than 0.05 kg ha -1

yr
-1

S using the 0.03 percent figure and a bulk density of 2.6 g/cm3

for the rock.

The four cations are retained principally on cation exchange

sites in the soil. Cations incorporated in organic matter

(nonadsorbed) and the lattice of secondary minerals, plus free salts

of the cations in pore water, constitute a smaller pool in the soil.

Under the assumption of organic matter steady state, this smaller

pool represents no net gain to the soil. Clayton (1974) and Clayton

et al. (1979) found that kaolinite is the secondary mineral commonly

formed in batholith soils from feldspar weathering. Plagioclase

weathers directly to form kaolinite. Orthoclase frequently forms a

fine-grained dioctahedral mica intermediate, sericite, which subse-

quently weathers to kaolinite. This intermediary holds some K
+

in

unavailable interlayer positions; however the fact that K
+

is

leached from the watersheds indicates that it is released in

sufficient amounts to occupy new exchange sites and satisfy plant

growth requirements.

To estimate the annual change in cation storage in the soil one

needs information on: (1) the amount of kaolinite formed annually,

(2) the exchange capacity of the kaolinite, and (3) what ratios

cations are arrayed on the exchange sites. The amounts of feldspar

weathered annually can be estimated from the mass balances on

cations from the rock weathering equation, ignoring the change in

soil storage for a first approximation. For example, sodium
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released annually from weathering of albite is equal to stream

losses minus precipitation inputs plus net vegetation uptake. In

equation form:

Na
rW

= (solution loss - precipitation input) + tv

= (12.6 kg ha
-1

yr
-1

- 1.00 kg ha
-1

yr
-1

) + 1.94 kg ha
-1

yr
-1

= 13.5 kg ha
-1

yr
-1

Adjusting the mass of Na weathered by the ratio: formula weight of

albite/atomic weight of Na results in 149 kg ha
-1

yr
-1

of albite

weathered. Similar calculations for orthoclase and anorthite give

31 and 138 kg ha
-1

yr
-1

weathered respectively. Hydrolysis of 1

mole of albite or orthoclase forms 0.5 mole of kaolinite; 1 mole of

anorthite hydrolyzes to form 1 mole of kaolinite. Table 3.4 summa-

rizes the annual feldspar weathering and kaolinite formation rates.

Table 3.4.--Estimated feldspar weathering and kaolinite formation

in SC-5 based on annual release of Na
+
, K

+
, and Ca

++
.

Mineral Primary mineral weathered Kaolinite formed

kg ha
-1

yr
-1

mols ha
-1

yr
-1

mols ha
-1

yr
-1

kg ha
-1

yr
-1

Orthoclase 31 112 56 14

Albite 149 569 284 73

Anorthite 138 495 495 128

Total 318 1,176 835 215

The exchange capacity of kaolinite was estimated as follows.

Cation exchange capacity (CEC) of A and C horizons from the four

common soils in SC-5 were plotted versus percent organic matter.

CEC was considered the sum of the exchangeable bases plus exchange

acidity. A linear least squares fit (r
2
= 0.84) gave an intercept

at 0 percent organic matter of 0.009 moles of charge per kg of soil.

Finally, the CEC was corrected for percent clay in the soil. Clay
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content ranges from 5 to 10 percent; modal clay content is 8.5

percent. CEC of the clay fraction was computed to be 100/8.5 x

0.009 or 10.5 cmoles of charge per kg of clay. This rather gross

technique for computing the CEC of kaolinite provides a reasonable

value, near the midpoint of the accepted range of CEC values for

kaolinite presented by Van der Marel (1958). Assuming 215

kg ha
-1

yr
-1

of kaolinite formed, this yields 22.6 moles of charge

per ha annually.

I arrayed cations on the new exchange sites to correspond with

the mean saturation percentage of each cation from the lab analyses

of SC-5 soils. These means are weighted by areal occurrence of

soils mapped in the watershed. These percentages were determined by

setting the sum of the exchangeable bases plus exchange acidity

equal to 100 percent. Table 3.5 presents the data on annual cation

accretion retained on new exchange sites on kaolinite created from

feldspar weathering.

I also considered cyclic changes in cations stored in the soil

pool associated with periods of rapid or slow stand growth. One

might expect depletion of soil Ca or K during periods of rapid

nutrient accrual to the stand, and subsequent replenishment of the

soil pool following stand maturity. I was unable to document this

by comparing the same soils in an adjacent watershed under a mature

forest stand to soils in SC-5. Apparently, cation release from

primary mineral weathering is capable of sustaining sufficient

cation activity to maintain similar saturation percentages of

adsorbed cations in spite of vegetation demand. Alban (1982) found

a similar situation when comparing soil K pools under Populus and

Pinus stands in which Populus had three times the demand for K.

Similarly, they suggested that release of K from nonexchangeable

mineral forms had kept pace with uptake.
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Table 3.5.--Estimated cation distribution adsorbed on kaolinite

formed from feldspar weathering assuming 22.6 moles

per ha of new exchange sites created annually.

Cation Percent Moles of Mass retained
saturation cation retained

kg ha
-1

yr
-1

Na+ 0.3 0.068 0.0016

K+ 3.0 0.68 0.027

Ca++ 25.9 2.93 0.117

Mg++ 5.7 0.64 0.016

H+ (acidity) 65.1

DISCUSSION

Table 3.6 compares masses of the four cations released from

weathering to the masses retained in the ecosystem as annual accrual

to the soil and vegetation pool. The percentages of cations

released by weathering that are retained in the ecosystem, either in

incremental biomass growth or on new cation exchange sites, are

presented as "Percent efficiency" in Table 3.6. It is readily

apparent that under the present stand structure, the plant pool is

accreting these cations in much larger amounts than is the soil.

