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ABSTRACT 

An annual nitrogen balance was used to develop a conceptual

model of nitrogen cycling at the 120 ha Emerald Lake watershed.

Atmospheric loadings of NO: (7200 eq) and NH 4  (6800 eq) from snow

represent the largest external nitrogen sources. Approximately 75

percent of the annual nitrate mass flux is transported by the

first 40 percent of the annual lake inflow. The sum of NO, - and

NH 4  deposited from the atmosphere (21,000 eq) and released by

soil mineralization (40,000 eq) exceeds inflow mass flux (8,000

eq). Denitrification (10,000 - 20,000 eq) and plant uptake may

account for this difference. NH4 deposition (10,000 eq) and

mineralization release (26,500 eq) are large, but the NH 4  inflow

flux is near zero. This difference may be due to nitrification

with subsequent denitrification, or plant uptake. Data gaps

preclude calculation of an annual overall acidity affect.

Nitrification is a potential seasonal source of acidity.



CHAPTER 1 

BACKGROUND

1.1 INTRODUCTION

Anthropogenic emissions of sulfur and nitrogen oxides lead

to the formation of atmospheric acids that may be transported

away from the source area and deposited in more remote and

sensitive natural ecosystems. Characteristics of natural

ecosystems making them sensitive to acid deposition include:

siliceous bedrock, sparse soil cover, and low surface water

alkalinities, je. low watershed acid-neutralizing capacities.

(Roth et. a1,1985; Likens et al.,1979).

The Sierra Nevada of California contains a large number of

sensitive aquatic ecosystems (Roth et al.,1985; Melack et al.

1985). The Emerald Lake watershed (ELW) of Sequoia National

Park, distinguished by the above listed characteristics, has been

the site of extensive studies on the effects of acid deposition

(CARB,1988a) and is the focus of this work.

Acid deposition due to nitrogen species is more significant

than that due to sulfur species in California (Ashbaugh et

al.,1988; Roth et al.,1985; John et al.,1988). This contrasts

the situation in the northeastern United States where most acidic

deposition originates as sulfur emissions (Mohnen,1988).
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Emissions of nitric oxides in southern California have been found

to be among the greatest in the nation (Riggan et al., 1985),

with California accounting for 38 percent of all western

anthropogenic NO emissions (Roth et al.,1985).

Increased levels of nitrogen deposition may disrupt natural

biochemical nitrogen cycles. For example, increased

concentrations of N(D: in streams in the San Gabriel mountains of

southern California have been linked to atmospheric deposition

(Riggan et al., 1985). Nitrogen accumulates in these soils in

organic compounds. Frequent wildfires in this type of ecosystem

may liberate NH 4 . Subsequent nitrification and flood discharges

can lead to elevated NO, - levels in downstream waters.

Changes in natural nitrogen cycles will concurrently

influence the acid-base status of the watershed. Individual

reactions involving organic and inorganic forms of nitrogen in

soils and plants will either produce or consume H ions (Figure

1.1). The overall cycle maintains acid-base neutrality in

undisturbed systems. The net H' production will be non-zero if

external inputs of nitrogen or nitrate leaching (le. production

exceeds biological uptake) occur (Reuss and Johnson,1986).

Ecosystem acidification can also subsequently influence the rate

and extent of several nitrogen cycle reactions. For example, acid

deposition may decrease nitrogen mineralization and nitrification

(Strayer et al., 1981; Novick et al., 1984).
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A recent approach to analyzing the nitrogen cycles of

specific ecosystems has been through the use of compartmental

models (Clark and Roswall, 1981) in which appropriate divisions

are made to a natural system in order to study chemical

transformations, pools, and fluxes within and between

compartments. Detailed conceptual compartmental models thus

assist in isolating important chemical transformations and fluxes

of watershed systems while providing a representation of the

system as a whole. Furthermore, such compartmental models

facilitate computer modelling by allowing processes within and

fluxes between compartments to be represented by mathematical

expressions such as differential equations. Coupling of mass-

balance expressions with known acid-base relationships for the

nitrogen cycle will enable determining changes in acid-

neutralizing capacity due to nitrogen cycling.

NH 2

R C R 	 NH 3 NH 4+

R ORGANIC NITROGEN
	 H+

PLANT I
SOIL

NH 2	 H+

R C R 	 a- NH 3

R ORGANIC NITROGEN (0)	 (-1)

H ,/

\- 2H +

NO

(0)
	

OH+ °(
2H 4

	NH + 		4 	 • NOS
I (+1)

LEACHING

DECOMPOSITION, AMMONIFICATION 	NITRIFICATION

Figure 1.1: Acid-base relationships of the nitrogen cycle.
Numbers in parentheses refer to the net
production (+) or consumption (-) of 1.1 + ions
in the soil system starting with soil
nitrogen. (Reproduced from Reuss and Johnson, 1986)
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1.2	 OBJECTIVES AND APPROACH

The objectives of this work were to: 1) determine the

effects of atmospheric inputs of nitrogen on the nitrogen cycle

in a typical Sierra Nevada watershed, 2) analyze critical periods

and transformations in an annual nitrogen cycle, and 3) develop a

conceptual model relating inputs, transformations, and outputs of

nitrogen at the Emerald Lake watershed for use in an integrated

alpine-watershed hydrochemical model.

These objectives will be accomplished through use of a five-

compartment model (Figure 1.2). Hydrologic and chemical data

from a number of field investigations will be integrated to

calculate an annual mass balance of nitrogen species at the

Emerald Lake watershed. Temporal changes in mass fluxes will be

examined to assess seasonal characteristics of nitrogen cycling.

Chemical reactions of nitrogen species within each watershed

compartment will be studied to identify and estimate critical

parameters needed for an Emerald Lake alpine-watershed

hydrochemical model.
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1.3 DESCRIPTION OF WATERSHED

Emerald Lake watershed is located on the western slope of

the southern Sierra Nevada. The watershed area is 120 hectares.

Emerald Lake, at 2800 meters above sea level, is located at the

base of the watershed (Figure 1.3). The watershed is steep, with

the difference in elevation from the lake to Alta peak at the top

of the watershed being 616 meters. Several streams flow into the

lake, while one stream drains the lake (Figure 1.4). Stream-

channel locations depend on flow volumes, with some flow

occurring through deep talus piles and over exposed rock surfaces

(Dozier et al., 1988). Ninety-eight percent of the average

annual precipitation falling on the watershed is in the form of

snow. Over 50 percent of the watershed was snow covered from the

middle of November to the end of June during the 1986 water year

(Dracup et al.,1988). Granitic bedrock outcrops and talus slopes

comprise the majority of the Emerald Lake watershed surface,

with a shallow and rocky soil cover limited to 20 percent of the

total watershed area (Clow,1987;Lund et al.,1987a). Vegetative

cover is sparse and includes White Pine (Pinus Monticola), Willow

(Salix Orestera), and Chinquapin (Castanopsis) species

(Runde1,1988). These characteristics of the Emerald Lake

watershed make it typical of Sierra Nevada watersheds susceptible

to the effects of acidic deposition.
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Figure 1.4: Emerald Lake watershed stream location map
(Adapted from Clow, 1987)
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1.4 CHEMICAL MASS BALANCE

Table 1.1 lists annual mass fluxes of major anions and

cations in Emerald Lake streams and annual deposition of major

anions and cations in snow and rain. Estimates calculated here

for Inflows 1, 2, and 4 and the outflow are slightly greater than

estimates by Dracup et al. (1988). This is due to using

different methods of applying the limited concentration data to

daily discharge values. Fluxes calculated here result from

applying concentrations to discharge values from the day of the

concentration measurement to the day before the next

concentration measurement. Estimates by Dracup et al. (1988) are

calculated by applying concentration values to daily discharge

data halfway to the previous and next concentration measurement.

Other inflow fluxes estimated by Dracup et al. (1988) are from

the southeast gully and east joint. Residual inflow and outflow

mass fluxes result from water balance residuals applied to Inflow

2 and outflow concentration data. Not included here are Dracup

et al. (1988) estimates for precipitation onto Emerald Lake

during ice-free periods and lakewater displacement by snow and

ice during periods in which the lake is ice covered. Data and

procedures used to calculate wet deposition fluxes are explained

in section 3 of chapter 2.

Table 1.2 lists total inflow and outflow mass flux, percent

of outflow mass flux accounted for by inflow mass flux, and
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Table 1.2: Comparison of total inflow and outflow mass
flux and precipitation deposition of major ions for
1986 water year

Inflow Outflow
Inflow/Outflow	 Precip./Inflow

x 100	 Precipitation	 x 100

ANC 45688 52841 86

CI - 5879 7133 82 10929 186

N0; 9554 11337 84 8119 85

SO 4 -2 11659 12167 95 6596 57

Ca' 39826 49147 81 3380 8

Mg' 7425 8506 87 1122 15

Na' 20103 22964 87 5111 25

K' 3884 4881 80 2810 72

NH 4 ' 178 271 66 7806 4385

Si 59093 68240 87

Inflows are the sum of Dracup et. al. (1988)	 estimates for Inflow

1,	 2,	 4,	 East Joint,	 South East Gully, and residual inflow from Table

1.1, except NH 4' inflow calculated here as the sum of inflow 1, 2, and

4 (Table 4.6).

Outflows are the sum of Dracup et. al. (1988) estimates for

outflow and residual outflow from Table 1.1, except NH 4' outflow

calculated here from outflow concentration and discharge data.

Precipitation represents snow and rain estimates from table 1.1.
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percent of inflow mass flux represented by wet deposition.

Outflow mass flux exceeds inflow mass flux for all ions, with

percent of outflow accounted for by inflow ranging from 80 to 95

percent, except for NH 4  at 66 percent. Total annual lake outflow

mass flux exceeds inflow mass flux of NO, - . Values obtained for

percent of inflow accounted for by precipitation vary over a wide

range -- from 8 to 4400 percent. Annual inflow mass flux exceeds

annual precipitation deposition for all species except Cl - and

NH 4 .

Hooper and West (1988) also noted discrepancies in the

chloride mass balance when comparing snowpack yield and stream

loading. For example, mean volume-weighted snowpack chloride

concentrations changed from 3.1 ueq/1 on 4/16/86 to 1.1 ueq/1 on

5/5/86, representing a snowpack release of 5570 equivalents;

stream loading for this period was 698 equivalents. Assuming

that chloride is a conservative species, this suggests that

inflow or snowpack chloride concentration data and/or discharge

data are suspect. The preceding analysis of precipitation and

inflow mass fluxes of chloride indicates that chloride stream-

concentration data may be in error, as only 54 percent of

precipitation of this species is accounted for in the measured

inflows.
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CHAPTER 2 

ATMOSPHERIC TRANSPORT AND DEPOSITION

2.1 SOURCES AND TRANSPORT OF ATMOSPHERIC N COMPOUNDS

Sources of atmospheric nitrogen oxides in the global

atmosphere include (in order of prevalence) combustion processes,

biomass burning, lightning discharges, and soil microbial

emissions; while sources of primary ammonium include domestic

animals, soil emissions, wild animals, human excrement, and

fertilizer loss (Warneck,1988). For the agricultural areas west

of the Emerald Lake watershed, sources of primary atmospheric

nitrates include agricultural burning, fertilizer applications,

and animal husbandry operations (CARB, 1988a).

The potential chemical reactions of atmospheric NO  and NH,

involve several gas and aqueous-phase reactions, and partially

rely on the occurrence of additional atmospheric constituents

such as ozone and OH radicals (Figure 2.1). Once formed or

emitted in the atmosphere, transport of pollutants depends on

regional weather patterns. Particulates and gases may

subsequently be incorporated into various forms of precipitation.

Finally, the pollutant may be deposited wet or dry.



GROUND SURFACE

Figure 2.1: Oxidation scheme for nitrogen oxides and related
compounds. Photochemical processes are indicated by bold
arrows. (Reproduced from Warneck, 1988)

The spatial distribution of acid deposition in California is

closely correlated with emission sources of pollutants

(CARB,1988a) and prevailing wind patterns. Emissions of NO

exceed SO, emissions in California, making HNO 3 a dominant

constituent of acid deposition in California (Riggan et al.,

1985). Ratios of atmospheric sulfates to nitrates parallel ratios

of SO„ and NO emissions (CARB,1988a).

28
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Concentrations of nitrate in the California atmosphere are

greatest in the major metropolitan areas due to industrial and

motor-vehicle sources, while high concentrations of ammonium in

the central valley and eastern south coast air basin originate

from livestock operations (CARB,1988). The major sources of

atmospheric pollutants in California are found in the areas of

southern California, San Francisco bay, and the San Joaquin

valley (Stohlgren and Parsons,1987; Roth et al.,1985). Figure

2.2 indicates the spatial relationships between emission sources,

prevailing winds, and regions sensitive to acid deposition in

California (Roth et al.,1985).

Pollutant transport to the southern Sierra Nevada varies

seasonally and with storm type (Stohlgren and Parsons,1987; Myrup

and Flocchini, 1987). Dry-season air flow to the area comes from

the San Francisco bay area and the southern San Joaquin valley.

Stagnation of air masses occurs regularly in the San Joaquin

valley during this period. Wet-season air masses originate

mostly in the San Joaquin valley. Cahill et al. (1988), in a

study of particulate matter and meteorology at Sequoia National

Park, observed three summer storm types with characteristic

pollutant loads. Northerly frontal storms originating from the

San Francisco Bay area contain intermediate levels of NO; and

5C), -2, NO levels low relative to 5C) 4
-2, and relatively high pH

(5.44).



Sensitive regions ES2

Prevailing surface wind —*-

Emissions:

30

0 o 10,000 tons/yr

100,000 tonsiyr

500,000 Um*lyr

E   

SO2	 NOx

Sources: Sensitive regions — chapter 3 (EPA)
Emissions — chapter 4 (EPA-NEDS)
Prevailing winds — Climatic Atlas of the United States

Figure 2.2: Emission sources and prevailing winds in
relation to acid deposition sensitive regions in the west
(Adapted from Roth et.al., 1985)
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Western synoptic storms associated with frontal passages along

the central San Joaquin valley are low in H., SO 4 -2 and NO, - .

Inland low pressure storms with winds from the south and east

(ie. Nevada, Arizona, and the southern San Joaquin valley) are

characterized by high SO 4 -2, NO and H fluxes. Cahill et al.

(1988) conclude that most of the SO 4 -2 , NO, - , and H' deposited in

summer results from these thunderstorms that may originate near

the Gulf of California and traverse the southern San Joaquin

valley to Sequoia National Park. A highly acidic summer storm of

this type was responsible for reducing surface water alkalinity

at Emerald Lake to 0 in July of 1984 (Melack et al.,1987).

Bytnerowicz and Olszyk (1988) concluded that greater

contributions of ammonium in dry deposition to pines at Emerald

Lake than at Tanbark Flat (located in the San Gabriel mountains

north of Los Angeles) was due to transport of ammonia and

ammonium aerosols from San Joaquin valley farmlands. A tracer

study of atmospheric transport undertaken by Shair et al. (1987)

supports this hypothesis. Four releases of tracer gas from the

eastern edge of the San Joaquin valley resulted in transport of

the gas to Emerald Lake.
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2.2	 DRY DEPOSITION

2.2.1 BACKGROUND

Dry deposition is the process whereby particulate and

gaseous atmospheric pollutants are transferred to terrestrial

surfaces in the absence of precipitation. For modelling, the

process is typically divided into three steps: aerodynamic

transport, boundary layer transport, and uptake at the surface.

Inferential methods are used to determine dry deposition

fluxes of specific pollutants (Hosker and Womack,1985; Voldner,

et al.,1986). One such inferential method uses the relationship

between the parameter deposition velocity (estimated from

micrometeorological data) and measured ambient pollutant

concentrations to infer the net downward flux of pollutants.

For large-scale modelling, deposition velocity, Vd, can be

estimated from expressions relating the meteorologic parameters

indicated in Table 2.1. Relationships are quantified for the

three different resistances to deposition: aerodynamic resistance

to mass transfer, diffusive boundary layer resistance, and the

resistance associated with pollutant/surface interactions (Hosker

and Womack,1985; Voldner et al.,1986). The sum of these three

resistances is equal to the inverse of deposition velocity.

Ambient concentrations are typically measured using filter

packs consisting of a series of pollutant-specific filters

through which a known volume of air is drawn. A common filter
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Table 2.1: Meteorologic parameters controlling Vd (Hicks et.
al., 1988)

Parameter	 Significance 
Wind Speed	 Indicates efficiency of

atmospheric delivery term

Wind Direction	 Indicates turbulence
Fluctuations	 present

Solar Radiation	 Stomatal resistance and
atmospheric stability

Ambient Temp.	 Estimates biological activity
and Humidity

Precipitation	 Indicates when surface is wet
and periods of water stress on
plants

Surface Wetness	 Affects surface uptake

pack includes a teflon prefilter to remove particles, a sodium

carbonate doped filter to remove SO 2, and a nylon filter to

remove HNO 3 and other trace gases (Hicks et al., 1988). By

determining the mass of pollutant deposited on the filter and the

flow rate, average ambient concentrations can be calculated.

Pollutant flux is calculated as the product of the

deposition velocity and ambient concentration:

F = (Vd)(C - Co) where F = flux of pollutant to

unit surface area (ueq/m 2 /h)

Vd = deposition velocity (cm/sec)

C = reference level concentration
(ueq/m3 )

C o = momentum sink concentration
(ueq/m3)
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Hicks et al. (1987) point out several limitations to the

deposition velocity/ambient concentration approach: 1) there is a

heavy reliance on accurate measurement of air concentrations at

remote locations, 2) limited knowledge and experience are

available, 3) the method only addresses pollutant transfer

unidirectionally to the surface, 4) limited knowledge is

available on the effects associated with surface heterogeneity

and complex terrain, and 5) the technique requires the assumption

of homogeneous vegetative cover.