Further, the data in Table 3.6 suggest that following a disturbance

such as fire or clearcutting, the successional dynamics of plant

reestablishment will control the rate of cation accretion to the

ecosystem. The rates of nutrient supply presented in this paper

should be evaluated in light of the current stand growth dynamics,

and what we know about successional dynamics.
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Table 3.6.--Total weathering release of Na, K, Ca and Mg, and

amount retained in the soil and vegetation as annual

incremental gains to these two pools. Percent

efficiency refers to the percent of cation released

that is retained in the ecosystem.

Released by Retained by Retained by
Element weathering vegetation soil Efficiency

kg ha
-1

yr
-1

kg ha
-1

yr
-1

kg ha
-1

yr
-1

percent

Na 13.5 1.94 0.002 14

K 4.3 2.42 0.03 57

Ca 20.1 10.1 0.12 51

Mg 2.4 1.18 0.02 50

The direction of succession in Douglas-fir/ninebark habitat

types in the Idaho batholith has been studied in some detail. From

this one can speculate about succession in the Douglas-fir/spirea

habitat type, and thus, have a good picture of succession in SC-5.

This report provides data on species coverage changes with time

following disturbance by fire or logging. In SC-5 we might expect

greater than 90 percent coverage within 10 years of a disturbance.

Species present would depend on whether or not fire played a role in

the disturbance. For example, following burning, Ceanothus

velutinus might cover 60 to 80 percent of the area; without burning

(but with considerable ground disturbance) Ceanothus velutinus might

be present on only 5 percent of the area with a concommittant

increase in Ribes viscosissimum and Ribes cereum. There were slight

increases in average shrub canopy volume 5 years following clear-

cutting and burning in a watershed adjacent to SC-5. Restocking of

conifers is slow and coniferous biomass increment is less than that

of shrubs for at least 20 years.
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As conifers slowly replace shrubby vegetation, incremental

growth rates are maintained at a high level or increase. The struc-

ture of the stand is important at this point in determining nutrient

increment. Stands with large crown ratios require abundant

nutrients, so well-stocked stands with good spacing between trees

probably present a situation of high nutrient increment. Watershed

SC-5 is carrying somewhat low volumes due to understocking in lower

diameter classes. Density related mortality is occurring on only 13

percent of the area, although all plots with mortality were in the

larger diameter classes. Timber stand improvement might increase

nutrient increment in SC-5. However, the data presented here may be

a reasonable maximum for a natural stand in the Silver Creek area.
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THE NUTRIENT BUDGET IN A MIXED CONIFER FOREST IN THE

IDAHO BATHOLITH - HARVEST IMPLICATIONS

James L. Clayton and Debora A. Kennedy
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ABSTRACT

Nutrient budgets for a mature ponderosa pine/Douglas-fir (Pinus

ponderosa Dougl./Pseudotsuga menziesii (Mirbel) Franco var. glauca

(Beissn.) Franco) forest in the southwestern Idaho batholith are

used to evaluate the potential for accelerated nutrient losses

associated with timber harvesting. Soils formed from granitic rock

in the Idaho batholith are commonly shallow, coarse textured, and

highly erodible following disturbance. Cycling and annual budgets

for K, Ca, Mg, S, P, and N are described for an undisturbed control

watershed, and accelerated losses associated with clearcutting,

helicopter yarding, and broadcast burning of slash are evaluated in

an adjacent treated watershed. There were small but statistically

significant increases in dissolved N losses of approximately 10

times pre-harvest rates over a 4-year period following treatment.

Dissolved transport of other elements was not increased. Small but

significant increases in sediment nutrient transport of all elements

occurred 3 years following harvest. The largest losses in nutrients

were due to bole removal and ranged from 4 percent of total eco-

system N to 21 percent of ecosystem K. Rates of replacement from

precipitation, primary mineral weathering, and N
2

fixation would

restore the ecosystem to the nutrient status prior to harvest in 50

years. Based on these findings, logging systems that minimize

erosion should not cause unacceptable nutrient loss over a normal

timber stand rotation.

Additional Index Words: nutrient cycling, granitic soil,

accelerated nutrient losses.
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Timber harvesting, slash disposal, and site preparation activ-

ities reduce the nutrient capital of forested ecosystems. Nutrient

loss is of greatest concern where intensive harvesting systems and

site preparation are used (Leaf, 1979). At an extreme, Freedman et

al. (1981) estimated as much as 500 percent of soil available N and

300 percent of soil available Ca were removed in a whole-tree

clearcutting operation in a red spruce balsam fir stand in central

Nova Scotia. The results of several studies have indicated that

normal tree bole harvesting removes nutrients and accelerates

leaching losses at rates compatible with natural nutrient inputs

(Wells and Jorgensen, 1979). In the steep, mountainous western

United States, however, logging often accelerates erosion, and there

is a potential for unacceptable productivity loss caused by nutrient

removal from harvest, coupled with accelerated transport of nutri-

ents in solution and sediment.

Timber harvesting often results in accelerated loss in solution

of one or more nutrients for a period of several days to more than a

year (Gessel and Cole, 1965; Fredriksen, 1971; Pierce et al., 1972;

Brown et al., 1973; Hornbeck et al., 1973; Likens et al., 1977;

Swank and Waide, 1979; Feller and Kimmins, 1984). Several elements

have been shown to increase in concentration in streamwater

following disturbance, and the magnitude, duration and species

increasing are often quite site specific.

Dissolved NO3 losseslosses almost universally increase following

disturbance, although the levels and duration of effect are highly

variable. Vitousek et al. (1979) and Vitousek and Melillo (1979)

suggest several processes that could reduce NO3 loss from disturbed

forests, (increased vegetative regrowth to immobilize NO3, nitrifi-

cation inhibitors, lack of water for transport); however, they

suggest that more fertile sites have a high potential for NO3 loss

following disturbance in any case. Accelerated solution loss of

other elements has been documented following normal timber harvest

practices. Gessel and Cole (1965) documented excessive leaching of
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potassium and calcium in the Cedar River Watershed, Washington,

measured by tension lysimeters below the root zone. Fredriksen

(1971), working with old growth Douglas-fir in the H.J. Andrews

Forest, Oregon, showed significant increases in solution loss of

NH
3
-N and Mn following timber harvest. Brown et al. (1973) showed

slight, significant increases in K loss in the Coast Range of Oregon

following clearcutting Douglas-fir and burning the slash. Aubertin

and Patric (1974) reported slight increases in soluble o-PO
4

-3

following clearcutting in the Fernow Experimental Forest, West

Virginia.

Accelerated nutrient loss associated with increased erosion and

sedimentation following timber harvest has received only minimal

study compared to nutrient loss in solution. Removal of protective

cover inevitably increases surface erosion of forest soils (Megahan

and Kidd, 1972; Mersereau and Dyrness, 1972). Most studies indicate

that yarding, not tree felling, causes soil disturbance and erosion

(Brown and Krygier, 1971; Fredriksen, 1970). Dyrness (1972) and

Clayton (1981) have shown that aerial yarding systems cause consid-

erably less soil disturbance than ground skidding.

Timber cutting can increase the potential for mass erosion on

steep slopes. Harvesting reduces interception and transpiration of

water, resulting in increased piezometric levels on a slope (Gray

and Megahan, 1981). Harvest also lowers apparent soil cohesion by

reducing root tensile strength through decay (Burroughs and Thomas,

1977; Swanston and Walkottem, 1970; Waldron et al., 1983). Megahan

et al. (1978) indicate that in the Idaho batholith landslides are

most common 4 to 10 years following logging, ostensibly due to the

lag time required for root decay.

Data on nutrient loss associated with accelerated erosion, and

transport of nutrients bound to sediment are not widely available.

Fredriksen (1972) addressed the question, but reported minimal solid

phase nutrient loss values associated with sediment. He attributed
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this in part to a sampling problem associated with the episodic

nature of major sediment-producing events. DeByle and Packer (1972)

reported adsorbed cation losses ranging from 0.5 percent to 2

percent of the total amount available in the surface 30 cm of soil.

Their study was conducted in a mixed stand of old-growth

Douglas-fir, Engelmann spruce and western larch in Montana, on

moderate slopes averaging 24 percent. We may suspect that on

steeper slopes and with more erosive soils, potential nutrient loss

accompanying erosion is of greater consequence; however, there are

few data to support this contention.

Nutrient loss accompanying slash burning by volatilization and

convertion can be considerable. Few studies provide quantitative

data on atmospheric losses from burning, but a recent paper by

Feller and Kimmins (1984) from southwestern British Columbia

suggests that losses of cations, P, and particularly, N, may be

substantial. Atmospheric loss of N accounted for 75 percent of

total ecosystem N loss including log export.

Central Idaho is largely occupied by the Idaho batholith, an

area of steep slopes overlain with highly erodible decomposed

granitic rock. Although the batholith holds considerable volumes of

commercial timber, logging road construction has triggered such

massive landslides that timber harvesting on steep slopes is often

done with the aid of large helicopters. The landslide hazard

attenuated, the question remains: are nutrients being seriously

depleted through removal of logs, the burning of slash, and through

accelerated surface erosion that accompanies even helicopter

logging? Although results of other studies suggest that on stable,

well-vegetated mountainous terrain, timber harvesting poses no

serious threat to nutrient budgets, few studies were conducted in

areas similar to the batholith ecosystem. To answer these

questions, the USDA Forest Service initiated a study addressing

these concerns. Nutrient losses from bole removal, and accelerated

dissolved and sediment losses are evaluated in light of nutrient
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replacement rates from precipitation, N2 fixation, weathering and

nutrient capital remaining on-site following treatment.

MATERIALS AND METHODS

Study Area

The research reported here was conducted in the Silver Creek

Study Area (44° 25' N latitude; 115° 45' W longitude), Boise

National Forest in southwestern Idaho. Several paired-watershed and

site specific studies on the environmental effects of timber har-

vesting and roading are currently underway in the Silver Creek Study

Area (Figure 4.1). Watershed SC-6, the treated watershed, is 163 ha

in area. The adjacent watershed, SC-5, is 110 ha in area and served

as an untreated control for this study. The vegetation, soils,

aspect and hydrologic response to storms and snowmelt are similar

for the two watersheds based on soil, vegetation and habitat type

surveys, and hydrologic data for the two watersheds (unpublished).

Bedrock in the area is a coarse-grained quartz monzonite, and is

typical of a large portion of the central and southern portions of

_the Idaho batholith (Ross, 1963).

Soils of the Idaho batholith are coarse textured, lack

cohesion, and exhibit a high potential for accelerated erosion

following disturbance. Four families of soils make up a mosaic in

the watersheds and are distributed primarily on the basis of slope

and aspect. On southerly slopes Sandy-Skeletal, Mixed Typic

Xerorthents predominate. On other aspects we find Sandy-Skeletal,

Mixed Typic Cryorthents, Sandy-Skeletal Mixed Typic Cryoborolls and

Mixed Alfic Cryopsamments. All soils have one or more A horizons,

typically with a total thickness ranging from 100 to 250 mm over-

lying C horizons. Surface and subsoil horizons are commonly glcos

or gcosl textures. 0 horizon depths range from <10 mm to >120 mm,

and averaged 23 mm on SC-6 prior to treatment (Clayton, 1979).
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Figure 4.1. Map showing the location of the two study watersheds,

cutting units, and precipitation, streamwater, and

sediment sampling locations.

The majority of 0 horizon material is slightly decomposed needles

and twigs. Bedrock contacts are generally shallower than 1 m.

Two habitat types (Steele et al., 1981) predominate on the

watersheds: Douglas-fir/ninebark, ponderosa pine phase, and

Douglas-fir/white spirea, ponderosa pine phase. The stands con-

tained similar volumes of pine and Douglas-fir prior to harvest.
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Treatment

South slopes on the watershed were clearcut and the logs were

yarded by helicopter to minimize site damage. This is a common

yarding practice on steep (>60 percent) slopes in the Idaho batho-

lith. Logging began in September and was completed in November

1976. The logging prescription was a 250-mm diameter limit cut,

which essentially resulted in a clearcut because the stand was

composed primarily of overmature ponderosa pine and Douglas-fir.