Another method used in dry deposition measurement is surface

analysis (Wu and Davidson,1989). This method involves a

determination of pollutant accumulation with time on either

natural or artificial surfaces. By experimentally minimizing

pollutant interactions with natural surfaces or using "surrogate

surfaces", the contaminant • flux is measured directly.

Limitations to this method include (Bytnerowicz and Olczyk,1988;

Wu and Davidson, 1989): 1) pollutant surface interactions, 2)

complex air flow patterns around vegetation, and 3) surrogate

surfaces that may not be representative of natural surfaces.

2.2.2	 DATA

2.2.2.1 CONCENTRATIONS

The Emerald Lake watershed receives dry fluxes of nitrogen
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in particulate and gaseous forms. Species deposited as aerosols

include NO; and NH 4  (p-NO 3 ,p-N1-1 4'), while gaseous forms include

NH 3 , HNO 3 vapor and nitrogen oxides. Estimates of the annual dry

deposition flux and seasonal variations in loading can be made by

applying inferential methods to field data collected at the

Emerald Lake watershed and nearby locations.

Horrocks (1987) measured ambient concentrations of HNO, and

p-NO; at the ELW (2800 m) and Giant Forest (1963 m) during the

summer of 1986. ELW concentrations are weekly estimates made

from filter pack data, while Giant Forest concentrations are 24-

hr estimates using diffusion denuder data. Results are

summarized in Table 2.2. Horrocks (1987) notes that coarse NO;

(>8 um) always exceeds fine NO; (0-8 um). While volatilization of

_coarse NO; is suggested to be insignificant, volatilization of

fine p-NO; to HNO 3 may cause concentrations of fine p-NO; to be

biased low, and HNO 3 concentrations to be biased high.

Table 2.2: ELW ambient air NO; and HNO 3 concentrations
(1986)

Water
Year
days

Coarse
p-NO,"

mriol/e

Fine

nmol/m'

Coarse
HNO,

ug/m'

Fine
p-NO;
ug/m'

HNO,
ug/m'

295-301 3.6 2.4 3.4	 0.223 0.149 0.214
302-308 2.4 1.4 ---	 0.149 0.087
309-315 3.8 2.1 0.236 0.130
316-322 --- --- ---
323-329 4.0 0.9 1.8	 0.248 0.056 0.113
330-336 2.9 0.4 2.1	 0.180 0.025 0.132
337-343 4.6 2.2 1.5	 0.285 0.136 0.095
344-350 3.2 1.4 1.0	 0.198 0.087 0.063
351-357 2.1 2.0 0.4	 0.130 0.124 0.025
Ave 3.3 1.6 1.7	 0.205 0.099 0.107

Source: Horrocks,1987
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Enhancement of precipitation by mountainous landforms

removes pollutants from passing air masses (Likens,1979). As the

air mass ascends, deposition will decrease due to decreased

pollutant loads. Table 2.3 shows a comparison between

concentrations observed by Horrocks (1987) at Emerald Lake and

Giant Forest. Note that Giant Forest data are monthly means of

daily observations. Giant Forest average concentrations of p-

NO, - and HNO 3 are about 5 and 7 times higher than concentrations

at ELW for the three-month sampling period.

Table 2.3: Comparison of Giant Forest and ELW N
species ambient concentrations (Horrocks, 1987)

Fine p - NO 3 	HNO3
Location 	Month 	(nmol/m3)	 (nmol/m3)

Giant	 July	 8.4	 13.4
Forest	 Aug.	 4.6	 17.4

Sept.	 9.7	 5.7
Average	 7.8	 12.0

ELW	 Average	 1.6	 1.7
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Cahill et al. (1988) found particulate matter concentrations

to decrease with elevation at 3 sampling sites --Ash Mountain

(610 m), Giant Forest (1950 m), and Emerald Lake (2800 m). Data

for Giant Forest and ELW are shown in Table 2.4. For example,

Emerald Lake particulate S was 44 percent of Giant Forest

concentrations.

Table 2.4: Particulate data for Giant Forest and ELW
(June 18 to October 1 1985)

Species

Concentration,
Giant Forest
Range	 Ave

ng m-3

ELW
Range Ave

Fine 12500 5300
Coarse 12300 8500
Na* 21-328 110
Al 14-210 110 10-68 35
Si 44-487 253 34-220 121
S 204-1008 535 129-424 250
Cl - 3-83 0-4 <1.4
K+ 29-361 147 11-107 49
Ca' 4-78 35 4-43 17
Fe 7-114 62 9-55 32

Source: Cahil1,1988

2.2.2.2 SURFACE ANALYSIS METHOD

Bytnerowicz and Olszyk (1988) measured dry deposition fluxes

of 14 species to pine needles and surrogate surfaces during three
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periods from July 15 to Sept 10, 1987. Materials were deposited

on teflon-film coated and non-coated branches of two native

conifers--Lodgepole Pine (Pinus Contorta) and Western White Pine

(Pinus Monticola)--as well as potted seedlings of Coulter Pine

(Pinus Coulteri). Pollutants were collected from foliage for

chemical analysis by rinsing with deionized distilled water.

Nylon and paper filter surrogate surfaces were also used for

comparison. Nitrogen species data are shown in Table 2.5.

Table 2.5: Flux data From Bytnerowicz and Olszyk (1988)

Flux, ueq/m2/h

	

Lodgepole Pine	 W. White Pine	 Nylon	 Paper
teflon no teflon teflon no teflon	filter filter

Mean 0.421	 0.442	 0.459	 0.485
	

0.579	 0.696
S.D.	 0.144	 0.173	 0.143	 0.153
	

0.151	 0.333

Mean 0.448	 0.507	 0.335	 0.366
	

0.057	 1.410
S.D.	 0.210	 0.175	 0.171	 0.099
	

0.091	 0.382

Fluxes of NO: to all surfaces were similar, while fluxes of

NH 4 ' to surrogate surfaces varied considerably from fluxes to

pines. Bytnerowicz and Olszyk (1988) found SO 4 -2 fluxes to pines

to be 4 - 5 times less than NH 4 and NO fluxes, and concluded

that fluxes of N compounds to native coniferous species at ELW

are of greater importance than sulfur-compound fluxes. The lack

of a significant difference between deposition rates to teflon-
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coated and uncoated branches indicates that extraction of ions

from vegetation during washing did not occur and there was no

absorption or exudation of ions.

Statistical analyses indicated NO; to be strongly correlated

with SO 4 -2 and Ca.' 2 , while NH 4* was poorly correlated with NO:, SO, -

2 , and the sum of the two ions. An additional observation was

that ammonium contributes a greater percentage to total nitrogen

deposition at ELW than at Tanbark Flat, located in the San

Gabriel mountains north of Los Angeles. Bytnerowicz and Olszyk

(1988) concluded that ammonium deposition at ELW results from

transport of ammonia gas and ammonium aerosols from the San

Joaquin valley.

Note that foliage rinse extracts were filtered (Schleicher

and Schuell Co. No 591A paper filters) so that there is a

question of whether large particles would be filtered out of

rinses that originally represent deposited particulate and

gaseous species (Tonnessen,1988a).

Wu and Davidson (1988) measured deposition fluxes to

surrogate surfaces set into recesses in aluminum frisbee-shaped

symmetrical airfoils at Emerald Lake during the period August 11

to September 30, 1987. Advantages cited for using these

deposition airfoils include: predictive airflow patterns,

independence of wind direction, and easy control of surface

characteristics. Teflon coated surfaces for measurement of
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particulate species and nylasorb paper for nitric acid vapor

measurement were used at ELW. A total of 12 teflon-plate and 12

nylasorb-filter-paper samples were obtained. Problems with the

experimental method and potential contamination of some samples

was reported. Data are presented below in Table 2.6.

Table 2.6:
m2 )

Fluxes to airfoil surrogate surfaces	 (ng/sec

Surface Species 13,11152 Mean Standard Error

Teflon Plate 0.93-2.71 2.06 0.28

Nylasorb
Paper p-NO3-+HNO3 2.46-11.76 6.10 1.41

HNO 3 1.54-10.09 4.04 1.42

Source: Wu and Davidson,1988

These data suggest that the nitric acid flux at ELW is

roughly double that of p-N0, - . Wu and Davidson (1989) note that

limits to data interpretation include: high concentrations of

blanks, imperfect agreement between simultaneous exposures, and a

small number of samples (6).

For comparison, Wu and Davidson (1989) report an average

deposition flux of nitrate to teflon surfaces at Claremont,

California (65 miles east of Los Angeles International Airport)

during the same period of 70.2 ng/sec/m 2. This is roughly 35

times the corresponding deposition flux at ELW.
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2.2.2.3 DEPOSITION VELOCITY/AMBIENT CONCENTRATION METHOD

The National Oceanographic and Atmospheric Administration

operates a nationwide network of dry deposition monitoring

stations. Many of the sites are equipped with filterpack

assemblies to measure ambient air concentrations of pollutants in

addition to equipment necessary for meteorological measurements

(Hosker and Womack,1985; Hales et al.,1987; Hicks et al.,1988).

One such monitoring station is in a forest clearing at

Wolverton, located near the trailhead to ELW at an elevation of

2250 meters. Data obtained from this site are shown in Appendix

A, with calculated means and standard errors, and include

deposition velocities and ambient concentrations for HNO 3 and p-

N0, - . The data are for field measurements made from July 1, 1986

to Sept 15, 1987 at a weekly time scale. There are several

missing periods. While the Wolverton site is notably different

than the ELW site, it is informative to analyze this extensive

data set for seasonal trends. Wolverton is forested, surrounded

by hills, and not in a riverine valley, whereas ELW is open

alpine terrain with few trees and receives upslope winds from the

marble fork of the Kaweah river drainage (Tonnessen,1988).

Deposition velocities, ambient concentrations, and fluxes for

HNO 3 and NO 3 - are plotted for the entire sampling period in Figure

2.3. Water year days are used for plotting. Table 2.7 shows

relationships with calendar year days.
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Figure 2.3: (a) Deposition velocity, (b) Ambient air
concentration, and (c) Mass flux of nitric acid and
particulate nitrate at Wolverton, California;
1985-1987 (Meyers, 1988)



Table 2.7: Conversion of calendar date to water
year day
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1986 1987
Calendar day	 Water year day Water year day

October 1	 1 366
November 1	 32 397
December 1	 62 427
January 1	 93 458
February 1	 124 489
March 1	 152 517
April 1	 183 548
May 1	 213 578
June 1	 244 609
July 1	 274 639
August 1	 305 670
September 1	 336 701

Deposition	 velocities	 (Figure 2.3a)	 for both species

decrease from the beginning of August to minimum values at the

beginning of October. Deposition velocities then increase to

maximum values starting in early July, and decrease shortly

thereafter. Concentrations (Figure 2.3b) drop from July 1

through the beginning of November. Values rise again from early

February until early July, after which they decline. Resulting

flux values (Figure 2.3c) drop 5 to 10 fold from July to the

beginning of October. Low values persist until early to mid

February, then rise through mid June, after which they decline.

While trends for deposition velocity and concentration are

visually similar, the two parameters are poorly correlated

(Figure 2.4). Fluxes of HNO 3 and NO: are well correlated with a

correlation coefficient of 0.8218 (Figure 2.5).
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This suggests a strong relationship between vapor and solid

particulate phases. This relationship may vary with relative

humidity and time of day (Warneck,1988).

A complete one-year data set for water year 1986-87 was

produced by using regression relationships to estimate data

during missing periods. These regression relationships are shown

in Figures 2.6a and 2.6b for all Vd and concentration data

combined into a composite year. Flux data were then calculated

in units of equivalents/120 hectares/week for comparison to EL.

These calculated data are plotted in Figures 2.7a and 2.7b.

These figures show that most of the dry mass of nitrogen species

is deposited during the period of April to September. Table 2.8

shows the monthly breakdown of p-N0, - and HNO 3 dry deposited mass

at Wolverton. Particulate nitrate accounts for 5 percent of the

total annual sum of p-N0, - and HNO 3 . Highest monthly flux occurs

during the months of July and August. Fluxes decline rapidly

between September and October, mostly as a result of sharply

declining deposition velocities (Figure 2.3a).

Ninety and 83 percent of NO, - and HNO 3 mass, respectively, is

deposited during the latter half of the water year (Apr. to

Sept.). Tonnessen (1988b) suggests a four month dry deposition

period of June 15 to October 15 for use in modelling at ELW.

Approximately 60 percent of the annual total mass of both

constituents is deposited at Wolverton during this period.
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Figure 2.6: Modelled vs actual (a) deposition velocity and
(b) Ambient air concentration for composite 1 year data set,
Wolverton, California (Myers, 1988)
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Figure 2.7: Daily flux of (a) p-NO 3 - and (b) HNO 3 at
Wolverton, California. (Composite data set from
Meyers, 1988)



Table 2.8: Monthly breakdown of dry deposited mass of
NO, - and HNO 3 at Wolverton	 (in equivalents)

Month NO HNO3
October 0.19 131
November 1.98 164
December 2.50 43
January 4.13 94
February 9.67 290
March 8.57 227
April 24.15 386
May 32.51 563
June 44.10 852
July 59.02 958
August 50.32 1142
September 28.02 619
Sum 265.20 5469

4 Month Total
(June 15 - Oct. 15)	Annual Total 

p - NO;	 162	 265
HNO 3 	3227	 5469

48
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2.2.3	 INTERPRETATION

Several calculations were made to examine consistency

between the data sets and estimate total flux of dry deposited

nitrogen (Table 2.9).

Meyers' flux data as previously described are listed for

comparison. Values from Bytnerowicz represent data for western

white pine (Tonnessen,1988c). Surrogate-surface data from Wu and

Davidson (1989) are used. Means of Wolverton concentration and

deposition-velocity data for the June 15 - Oct. 15 period are

presented for comparison, as well as means of Horrocks' data.

All calculated fluxes are derived from water year 1987 data.

Table 2.9: Comparison of dry deposition data sets and
calculated four-month (June 15 - Oct. 15) fluxes

Fluxes(eg/120Ha)	 Conc. (ug/m3 )
	

Vd (cm/s)
Author	 N0	 HNO 	NH4 	NO, 	HNO, 	 HNO,

Meyers'	 162	 3227
	

0.253 1.17	 0.237	 1.24

Bytnerowicz 	 1676	 1265

Davidson'	 413	 810

Horrocks
	

0.304 0.107

a: 4 month period, composite one year data set from Wolverton.
b: 4 month period, based on measured fluxes to uncoated Western White
Pine.
c: 4 month period, NO: flux to teflon surrogate surface, HNO, flux
calculated as the difference in flux to nylasorb and teflon surrogate
surfaces.

Fluxes calculated from Bytnerowicz data indicate the nearly

equal importance of NH 4' deposition as compared to NO 3 - deposition.

The sum of summer fluxes calculated from the Davidson data for
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NO + HNO 3 is comparable to that obtained from the Bytnerowicz

and Olszyk (1988) data. Differences are due in part to differing

deposition surfaces. Summer deposition of HNO 3 + NO, - at

Wolverton is roughly twice that of ELW. HNO 3 flux is roughly 20

times greater than p-N0, - flux at Wolverton, while data from

Davidson suggest HNO 3 flux to be twice p-NO 3 - flux at ELW.

Comparison of concentration data from Meyers and Horrocks suggest

this difference is partially due to greater ambient HNO 3

concentrations at Wolverton, assuming similar year-to-year

ambient-concentration relationships. Additionally, HNO 3 vapor is

known to be rapidly deposited on contact (Hicks et al.,1988;

Warneck,1988), whereas particulates such as p-N0, - may be

resuspended after impact (Wu and Davidson,1988). Thus greater

ambient concentrations, differing meteorologic and land cover

conditions, different site elevations, and differing pollutant

surface interactions all may contribute to greater percentages of

N flux due to HNO 3 at Wolverton when compared to ELW.

Summer flux of p-N0, - at ELW as calculated from Wu and

Davidson (1988) data equals over double the flux calculated from

the Wolverton data. Differences in meteorological and surface

conditions as described previously are probable explanations for

flux differences between the two sites. Minimal differences in

ambient concentrations observed by Meyers (1988) and Horrocks

(1987) at Wolverton and ELW further support this hypothesis.
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Assuming minimal variance in year to year temporal and

spatial relationships between Wolverton and ELW, scaled monthly

estimates of dry deposition at ELW can be calculated. Table 2.10

shows the estimates resulting when a factor of 0.43 is applied to

the sum of monthly flux of p-NO 3 - and HNO 3 at Wolverton. This

value is obtained by division of the average of ELW flux

estimates of p + HNO3 derived from Bytnerowicz and Davidson

data by Wolverton p-N0, - + HNO 3 flux estimates (Table 2.9)

Table 2.10: ELW p-NO 3 - and HNO 3 monthly flux estimates
scaled from Wolverton data (equivalents)

+ HNO 3 + HNO 3

Month Flux Month Flux

October 60 April 180
November 70 May 260
December 20 June 390
January 40 July 440
February 130 August 510
March 100 September 280

Annual total: 2,480 equivalents

Factor of 0.43 applied to Wolverton monthly data (table 2.8) derived from average
of Bytnerowicz and Davidson estimates (table 2.9) divided by June 15 - Oct. 15
total of Wolverton data (table 2.8).