Stand basal area on the cutting units was 26.2 m
2
/ha prior to

cutting; residual stand basal area following harvest was 3.3 m
2
/ha.

Total area of the watershed is 163 ha of which 38 ha or 23 percent

was cut. All cutting units were on southerly aspects. Buffer

strips bordered the cutting units, and averaged 15 m adjacent to

first- or second-order stream channels, and 30 m adjacent to the

third order (main) stream channel. Volume of timber removed was

263 m
3
/ha, corresponding to a merchantable volume of 23.4 M bd.

ft/acre. Slash was lopped, scattered, then broadcast burned. The

burn was somewhat incomplete and resulted in 22 percent of the soil

surface being covered by unburned or partially burned logs, limbs

and needles. Average depth of unburned slash was 100 mm (Clayton,

1981).

Sampling and Laboratory Procedures

Sediment

Sedimentation rates have been determined at the mouths of both

watersheds since 1962 by surveying the volume of sediment retained

behind dams. Surveying was done in the spring following snowmelt

and again in the fall. At the time of each survey, core samples

were taken to provide estimates of bulk density and organic matter

percent determined by wet combustion (Allison, 1965). The number of

core samples varies with the volume of sediment retained, and has

ranged from five to 30. The trapping efficiency of the dams on both
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streams were checked by sampling for total sediment load passing the

dam spillways over a variety of flow events. Efficiencies were

found to correlate well with the total volume of sediment retained

during a given sample interval. During low runnoff years, low

sediment volumes accumulate, and a relatively high percentage of

sediment is organic. Because of the low density of organic sedi-

ment, the trapping efficiency of the dams is relatively low. During

high runoff periods, a large percentage (>95 percent) of sediment

transported to the dams is coarse granitic material, and the dams

are quite efficient at trapping this material. Trap efficiencies

for lithic plus organic sediment ranged from 23 to 97 percent over

the life of the study. We used the relationships developed between

total dam catch (volume basis) and trap efficiency to predict actual

volume of sediment yield for each dam. We consider nutrients

transported with sediment to include cations adsorbed on lithic and

organic exchange complexes, plus all nutrient elements contained in

organic sediment. This definition precludes elements in the lattice

of primary or secondary minerals. Exchangeable cations were deter-

mined on the <2 mm fraction of lithic sediment by extraction with

neutral, 1 M NH
4
OAc, followed by flame emission or absorption

spectrophotometry. Organic sediment was separated from lithic

sediment using a flowing air flotation chamber. The organic frac-

tion was digested in HC10
4
-HNO

3
according to the technique of

Johnson and Ulrich (1959), and the digest analyzed for cations as

above, and total P by the molybdate blue-ascorbic acid method

(Greenberg et al., 1980). Total S was analyzed using a Leco

induction furnace by the technique of Tiedemann and Anderson (1971),

and N by Kjeldahl digestion with salicylate followed by distillation

and acid titration (Bremner, 1965).

Soil and Forest Floor

Soils on both watersheds were mapped at the family level on

Forest Service resource photography base photos (1:15,840). Clayton

(1984) describes the sampling procedures and laboratory analyses



76

conducted on the soil and litter samples. Soil data used in this

paper include: neutral 1 M NH40Ac extractable bases, total S,

Kjeldahl N, and bicarbonate extractable P. Quantity of litter under

undisturbed conditions and litter chemistry were studied in SC-5.

Pre-harvest and post-treatment litter depths only are available for

the treated portions of SC-6 (Clayton, 1981). Litter present in

SC-5 was estimated from 280 plot samples established on a systematic

grid. A 0.2-m
2
rectangular frame was centered over each grid point,

and all 0 horizon material was cut inside the frame and weighed, and

subsamples were taken for moisture determination. The mean mass of

the 280 plot samples was used as the average litter present on

watershed SC-5. Twenty-four randomly selected subsamples of litter

from the 280 plots were analyzed for nutrients. Subsamples were

ovendried at 70°C, ground in a Wiley Mill to pass a 40-mesh screen,

then digested in a mixture of HC10
4
-HNO

3
according the technique of

Johnson and Ulrich (1959). Digests were analyzed for K (flame

emission spectroscopy), Ca and Mg (flame atomic absorption

spectroscopy), and total P (molybdate blue - ascorbic acid method).

Dried and ground litter samples were analyzed for sulfur and

Kjeldahl N using the same techniques as for sediment.

Precipitation

Precipitation chemistry has been sampled at four locations in

the Silver Creek Study Area using bulk (dryfall plus wetfall)

collectors since 1974. During the period April through October,

precipitation samples were collected for analysis whenever a suffi-

cient volume had accumulated. During the winter months, fresh snow

samples were collected monthly from snow course sites (1420 and 1680

m elevations) for analysis. Precipitation samples were analyzed for

total Kjeldahl N, SO4 -S (turbidimetric), o-PO4
-3

, Ca
++

, Mg
++

, and

K
+

. Volumes of precipitation input were computed from an isohyetal

map of the two watersheds based on 18 years of record for three

raingages.



77

Stream

Stream samples were collected at biweekly intervals from the

end of snowmelt until early November (first nonmelting snowfall),

and at monthly intervals during the winter snow accumulation period.

During the active snowmelt runoff period, streams were sampled more

frequently to provide a good sample of the melt hydrograph. The

interval between these samples ranges from daily to every 3 days.

Samples were either preserved with a mixture of HOAc and

formaldehyde, chloroform, or left unpreserved, depending on the

subsequent chemical analyses. Preservation techniques are according

to standard methods of analysis (Greenberg et al., 1980). Stream

samples were analyzed for dissolved concentrations of the three

cations as above; Kjeldahl N, NH3-N by the phenate method (Greenberg

et al., 1980), NO3 plus NO2-N by cadmium reduction (Wood et al.,

1967), SO
4
-S and o-PO4

-3
as above. The NO

3
plus NO

2
are reported as

NO3 -N hereafter because NO
2
is rarely detectable in our watersheds.

Annual water yields were computed from continuously recorded stream-

flow records using water-level recorders and Parshall flumes.

Vegetation

Two hundred forty-five 0.008-ha plots were established to

provide a 3 percent cruise of SC-5 to determine incremental phyto-

mass growth and standing crop for trees. On all trees diameter at

breast height (1.3 m) and height by species were recorded; on a

one-out-of-five random subsample, increment cores were taken to

provide the heartwood-sapwood transition and previous 5 years'

diameter increment. Volume of wood (boles) exported from SC-6

during harvest was computed from variable plot samples taken prior

to and immediately following harvest. One hundred twenty-four plots

were sampled prior to harvest, and 65 following harvest.

The field data on tree diameter increment and current height

and diameter were used in a variety of allometric equations to
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predict incremental growth by plant part as follows. The foliage

and branch estimates for ponderosa pine and Douglas-fir were pre-

dicted using equations from Brown (1978). Boles of pine <390 mm

d.b.h. were predicted using unpublished equations provided by

Patrick Cochran, Bend Silviculture Laboratory, Bend, Oregon. Pine

boles >390 mm d.b.h. and Douglas-fir boles and roots were predicted

from equations of Gholz et al. (1979). No equations for ponderosa

pine roots were available, so they were estimated using the assump-

tion that pine has the same branch:root ratio predicted for

Douglas-fir. Mortality was estimated using the Reineke relation

between mean diameter and stocking density (Reineke, 1933). Under-

story plants other than ponderosa pine and Douglas-fir constitute <5

percent of the total vascular plant phytomass in the watershed and

were ignored (R. Ryker and R. Steele, personal communication).

Tissue chemistry data for ponderosa pine and Douglas-fir from

Clayton and Kennedy (1980), and previously unpublished root

chemistry data from Silver Creek were coupled with the standing crop

and incremental growth data to provide annual uptake, net uptake,

and standing crop of elements in the stand.

Data Analysis

Streamflow and sediment

Dissolved elemental fluxes from SC-5 and SC-6 are computed

using equations that correlate elemental concentration in mg liter
-1

and instantaneous stream discharge in m
3

sec
-1

. Utilizing these

regression equations, daily fluxes were generated from mean daily

flow, and these are summed over a period of a year to compute annual

fluxes in kg ha
-1

y
-1

. This technique averages the prediction error

of the regression over 365 observations, and thus provides a highly

reliable estimate of efflux for an unbiased regression model.

Average annual fluxes are computed using 21-year-average water

yields by using the highly correlated linear relationship between
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single year flux and water yield in cm. This allows us to use the

21 year streamflow record for both watersheds, which we believe is

more representative of long-term trends than the 10 years of water

chemistry data that are available.

Precipitation

Nutrient inputs in precipitation are computed for each element

using the weighted mean annual precipitation, value of 100 cm for

SC-5. Chemical composition of snow is different from rain in Silver

Creek, and the volume ratio 65:35 snow:rain is used in computing

chemical content, based on data from Megahan et al. (1983). Chemi-

cal concentrations from 93 samples of rain and 11 samples of snow

are used to compute elemental inputs in precipitation.

The solution loss and sediment loss figures are measured at the

watershed mouth, but onsite leaching and erosion data are not incor-

porated in the budgets. This implies that the sediment source is

from erosion of the soil onsite and therefore represents a loss of

available nutrients from the soil pool. Some of the sediment is

from riparian zone bank sloughing, and much of it is from very

localized disturbances. Prorating this loss over the entire water-

shed (or to the cutting units in the case of accelerated erosion) is

a sacrifice in accuracy done for the sake of simplicity of presenta-

tion. We checked the similarity in solution chemistry, measured

with porous ceramic tension lysimeters at 0.9 m depth, to stream

chemistry during snowmelt for 2 years, and we found the correspon-

dence generally satisfactory. Swank and Caskey (1982) found

differences in dissolved NO3 -N concentration with distance trans-

ported in a stream due to denitrification. We are currently

conducting experiments on this in the Silver Creek Study Area.
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RESULTS AND DISCUSSION

Undisturbed Forest Nutrient Budgets

The nutrient budgets for SC-5 are based on input estimates from

precipitation, primary mineral weathering, N2 fixation; loss esti-

mates from stream solution and sediment transport; and intrasystem

cycling in vegetation. Inputs from precipitation and stream losses

are from direct measurements as discussed previously. Weathering

inputs of K, Ca and Mg are computed by difference using a mass

balance equation in which the element released is equal to solution

loss minus precipitation input plus change in storage in vegetation

and soil. Clayton (1984) showed that annual storage changes in soil

for cations released by weathering can be ignored in SC-5 because

new exchange sites constitute a very small sink (22.6 moles of

charge (+) per hectare annually, which will retain slightly over 100

g ha
-1

y
-1

for the sum of all cations). In contrast annual vege-

tation increment is very important to the weathering release calcu-

lation. Weathering release of N and S is considered zero because

both elements are in extremely low concentrations in coarse grained

quartz monzonite rocks in the Idaho batholith (Larsen and Schmidt,

1958). Weathering inputs of P using the mass balance technique were

attempted but are considered unreasonably high as discussed below.

Intrasystem cycling of nutrients in vegetation and return to

the forest floor is computed using the biomass increment data in

Table 4.1. The incremental growth models indicate annual additions

of foliage for ponderosa pine and Douglas-fir of 752 and 658

kg ha
-1

y
-1

, respectively, and annual foliage shedding of 712 and

549 kg ha
-1

y
-1

, respectively based on an average needle retention



Table 4.1.--Standing crop, annual net increment and annual mortality of uneven-aged stands of

ponderosa pine and Douglas-fir in SC-5. All values are in kg ha
-1

± standard error.