Total annual dry deposition of p-N0, - and HNO 3 at ELW

.obtained from this analysis equals 2,480 equivalents. Maximum

snowpack ionic loading of NO occurs on April 16 and equals 4,100

equivalents (Dozier et al., 1988). Dry deposition of NO, - and

HNO 3 for the period October through April totals 600 equivalents,

15 percent of maximum snowpack ionic loading cited above. Note



52

that ammonium is not considered here, but may represent a similar

contribution to the snowpack if Bytnerowicz and Olszyk (1988)

data (Table 2.8) are indicative of the annual relationship

between dry deposited NO and NH 4 .

2.3 WET DEPOSITION

2.3.1 DATA

Wet-deposition data were obtained from several sources. CARB

operates a statewide acid-deposition-monitoring network

(CARB,1988b). Data for volumes and chemical concentrations of

rain are available for the period 7/3/84 to 6/23/87.

Precipitation (rain) samples were obtained for chemical

analysis using an Aerochem Metrics 301 sampler. The sampler is

located near the inlet meadow site. Data for volumes of water

collected were subsequently converted to units of equivalent

depth as would be measured by standard rain gauge. Rain gauge

measurements were also taken simultaneously. The reported rain

gauge data set is incomplete, but where available is in good

agreement with Aerochem Metrics data.

Dozier et al. (1988) obtained snow-water-equivalents (SWE)

and concentration data for snow events using snow boards.

Reported data are from the inlet site. Dozier et al. (1988)

indicate that SWE data from the inlet site are consistent with

SWE data collected at the ridge and pond sites, especially for
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the early winter period. Basin-wide estimates were made for a

few snow events based on three recording and eight non-recording

rain gauges placed throughout the watershed. These data were

used where available.

Chemical concentration data were missing for several small

events prior to the start of snowmelt. Dozier et al. (1988)

indicate that temporal variability in snowfall ionic

concentrations is small during the period prior to melt.

Therefore, means of concentration data during this period are

used to estimate concentrations for 5 small events.

Event loading is estimated as the product of volumes of SWE

or rain on a whole watershed basis and ionic concentrations. The

complete data set is shown in Table 2.11.

2.3.2 ANALYSIS

Of the total precipitation volumes for the 1985-86 water

year, approximately 98.6 percent fell as snow. An extreme event

occurring from February 18 to 19 resulted in a number of

avalanches at ELW (Dozier et al.,1988). The volume of water

represented by this event accounts for 37 percent of the total

water year snowfall. This event contributed to an extreme total

annual wet deposition volume for water year 1985-86. Regional

records indicate that the Kaweah basin, which includes ELW,
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Table 2.11: 1986 Water year precipitation data

Precipitation	 NO3	 NO3	 NH4	 NH4
Starting Water OWE/Rain	 Volume	 Conc.	 Flux	 Conc.	 Flux

Source	Water Year Day	 Depth (m) 	(se)	 (uec./1.) Aus,L (Ueq./1.) (eqvs.)

b 6 0.018 21600 1.3 28.1 1.2 25.9
b 8 0.013 15600 1.3 20.3 1.2 18.7
b 21 0.045 54000 1.3 70.2 1.2 64.8
c 42 0.118 141600 1.3 184.1 1.2 169.9
d 51 0.194 232800 0.7 163.0 1.0 232.8

d 64 0.438 525600 1.8 946.1 0.8 420.5
d 100 0.171 205200 0.9 184.7 1.1 225.7
d 126 0.186 223200 1.4 312.5 2.2 491.0
C 129 0.005 6000 1.3 7.8 1.2 7.2
d 141 1.066 1279200 1.9 2430.5 0.8 1023.4

d 170 0.427 512400 1.1 563.6 1.1 563.6
d 192 0.035 42000 5.3 222.6 7.5 315.0
d 198 0.014 16800 13.0 218.4 19.0 319.2
d 216 0.025 30000 6.9 207.0 15.2 456.0
d 219 0.01 12000 14.3 171.6 18.1 217.2

a 242 0.005 6000 15.2 91.2 20.0 120.0
a 289 0.0127 15240 34.7 528.8 43.3 659.9
a 295 0.0056 6720 5.2 34.9 2.2 14.8
a 295 0.0046 5520 22.9 126.4 25.0 138.0
a 323 0.00076 912 25.8 23.5 8.9 8.1

a 324 0.0025 3000 27.1 81.3 6.1 18.3
a 337 0.0089 10680 2.9 31.0 4.4 47.0
a 354 0.0252 30240 20.0 604.8 21.1 638.1
a 359 0.0447 53640 4.0 214.6 8.9 476.3
a 364 0.0213 25560 25.5 651.8 44.4 1134.9

Data Sources

a: CARS, (1988b); Inlet Meadow site Aerochem Metrics sampler data.
b: Dracup et. al. (1988); Basin-wide estimates of precipitation depth and estimated
concentration data as mean of pre-snowmelt concentrations.
c: Marks, (1988); Inlet snow depths and estimated concentration data as mean of pre-snowmelt
concentrations.
d:Dozier et. al. (1988); Event snow chemistry data.

received 165 percent of the 50-year mean precipitation by May 1

of this water year (Dozier et al., 1988).

Total water-year event fluxes of NO 3-, NH 4 - and SO 4 -2 are

listed in Table 2.12. Fluxes due to rain account for 11, 13, and

12 percent of total NO, -, NH 4 , and SO 4 -2 precipitation fluxes

respectively. The magnitude of water year total fluxes of NH,*

and NO, - are similar while annual SO 4 -2 wet deposition is

approximately 1400 equivalents lower.
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Table 2.12: 1986 water year total annual precipitation
loadings (equivalents)

Rain
NO; 917
NH 4 1006
SO 4 -2 765

Snow 	Total Precipitation
7202	 8119
6800	 7806
5831	 6597

Dozier et al. (1988) presented a three-period seasonal

analysis of precipitation deposition and concentration data for

two water years. Nitrogen-species data are reproduced below in

Table 2.13. Annual volume-weighted mean concentrations

calculated from data in Table 2.11 of this study for ELW, annual

volume-weighted mean concentrations at Giant Forest (Stohlgren

and Parsons,1987) and Hubbard Brook Experimental Forest (Likens

et al.,1977) are shown. Differences in concentrations between ELW

and Giant Forest may be due to elevational air mass effects. The

comparison with Hubbard Brook data suggests regional differences

in emission sources and transport resulting in different wet

deposition loadings. Total annual NO, - and NH 4  wet deposition as

determined from Table 2.12 is also listed.

Dozier et al. (1988) note that NH 4  seasonal deposition

patterns contrast that of most other ions, with greatest

deposition occurring during the autumn snow period (defined as

prior to Nov. 11 and Nov. 20 for the 1985 and 1986 water years

respectively ). Total deposition of NH 4  and NO; for the 1986

water year is respectively 2.9 and 2.0 times greater than that of
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Table 2.13: Locational and seasonal comparison of
precipitation chemistry

Conc.(ueq/1)	 Dep.(meq/m2)	 Dep.(eqvs)
Years 	Type/Source	 NH, 	 NO,- 	NH4'	 N0

1985	 Rain	 42.8	 40.4	 0.7	 0.6	 840	 720
Autumn Snow	 15.1	 11.8	 1.4	 1.1	 1680 1320
Winter Snow	 0.9	 2.3	 0.9	 2.4	 1080 2880

Totals	 3600 4920

1986	 Rain	 23.4	 22.2	 0.8	 0.7	 960	 840
Autumn Snow	 21.8	 14.7	 4.6	 3.1	 5520 3720
Winter Snow	 1.4	 1.8	 3.3	 4.3	 3960 5160

Totals	 10440 9720

1986	 Totals From
Table 2.12

1986	 Volume weighted 2.2	 2.3
mean conc.
from table 2.11

1963-74 Hubbard Brook	 12.2	 23.7

1981-84 Giant Forest	 7.3	 5.8

7806 8119

the 1985 water year, largely a result of high precipitation

values in 1986.

Differences in estimates of total annual deposition between

data from Dozier et al. (1988) and the present study are due to

different calculation procedures. Dozier et al. (1988) apply

volume weighted mean concentrations to period precipitation total

volumes, while depositions calculated here are the sums of all

event depositions for the water year. Percentages of 1986 water

year NO and NH 4' deposition due to rain indicated by Dozier et

al. (1988) estimates are comparable to those suggested by Table

2.12. Estimates for percentage of total wet deposition due to

rain from Table 2.12 are 11 and 13 percent for NO, - and NH4.
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Dozier et al. (1988) estimate both of these values at 9 percent.

The similarity in magnitude of NO; wet deposition and NH 4  wet

deposition that Dozier et al. (1988) present for water year 1986

also agrees with the present work.