Ponderosa Pine Douglas-fir

Standing
crop

Annual Mortalityt Standing
increment crop

Annual
increment

Mortalityt

kg ha
1

Foliage 3,844 ± 403 40.6 ± 3.6 11.8 3,506 ± 289 108 ± 8.0 18.6
Branches:
<6.4 mm 127 ± 12 2.1 ± 0.5 5.0 1,631 ± 131 48.7 ± 3.6 10.5
6.4 - 25 mm 4,504 ± 469 37.3 ± 3.4 23.4 2,694 ± 227 86.3 ± 6.5 49.6
25 - 76 mm 5,446 ± 678 57.1 ± 5.6 44.3 1,869 ± 268 85.8 ± 10.5 19.6
>76 mm 4,502 ± 787 59.0 ± 8.8 0 82 ± 19 4.5 ± 1.0 0

Sapwood 42,381 ± 4,937 514.4 ± 48.1 365 42,556 ± 5,085 1,768 ± 176 518
Heartwood 9,878 ± 1,269 130.1 ± 14.7 40.7 9,164 ± 1,421 436 ± 56 112
Bark 7,873 ± 83.5 ± 7.3 64.2 7,872 ± 928 324 ± 32 123

Roots 33,049 425 158 14,227 ± 1,848 618 ± 67 173

Total 111,604 1,349 711 83,601 3,479 1,024

Mortality figures refer to death only, not annual tissue shedding.

tt
Pine roots are estimated using the same root:top ratio as Douglas-fir.
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time of 5 years (D. A. Perry, 1982, personal communication). For

tissue other than foliage, concentrations of elements (Clayton and

Kennedy, 1980) multiplied by annual increment are considered uptake.

This is the case for roots also because we have no annual root

shedding data. Our phytomass data don't provide foliage mass by

needle age class, although we have needle chemistry data for three

age classes plus recently abscised needles (shaken from trees). We

chose to use the mean nutrient concentration of three age classes of

foliage multiplied by the annual additions of foliage as the gross

annual foliar requirement, and these same concentrations multiplied

by foliage shedding as the foliar contribution to litterfall. This

procedure ignores internal recycling prior to abscission and thus

overestimates both nutrient return in litterfall and uptake. This

is a pathway dependent error, and does not affect the overall

budget. The magnitude of this error can be approximated by com-

paring the mean foliar nutrient concentrations for the three age

classes of green needles with abscised needles (Table 4.2).

Table 4.2.--A comparison of nutrient concentrations in green needles

(mean of three age classes) to recently abscised needles

collected in SC-5.

Element
Ponderosa pine Douglas-fir

green abscised green abscised

percent by weight

Na 0.037 0.085 0.050 0.089

K 0.739 0.300 0.655 0.166

Ca 0.176 0.380 0.786 1.04

Mg 0.107 0.126 0.139 0.086

P 0.159 0.092 0.123 0.068

N 1.39 0.69 1.17 0.55

S 0.108 0.063 0.087 0.054
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Increased concentrations of Na and Ca in abscised needles probably

reflect mass loss from carbohydrate and nutrient translocation plus

water loss. These concentrations are greater in pine than

Douglas-fir. If the mass loss causes an approximate doubling of Na

and Ca concentrations, then we might estimate that greater than 75

percent of N, K and S is translocated prior to abscission, and

greater than 50 percent of the Mg and P content is translocated.

Because of the magnitude of this internal cycling process and our

inability to separate it from uptake, we have presented the gross

plant requirement as uptake plus translocation (+), and consequently

the annual foliage shedding as litterfall plus translocation (-).

These relationships are presented as a budget in Table 4.3.

The difference between inputs and losses is accounted for by

annual vegetation increment for the elements K, Ca and Mg. This is

an obvious result of the fact that we computed primary mineral

weathering by difference. The major pathway for supply of K, Ca and

Mg is by primary mineral weathering. Relatively large amounts of Ca

are supplied by weathering of anorthite in An19 plagioclase

(Clayton, 1985). The main source of K is from weathering of ortho-

clase. The orthoclase content of the modal rock in Silver Creek is

approximately equal to plagioclase; however, orthoclase weathering

rates are nearly an order of magnitude slower than anorthite rates.

The principal source of Mg is from biotite weathering. The Mg

content of fresh rock is 0.33 percent by weight, compared to 1.64

percent Ca and 1.65 percent K based on X-ray fluorescence data.

For N the difference in system inputs and losses approximates

annual increment using any of the reasonable range of published

published values for N
2
fixation from the same habitat types in the



Table 4.3.--Nutrient budgets for six elements in a mixed ponderosa

pine Douglas-fir forest, Silver Creek, Idaho.

INPUTS

Element
K Ca Mg

kg ha
_IS

y
P N

1. Precipitation 1.5 6.1 0.31 3.6 0.03? 1.5
2.

3.

Primary mineral weathering
N
2

fixation
4.3
-

20

-

2.4

-

0 0.07

-

Ott

SUM 5.8 26.1 2.7 3.6 0.10 5(est.)

LOSSES

1. Dissolved stream transport 3.4 16.1 1.6 2.2 0.05 0.04
2. Sediment transport 0.002 0.05 0.01 0.005 0.0003 0.02

SUM 3.4 16.1 1.6 2.2 0.05
5t

0.06
DIFFERENCE 2.4 10 1.1 1.4 0.05 5(est.)

VEGETATION

1. Uptake and translocation (+) 12.6 21 3.3 2.2 2.7 22
2. Litterfall and translocation (-) 9.0 5.8 1.5 1.3 1.8 14
3. Aboveground mortality 1.0 3.5 0.3 0.2 0.2 2

4. Root mortality 0.3 1.8 0.3 0.1 0.1 0.7

ANNUAL INCREMENT 2.3 10.1 1.2 0.6 0.6 5.3

POOLS

1. Standing crop of trees 189 589 84 39 38 346
2. Litter 34 347 34 14 19 248
3. Soil 184 3191 111 390 175 3160

SYSTEM TOTAL 407 4127 229 443 232 3754

t

tt
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P release from weathering was not calculated by difference in a mass

balance equation because it leads to an unacceptably high value.

The value of 0.07 kg ha
1
y
-1

is derived from a long-term denudation

estimate of 235 kg ha
-1

y
-1

(data on file, Boise Forestry Sciences

Laboratory and 0.03 percent P in rock).

This range of N
2
fixation is estimated from asymbiotic fixation data

of Jurgensen et al. (1979) for the same habitat types, and the low

range of symbiotic fixation associated with Ceanothus velutinus

after Youngberg and Wollum (1976).
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Northern Rocky Mountains (Jurgensen et al., 1979) or central Oregon

ponderosa pine forests (Youngberg and Wollum, 1976).

The vegetation requirement for P exceeds the difference in

inputs minus losses. We could balance this by increasing P

weathering inputs, however this requires unacceptably large

weathering release values for P. Instead, we have proposed an upper

value of 0.07 kg ha
-1

y
-1

based on the P concentration in rock and a

denudation estimate. P cycling in SC-5 appears to be in a tight

economy, with inputs to the system only slightly exceeding losses.

Vegetation requirements depend upon mobilization of the large litter

and soil reserves, and the P supply should be considered particu-

larly vulnerable to accelerated erosion in light of its low

re-supply rates from weathering and precipitation.

Sulfur inputs from precipitation exceed system losses plus

annual vegetation increment by 0.8 kg ha
-1

y
-1

. The sink(s) for

this excess input are unknown. Feller (1977) observed decreases in

SO
4

-2
concentration as water travelled down through mineral soil to

groundwater, and suggested immobilization by anion adsorption.

Accelerated Nutrient Loss with Harvest

Solution Chemistry

Instantaneous concentrations and annual fluxes of dissolved

species in streamwater were tested for treatment effects. Prelimi-

nary scanning of time trends in concentration and ratios of annual

flux (treated: control) indicated that NO3 -N was the only dissolved

species showing effects of treatment. In addition, it was apparent

that the treatment effect was most pronounced during winter storms

or spring snowmelt (Figure 4.2). This effect was tested for statis-

tical difference and the magnitude of the effect was quantified

using regression analysis. The concentration and flow
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Figure 4.2. Plot of NO3-N concentration, mgliter-1 vs. time for

watershed SC-5 (untreated) and SC-6 (clearcut and

broadcast burned). Logging was done in September and

October 1976.

data for each year were separated into periods of accelerated NO3 -N

flux corresponding to spring snowmelt. Snowmelt period and peak

NO3 -N concentrations coincide for both watersheds. Mean daily NO3 -N

fluxes were generated for each sample date during the melt period

and weighted by the number of days in the sample period. These

values, (mean daily flux times number of days) for SC-6 were

regressed on values for the same sample periods for SC-5. The slope

of the linear regression of SC-6 NO3 -N flux on SC-5 NO3 -N flux prior

to treatment is 3.8. Following treatment, the slope of the regres-

sion equation is 9.02 and is significantly different at a = 0.05

(Figure 4.3).
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DAYS x FLUX, WATERSHED SC-5

Figure 4.3. Regressions of springtime NO3-N flux, SC-6, vs. SC-5,

before and after logging. The slopes of the two

regressions are significantly different at a = 0.05.

These results suggest that clearcutting and burning increased

NO3-N loss from the cutting units during periods of spring snowmelt

or high winter runoff. These accelerated losses averaged two and

one-half times normal NO3-N transport over the 4-year post-harvest

period. During this period NO3 -N concentration never exceeded 0.05

mg liter
-1

. If we ignore instream processes of N immobilization or

loss through denitrification, we would estimate the accelerated

NO3 -N transport averaged 10.4 times normal from the cutting units or

0.11 kg ha
-1

y
-1

. Although this figure should be considered a

minimum because of the lack of information on instream changes, it
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is unlikely that accelerated solution loss of N exceeds

1 kg ha
-1

y
-1

from the cutting units.

Erosion and Sediment Loss

Logging and burning also accelerated erosion rates for a few

years following treatment (Clayton, 1981). The accelerated erosion

over the first winter averaged 1.8 Mg ha
-1

, increased to 13 Mg ha
-1

the first summer following harvest, and decreased to 4 Mg ha
-1

over

the next winter and summer periods. These increases in erosion have

not been reflected in increased masses of sediment transport

measured at the watershed mouth. This is in part due to consider-

able on-slope and in-channel storage. SC-6 normally stores 12 times

its average annual sediment yield behind natural obstructions within

the channel system (Megahan 1982). Sediment bedforms within the

channel plus on-slope storage of sediment add to this figure. In

water year 1980, however, the sediment yield on a volume basis in

SC-6 was 8.8 m
3
km 2, which exceeds the 95 percent confidence

interval about the regression of SC-6 sediment yield on SC-5 sedi-

ment yield. Because of a lower bulk density for sediment in SC-6 in

1980, the mass was not significantly greater than would be predicted

without harvest at the 95 percent level. The lower density reflects

a higher proportion of organic matter in the sediment. The associ-

ated increase in total nutrient transport is small but significant

(a = 0.05), and ranges from 0.01 kg ha-1 of K to 0.17 kg ha-1 of N

lost from the cutting units. Accelerated sediment transport of Mg,

Ca, S and P fall between the K and N transport rates.

Bole Transport

The accelerated losses of nutrients transported as solution

load or sediment load are insignificant when compared to the large

losses from bole removal. Table 4.4 presents the elemental losses

and the percentages of the total ecosystem pool removed through

harvesting. These data are based on an estimate of 11, 45, and 17
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Mg ha
-1

of ponderosa pine heartwood, sapwood, and bark, respec-

tively, and similarly 8, 45, and 17 Mg ha
-1

for Douglas-fir. These

biomass removals were accompanied by large transfers of living

Table 4.4.--Elemental redistribution on the site from slash

additions and elemental losses from bole removal during

timber harvesting expressed as mass per unit area.