NH 4  and NO; concentrations at Giant Forest are 3.3 and 2.5

times greater than those of ELW. Differences in elevation

resulting in different atmospheric pollutant loads are probably

responsible for this disparity. A comparison of annual volume-

weighted mean concentrations of N species at ELW with those found

at Hubbard Brook, New Hampshire indicates that ELW concentrations

are significantly smaller. Concentration effects on deposition

loadings may be partially offset by timing, amounts and types of

deposition occurring at the two sites. Stohlgren and Parsons

(1987) suggest that while bulk deposition of H% NO, - , and SO 4 -2 at

Giant Forest are 4.7 percent, 18.9 percent, and 10.3 percent of

bulk deposition at Hubbard Brook, high summer dry deposition may

contribute to more ecologically damaging pulses of acidic

precipitation. However, the occurrence of a spring snowmelt

induced acidic pulse may have far greater ecological consequences

in alpine Sierra Nevada watersheds.

Molar ratios of sulfate to nitrate for precipitation at ELW

during water years 1985 and 1986 ranged from 0.33 to 0.65 (Table

2.14). Stohlgren and Parsons (1987) report similar annual mean

ratios, which range from 0.55 to 0.90, with the mean ratio for
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Table 2.14: Comparison of NO, - and S0: 2 precipitation
concentration data from Emerald lake, Giant Forest,
and Hubbard Brook

NO,"	 SO4-2	 S0:2/N0;
	Emerald Lake	 ueq/1	 ueq/1	 ratio,mol/mol 

1985 water year
rain	 40.4	 30.6	 0.37
snow-autumn	 11.8	 7.8	 0.33
snow-winter	 2.3	 3.0	 0.65

1986 water year
rain	 22.2	 18.3	 0.41
snow-autumn	 14.7	 10.0	 0.34
snow-winter	 1.8	 1.6	 0.44

Giant Forest 
1981	 8.4	 12.3	 0.73
1982	 3.9	 7.0	 0.90
1983	 6.1	 7.9	 0.65
1984	 7.7	 8.5	 0.55

	All samples	 5.8	 8.3	 0.72

Hubbard Brook 
Weighted annual	 23.7	 60.3	 1.27
mean bulk
precipitation
1963-1974

Emerald lake data from Dozier et. al. (1988). Snow-winter data collected Nov. 11 to
March 27 during 1985 water year and Nov. 20 to May 7 during 1986 water year.

Giant Forest data from Stohlgren, 1987. Annual data are volume weighted means of
weekly measurements.

Hubbard Brook data from Likens et. al. (1977)

the 4-year data equal to 0.72. These data contrast data from

Hubbard Brook, where the weighted annual mean sulfate

concentrations as expressed in equivalents are 2.5 times greater

than nitrate concentrations (Corresponding to a SO 4 -2/NO 3 - molar

ratio of 1.27).
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Concentrations of NO, - and NH 4* are well correlated for rain

and snow events as well as for dry deposition. Figure 2.8a

relates CARB (1988b) rain data for the two species obtained

during the period 7/11/84 to 10/3/86. Figure 2.8b depicts the

same relationship for all precipitation events for the 1986 water

year (data from Table 2.11). Figure 2.8c relates NH 4  and NO:

particulate data collected from the San Joaquin site of the CARE

statewide particulate monitoring program (CARB,1988c).

Clear	 correlations	 are	 seen between NO; and NH, -

concentrations in Figures 2.8a and 2.8b. 	 The linear regression

line plotted on these figures indicates a 1:1 molar relationship

between the two species. Particulate data from the San Joaquin

valley indicate a similar relationship between NO, - and

(Figure 1.12c).	 Ashbaugh (1988) performed a factor analysis (a

statistical procedure that maximizes the sum of the squared

correlation coefficients for a data set in order to isolate

groups of data that vary together) on the CARB wet deposition

data discussed previously. Results indicated that ammonium and

nitrate concentrations and depositions vary together.	 All of

these results support the hypothesis that ammonium nitrate

particulates in dry or wet form are produced through secondary

processes in the San Joaquin atmosphere and subsequently

transported to ELW. While formation of ammonium nitrate in the

atmosphere represents a temporary neutralization of the acidic
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nitrate anion, subsequent deposition and watershed processes will

increase receiving water acidity as the ammonium ion is oxidized

(Schuurkes and Mosello,1988).

Temporal trends in NO," and NH 4  concentrations and flux data

are shown in Figures 2.9a, 2.9b, and 2.10. NH4 and NO, -

concentrations are consistently low during the first half of the

water year, with a larger variation in concentrations evident in

the latter half of the water year. Several concentrations during

the latter period are greater than 20 ueq/1. A similar seasonal

pattern is not seen in the flux values. While volumes of water

falling as rain may be smaller than snow, relatively greater

chemical concentrations present in rain may produce some N event

fluxes comparable to that from snow. The extreme event of Feb. 18

to 19 described above represented 30 percent and 13 percent of

the total mass of NO 3- and NH 4  deposited in water year 1985-86

precipitation.

2.4 WET AND DRY DEPOSITION SUMMARY

Table 2.15. is a comparison of wet and dry deposition of N

species at ELW. The sum of wet deposition occurring in summer is

displayed along with wet deposition for the rest of the year.

Dry deposition estimates from Table 2.9 and 2.10, while for the

1987 water year, still offer some means for comparison.
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Table 2.15: Comparison of wet and dry deposition data

Author/Period	 NO,-	 HNO3	 NH4
Four-month summer
dry deposition'

Bytnerowicz	 1700	 1300
Davidson	 400	 800

Scaled Wolverton
Data b

June 15 - October 15	 1580
October 15 - June 15	 900
Annual	 2480

Wet Dep.'
June 15 - Oct. 15	 2300	 3200
October 15 - June 15	 5800	 4600
Annual	 8100	 7800

a: From Table 2.9
b: From Table 2.10
c: From Table 2.11

Assuming that dry deposition data in Table 2.9 are generally

representative, Table 2.15 indicates that dry deposition

represents 63 and 40 percent of NO and NH 4  wet deposition

respectively for the summer period. As precipitation was extreme

during the 1986 water year, comparisons to deposition during the

rest of the year may be unwarranted. While comparable rain

depositions between the two water years shown in Table 2.13

support the hypothesis of dry deposition representing a

64
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significant contribution to total nitrogen deposition during the

summer period, scaled Wolverton data (Table 2.10) indicate the

significance of dry deposition during the rest of the year.

These data suggest that dry deposition of NO, - + HNO 3 for the

period October 15 to June 15 may be on the order of 900

equivalents, approximately 15 percent of the wet deposition

during the same period in water year 1986. Future field work to

collect weekly ambient concentration and routine meteorologic

data concurrently with wet deposition data for a complete one

year period will further refine these hypotheses. Additionally,

NH 4  dry deposition seems to be just as great as NO, - deposition

according to Bytnerowicz and Olszyk (1988), suggesting annual

data are also needed here.

Interim approaches to modelling dry deposition at ELW might

employ data from Wolverton to establish seasonal trends at ELW,

such as the approach taken in development of Table 2.10.



CHAPTER 3 

SOILS AND VEGETATION

3.1 BACKGROUND

Soil processes play an important role in ameliorating or

enhancing the ecosystem effects of acid deposition (Reuss and

Johnson,1985; Hemond and Eschleman,1984; Van Breeman et

al.,1984). Organic and inorganic forms of nitrogen in the soil

undergo chemical reactions that can either produce or consume

protons. Acid-base relationships of the nitrogen cycle were

previously shown in Figure 1.1. Chemical reactions are listed In

Table 3.1.

Environmental influences control the rates of nitrogen cycle

chemical reactions. For example, acidification of soils has been

found to slow mineralization rates, while freezing/thawing or

drying/wetting cycles may enhance mineralization

(Alexander,1977). In addition, as most nitrogen cycle reactions

are microbially mediated, the rates and extents of reactions will

depend on nutrient availability.

Vegetation coverage at ELW is 18.9 Ha or 16 percent of the

watershed area (Figure 3.1). Vegetation associations, percent

cover, and areal extent are indicated in Table 3.2.
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Table 3.1: Nitrogen-cycle chemical reactions

1) Nitrification:
NH 4 + + 20 2 --> NO: + H 20 + 2H +

2) Ammonia Assimilation:
NH 4 + + 500 2 + 2H 20 + --> 0 5H 7NO2 + 50 2 + 11 +

3) Nitrate Assimilation:
+ 500 2 + 3H 20 + 11+ --> 0 5 1.1.,NO 2 +70 2

4) Biomass Decomposition and Ammonification:
C 5H,NO 2 + 50 2 + El+ --> NH 4 + + 500 2 + 2H 20

5) Denitrification:
4N0: + 5011 20 + 4H + --> 2N2 + 71-1 20 +5002
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Table 3.2: Vegetation associations and areas

Vegetation
Association

Areal
Extent(m2 )

Percent	 Vegetation
Cover	 Covered Area	 (m2 )

TX 25200 80 20161
GHX 92033 30 27610
SWT 86731 100 86731
GHM 44253 100 44253
CO 32902 25 8226
MB 7520 30 2256

SUM 288637 189237

Vegetation association descriptions:
TX:	 Trees, xeric. Large conifer stands with Chrysolepsis

Sempervirens understory and associated shrubs and a few herbs (Pinus
spp.).

GHX: Graminids and herbs, xeric. Occurs on sloping decomposed
granite with little soil development. Xeric grasses, sedges, shrubs,
and herbs (Castanopsis spp.).

SWT: Shrubs, willows, trees. Large, dense Salix Orestera stands
with associated mesic shrubs and herbs (Salix spp.).

GHM: Graminids and herbs, mesic. Open wet meadows with dense
carpets of grasses, sedges, and scattered forbs. Spp. assemblage
similar to SWT, with the exception that grass and sedge, rather than
Salix, dominate.

CO:	 Colluvium. Sloping granite rubble. Similar species
assemblage to GHX, but Primula Suffrutescens and Anenome Occidentalis
are unique.

MB:	 Mesic Boulders. Shrubs with few to no herbs.

Source: Rundel, 1988
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Soil coverage at ELW represents 24.33 Ha or 20 percent of

the 120 Ha watershed area. Major soil groups, associated

vegetation types, soils field experiment locations, and estimates

of areal extent are listed in Table 3.3 (Brown, 1988).

Four representative soils from the ELW were analyzed for

physical and chemical characteristics by Lund et al. (1987a).

Soils related nitrogen data are reproduced in Table 3.4. Lund et

al. (1987a) observed that organic-nitrogen species make up the

dominant fraction of ELW soil nitrogen, with mass of nitrogen per

mass of soil decreasing with depth. The lithic histic cryaquept

has the highest nitrogen levels, hypothesized to be due to its

location in the Inlet Meadow. This area is characterized by cold

conditions and a high water table, resulting in slow litter-

decomposition rates (Lund et al.,1987a)

Field and laboratory soils experiments were undertaken from

1985 to 1988 (Lund et al.,1987b). Data from throughfall,

mineralization, litter decay, and lysimeter experiments were

obtained for this analysis. Locations of soil field experiment

sites are shown in Figure 1.3.



Table 3.3: Soils descriptive data

Soil	 Representative	 Associated	 Area	 Volume
Group	 Soil	 Vegetation	(Ha)	 (m3)	 Location

Aquept	 willow	 0.3	 N of Parson's
Pond, Inlet
Meadow

Fluvent	 0.1	 249	 Inlet

Orthent	 Typic	 foxtails	 3.6	 9923	 Alta
Cryorthent	 Cirque

Orthod	 Typic	 pine,	 2.1	 11778	 Pine
Cryorthod	 chinquapin	 Stand

Umbrept 1 Entic	 low herbs	 3.9	 16687	 Bench
Cryumbrept	 Meadow

Umbrept 2 Lithic	 12.6	 49768	 Ridge
Cryumbrept

Umbrept 3 Lithic	 willow	 1.8	 5258	 Inlet
Cryumbrept	 Meadow

Sums	 24.4	 93663
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Table 3.4: Soils nitrogen data

72

Soil Location	 Depth	 Total	 NO, - + NH 4

Subgroup (cm) Kjeldahl
	mg/kg

Lithic Lake 0-5	 620	 7.95 0.43
Cryumbrept Outlet 5-23	 560	 7.39 0.36

Typic Ridge 0-6	 470	 3.32 1.15
Cryorthent 6-44	 310	 1.03 .21

44-68	 150	 0.77 .04

Lithic Inlet 0-15	 11300	 15.32 .45
Histic Meadow 15-30	 4680	 5.02 0.00
Cryaquept 30-45	 2590	 3.09 .46

Entic NE 0-6	 4500	 9.95 0.03
Cryumbrept Joint 6-28	 2060	 11.66 0.00

28-55	 1980	 5.23 0.77
55-70	 1820	 11.26 0.40

Data reproduced from Lund et. al.	 (1987a)

3.2	 THROUGHFALL

3.2.1	 BACKGROUND

Throughf all is	 defined as	 chemically	 altered precipitation

that	 falls	 from leaves, stems,	 and	 branches of	 vegetation

(Johannes	 et	 al.,	 1986). Several	 processes contribute	 to

chemical changes between incident precipitation and throughf all

(Johannes et al., 1986; Cronan and Reiners,1983; Parker,1983).

These processes include washoff of dry deposited materials,
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washoff of leaf or needle exudates, leaching from vegetation, and

chemical uptake by vegetation (Figure 3.2). Factors cited by

Parker (1983) that affect throughfall chemistry include amount of

precipitation, time between precipitation events (determines

inter-event dry deposition), and vegetation type.

Throughfall samples at ELW were collected concurrent with

incident precipitation samples obtained from nearby non-vegetated

areas (Lund et al., 1987a). Samples. were obtained from the three

major ELW vegetation types: Willow (Salix spp.), Chinquapin

(Castanopsis spp.), and White Pine (Pinus Monticola) during four

precipitation events in 1986. The original data for the 1986

experiments are reproduced in Table 3.5. High standard errors of

means for replicates from each event and vegetation type suggest

variations in sample collectors or chemical analysis errors (Lund

et al. 1987b). Also note that not all 1986 water year rain

events were sampled, and no snow event sampling was performed.

Only NO concentration data were available from the 1986 data

set, while only means of all data for the 1985 experiments were

available. The latter data set was unavailable for analysis.

Future availability of the 1985 data set will allow verification

of the following 1986 data set analyses.
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Figure 3.2: Processes controlling precipitation throughfall
chemistry (Adapted from Chen et al.,1983)
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3.2.2 DATA AND ANALYSIS

Figures 3.3 and 3.4 show concentration and deposition

throughfall data by event. Lund et al., (1988b) observed that,

for 1985 data, Pinus throughfall had the highest NO, -

concentrations, possibly due to higher rates of canopy exchange

and dry deposition. Salix is hypothesized to use foliar

absorption to satisfy its nitrogen requirement. This is due to

its location in anaerobic soils such as the inlet meadow where

denitrification may reduce nitrogen availability. 1986 data

indicate Salix throughfall deposition to be less than incident

rain deposition, while Castanopsis and Pinus throughfall

deposition is greater than incident rain deposition. Castanopsis

and Pinus are suggested to be more efficient dry deposition

collectors, while late leafing of Salix in 1986 may have

decreased its dry deposition collection efficiency (Lund et al.

1987b).

Data for linear regressions of throughfall depth versus

incident rain depth are shown in Table 3.6 and Figure 3.5.

Correlation coefficients indicate that the majority of Salix and

Castanopsis throughfall depth can be explained by a linear

relationship with incident rain depth. The linear relationship

is approximate however, and appears inappropriate for Pinus.

Precipitation volume will determine if interception capacity is

satisfied. Small events that do not fully satisfy interception
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Depth of Rain in Open (mm)

Figure 3.5: Throughfall vs incident rain depth (mm),
all data for 4 1986 events

Table 3.6: Throughf all - incident rain depth
regression relationships

Vegetation	 Equation	 St. Err.	 R
Type

Salix y = 1.38x -	 4.67 5.00 0.97
Cast. y = 1.43x -	 6.19 10.54 0.87
Pinus y = 0.63x +	 4.99 13.49 0.58

dependent variable = throughfall depth (mm)
independent variable = incident rain depth (mm)

storage will produce different	 incident	 rain/throughfall

relationships than large events where interception capacity is

met and precipitation is effectively passed through the canopy.

Determination of interception capacity is possible for Salix

and	 Castanopsis	 using	 the	 above	 described	 regression
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relationships. Interception capacity is assumed to be equal to

the amount of incident precipitation that produces zero

throughfall. Salix and Castanopsis interception capacity are

calculated as 3.4 and 4.3 mm. respectively.

Relationships between throughf all nitrate concentrations and

incident rain concentrations were investigated. Throughf all

concentrations are poorly correlated with incident rain

concentrations for Pinus and Salix, and well correlated for

Castanopsis (Figure 3.6).

The relationship between throughf all minus incident rain

concentration (net throughfall) and incident rain depth was

examined (Figure 3.7). A large range of net throughfall values

were found for all vegetation types at low incident rain depths.

At larger incident rain depths, net throughfall appears to

approach zero. Dilution and dry deposition appear to be two

factors responsible here. Lovett and Lindberg (1984) and Parker

(1983) indicate that dry deposited materials are quickly

dissolved upon wetting. Additionally, longer periods between

precipitation events allow greater accumulation of dry deposited

species. Thus small events occurring after long dry periods

should produce more concentrated throughfall.
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NO3 Conc in Bulk Rain (ueq./1.)

Figure 3.6: Throughfall vs incident rain NO 3 - concentration
(ueq/l) and linear regressions for 4 1986 events (2 Pinus
outliers with throughfall concentrations of 1364 and 1377
ueq/1 excluded)
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As mentioned previously, denitrification occurrence in wet

soils supporting Salix may force this vegetation type to satisfy

its nitrogen requirements through foliar uptake. Figure 3.7

indicates that incident rain NO; concentrations generally exceed

throughfall NO: concentrations for Salix, with large differences

between throughfall and incident rain NO, - concentrations

occurring at low incident rain depths. Figure 3.8 shows the

relationship between net throughfall deposition and incident rain

depth for the three vegetation types. Throughfall deposition

under Salix appears to decrease with greater incident rain depth.