Losses are also reported as a percentage of the total

ecosystem pool (standing crop plus litter plus soil) as

presented in Table 4.2.

Element Slash added Bole loss
prior to burn Mass Percent of pool

kg ha
-1

kg ha
-1

Percent

K 125 85 21

Ca 414 352 9

Mg 68 29 13

S 25 22 5

P 35 12 5

N 248t 136 4

tMuch of the N addition with slash was subsequently lost by

volatilization during burning.

biomass to slash on the site. We estimate that 8 Mg ha
-1

of

foliage, 22 Mg ha
-1

of branches and tops, and nearly 50 Mg ha
-1

of

roots were left on the site following harvest. This potentially

results in a large mobilization of elements following burning and

decay (Table 4.4). For example, we estimate that 125 kg ha
-1

of K,

414 kg ha
-1

of Ca, and 248 kg ha
-1

of N were contained in slash.

Retention mechanisms on the forest floor and in the soil, developing

vegetation and buffer strips were apparently effective since none of
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these "mobilized" elements were detected at the watershed mouth,

with the exception of small amounts of NO3 -N.

Much of the N returned to the site with litter may have been

subsequently lost as a volatile product of burning, probably as N2

gas (De Bell and Ralston, 1970). Feller and Kimmins (1984)

estimated N losses from slash burning in British Columbia of nearly

1 Mg/ha which was more than three times the log export of N. Our

data only indicate N content in slash to be approximately twice log

export values, so our volatile loss as a percent of total loss would

be less. Clayton (1981) estimated litter reductions on cutting

units in SC-6 due to burning of 7 percent. This could result in an

additional 17 kg ha
1
of N loss. Feller and Kimmins (1984) also

reported losses of all other nutrients from convective fly-ash

removal due to the slash burn. The percentages of ecosystem total

removed were smaller, and the ultimate fate of this material is

unknown.

CONCLUSIONS

Clearcutting and helicopter yarding of logs in the Idaho

batholith minimally accelerated nutrients lost by stream transport,

either in solution or as sediment load. Although onsite estimates

of erosion indicated a short-term increase of approximately ten

times normal rates, slope storage and buffer strips kept most

sediment out of the stream. Small increases in all elements studied

accompanied accelerated organic sediment transport the third year

following treatment. Nitrate -N showed the only statistically

significant increase in solution transport over the 4-year post-

harvest study. We estimate that NO3-N flux averaged approximately

ten times normal flux from the cutting units for 4 years; however,

this only amounts to 0.11 kg ha
-1

y
-1

over the postharvest period.

Watershed SC-5 carried somewhat lower volumes of timber than

SC-6 did prior to harvest due to understocking in lower diameter



91

classes. For example, mass of heartwood plus sapwood in SC-5

averages 103 Mg ha
-1

based on the 3 percent cruise and allometric

equations. In SC-6, the cutting units yielded an average timber

volume of 33.8 M bd. ft. acre
-1

which equals 109 Mg ha
1
assuming an

average piece size of 0.38 m (15 inches). For this reason, the

intrasystem cycling rates for nutrients in SC-5 should not be

directly applied to cutting units in SC-6. Nevertheless, the

nutrient requirements of the trees in SC-5 provide a benchmark for

evaluating the environmental consequences of accelerated nutrient

loss with harvest. The largest nutrient export from the site

occurred with bole harvest. Four percent of total ecosystem N was

removed with harvest (not including volatile losses); 21 percent of

ecosystem K (not including primary mineral or other unavailable

mineral K) was removed.

It is not readily apparent what these accelerated nutrient

losses mean to long-term productivity of the site. Kimmins (1977)

suggested that one might evaluate the recovery process on the basis

of ecological rotation, which he defined as "a tree rotation which

permits the return of the site to the ecological condition that

existed prior to rotation". We might extend this to include the

nutrient capital of the site, and thus have a basis for evaluating

the effects of accelerated nutrient loss. Nutrient demands of a

forest differ with stand age and degree of development. Johnson (in

press) points out that the rate of nutrient accumulation in conifer-

ous forests is greater prior to crown closure than after, however,

demand for some elements (notably K) is very high in the first 10

years of stand development and declines thereafter. Demand for

other macronutrients remains high for possibly twice this length of

time.

Clayton (1984) provided estimates of cation release by

weathering in Silver Creek watershed SC-5, and retention effi-

ciencies in soil and vegetation. Based on these rates of supply,

nutrient status of the ecosystem could return to prior-to-harvest
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condition in 24 years for Mg and 35 years for both K and Ca. This

assumes, however, that there is no lag in vegetative reestablishment

following clearcutting. Clayton (1984) suggests adding 10 years to

those figures because data suggest it may take that long to achieve

greater than 90 percent coverage by shrubs, forbs and grasses

(Steele, R. and K. Geier-Hayes, 1983. The Douglas-fir/ninebark

habitat type in Central Idaho - succession and management. Draft

Report, USDA Forest Service, Intermountain Forest and Range Experi-

ment Station and Intermountain Region, 76 p.).

Rates of N replacement are highly dependent on plant

succession, and particularly, whether or not fire played a role in

the disturbance. In SC-6 where broadcast burning was used to

dispose of slash, re-invasion by Ceanothus velutinus Dougl. var.

velutinus was common. Without burning, C. velutinus is less common

and N
2
fixation rates are far lower. Assuming average figures for

N
2

fixation by C. velutinus (Youngberg and Wollum, 1976), total site

N might be replaced in approximately 20 years. Replacement of S by

precipitation would take less than 10 years. These estimates of

replacement time all assume that large clearcuts such as in SC-6

will be successfully reforested by planting. Delaying regeneration

will cut down on success in both re-stocking the stand and returning

nutrients to the site.
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