Increased foliar uptake of nitrate as availability from incident

rain increases might produce this result.

Throughf all nitrate concentration vs. incident rain depth

relationships are shown in Figure 3.9.	 The two Pinus data

outliers result from the same sampling apparatus.	 After

exclusion of these outliers, a correlation coefficient of -0.8869

is obtained for the concentration/depth relationship. Large

incident rain amounts having dilute ionic concentrations may

serve to further dilute dry deposited materials. The additional

factor of length of dry period may play a role here also.
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A possible modeling approach to calculating net throughfall

deposition (incident rain deposition - throughfall deposition) is

suggested by Lovett and Lindberg (1984) using the following

equation:

T = D + C = b,A +b,P

Where:

T = net throughfall deposition

D = dry deposition

C = canopy exchange

b, = mean dry deposition rate

A = antecedent period

b, = mean exchange coefficient

P = amount of precipitation

Net throughfall deposition is obtained from wetfall only

collectors to exclude non-event related materials. Such

collectors are usually electrically activated by rain to open the

sampling container. Net throughfall deposition, antecedent

period, and precipitation amount are used in a multiple

regression calculation to determine the two parameters mean dry

deposition rate, and mean exchange coefficient. Assumptions of

the model include that canopy exchange occurs only in solution

and that exudation and dry deposition are both included in the
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mean exchange coefficient. Errors propagated from materials not

washed off leaf surfaces from previous events are suggested to

cancel residues left on leaf surfaces from the present event.

Throughfall collectors that are open to the environment

(je. non screened and open between precipitation events) used at

ELW and the small number of events sampled prevent use of this

model with ELW data. Its utility to easily isolate critical

parameters and separate out throughfall contributions makes it

attractive for use in future throughfall experiments not having

the above mentioned drawbacks.

Estimates of NO, - deposition due to throughfall processes

were made using means of event replicates for each vegetation

type. Data for this analysis is contained in Table 3.7.

Vegetated areas used are products of vegetated area and percent

cover from Table 3.2. Total throughfall deposition is the sum

of deposition per square meter for the four events. Total

incident rain deposition is similarly determined. Incident rain

deposition associated with each vegetation type is the product of

total incident rain deposition and percent of total watershed

area represented by vegetation type. Net throughfall deposition

is the difference between incident rain deposition and

throughfall deposition. A composite watershed net throughfall

deposition value is obtained by summing net throughfall

depositions for the three vegetation types.



Table 3.7: Estimate of throughf all NO
deposition for 1986 water year

Deposition (ueq./e)

Salix Bulk RainCastanopsis Pinus
Event 1 553 3308 165** 935
July 24,1986

Event 2 506 4982* 82 281
Aug.	 21,	 1986

Event 3 447 2992 152 213
Sept.	 20,	 1986

Event 4 1449 2098 261 984
Oct.	 15,	 1986
Sum 2955 13380 660 2413

(Data reproduced from Lund et. al.	 1987b)

Missing data: *	 estimated using throughfall/incidenz
rain depth and net throughfall
concentration/throughfall depth regression

equations
**	 estimated as mean of other events

Area	 (in m2 )	 27610
(from table 3.2)

20161 86731 200000

Areal loading	 82 270 57 483
(Equivalents)

Areal bulk rain	 67
loading	 (equivalents)

49 209

Net throughfall	 15 221 -152
deposition
(equivalents)

Watershed net throughfall deposition: 84 equivalents

Areal loading = sum of event deposition x area

Areal bulk
Rain Loading = (area/200,000) x 483

Net throughfall deposition = areal loading - areal
bulk rain loading

Total watershed NO: deposition due to throughfall processes

is estimated as 84 equivalents. For comparison, data from Wu and

Davidson (1989) and Bytnerowicz and Olszyk (1988) suggest

approximately 120 equivalents of NO; may be deposited in dry
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form to the same area for a similar time period. The comparable

magnitude of throughf all contributions and dry deposition

indicates dry deposition to be the major factor influencing the

throughfall process.

3.3	 LITTER DECAY

3.3.1	 BACKGROUND

Microbially mediated decay of litter is a source of nitrogen

at ELW. Litter decay is a multi-step process whereby the

originally deposited leaves and twigs undergo decomposition by

fungi, bacteria, and other soil microorganisms. Resulting

chemical species can subsequently be leached to soil solution and

streams. Chen et al. (1983) outline the following steps involved

in the transformation of litter to inorganic products:

Litter --> Fine Litter --> Humus + Base Cations

Humus --> Organic acid + aNH: + bSO 4 -2 + cH . + dCO2

Organic acid --> eNH: + fSO 4 -2 + gH* + hCO2

Bleak (1970) found temperature and moisture to be important

in determining rates of litter decomposition under a central Utah

snowpack. These parameters will influence the microenvironment

of the organisms involved. Moore (1983), citing the importance

of winter time litter decomposition, observed a 63 percent litter
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weight loss during the initial winter period (from November to

February) of a litter decay experiment in the Sub-Arctic

woodlands of Quebec-Labrador. Contrastingly, Gosz et al. (1973),

in experiments at Hubbard Brook, New Hampshire, found maximum

nutrient release from litter to occur in autumn and summer, while

nutrient output from the ecosystem occurred primarily in the

spring. Additional factors controlling litter decay include

litter composition, nutrient mobility, and heterotroph activity

(Gosz et al.,1973).

3.3.2 DATA

Lund et al. (1987a) carried out litter decomposition studies

for three vegetation types at ELW starting in October 1984.

Litter bags containing senescent leaves and twigs of specific

vegetation type were staked under respective vegetation and

analyzed bi-annually. Original data available were biannual dry

weights and elemental analyses. Percent original mass remaining,

total litter-bag nitrogen mass, and nitrogen mass loss were

calculated from these data. All data are listed in Table 3.8.

As observed by Lund et al. (1987b), the greatest litter

weight loss for all litter types occurred during the first winter

of the experiment. Salix decomposition during the first winter

was greater than that of Castanopsis and Pinus with percentages



Table 3.8: Litter decay data

Dry	 % Original Elemental	 N in
Time	 Weight	 Mass	Analysis	 Bag

Date	(months)	(g)	Remaining 	(g/kg) 	(mg)

Salix
10/84 0 7.12 100.00 1.56 11.11
6/85 8 3.74 52.53 2.77 10.36
10/85 12 4.8 67.42 2.77 13.3:
7/86 21 3.44 48.31 3.12 10.73
10/86 24 3.32 46.63 2.78 9.23

Castanopsis
10/84 o 7.05 100.00 1.37 9.66
6/85 8 5.42 76.88 1.79 9.7 0
10/85 12 5.38 76.31 1.93 10.38
7/86 21 4.5 63.83 2.2 9.90
10/86 24 4.29 60.85 2.14 9.18

Pinus
10/84 0 7.12 100.00 1.19 8.47
6/85 8 5.45 76.54 1.48 8. 07
10/85 12 5.23 73.46 1.5 7.85
6/86 20 4.4 61.80 1.55 6.82
10/86 24 4.43 62.22 1.6 7.09

Sample N release calculation for P nus litter:

Original litter cry weight
Modelled original mg N in 7.12 g litter

Modelled mg N in litter remaining after 12 months
mg N lost from litter in 12 months

mg N lost / gram originally deposited litter

90
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of weight lost in the first eight months equalling 47 percent, 23

percent, and 23 percent respectively.

3.3.3 ANALYSIS

Wieder and Lang (1982) review a number of models commonly

used in litter decomposition analysis. The single exponential

model is cited as the most frequently used and biologically

realistic model. The expression relating litter dry weight

remaining (y), time elapsed (t) and two model parameters (A and

k) is:

Y =

Easily decomposable compounds are lost in the initial stages of

decay, while the more resistant fractions persist for a longer

time period. The ILWAS model (Chen et al., 1983) also assumes

part of the initially deposited litter is immediately leachable.

Table 3.9: Litter Decay Equations

Veg. Dry Weight	 t112	 N in Bag	 t112
Type	 months	 months

Salix y=6.17e- ''	 25	 y=1l.69e°°6	 116
Cast.	 35	 y=9.91e-°Git	 693
Pinus y=6.76e - " 1t 	35	 y=8.56e-n9t	 77

Exponential curves were fit to weight and remaining nitrogen

mass data vs. elapsed time.	 These curves are shown in Figures

3.10a to 3.10c.	 Equations are shown in Table 3.9.	 Half lives
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are also calculated from these equations.

Salix litter weight loss is fastest, while nitrogen release

is fastest from Pinus litter. Exponential equations suggest that

the rate of Castanopsis litter weight loss is approximately the

same as Pinus litter weight loss.

The relationship between litter bag weight and nitrogen

content is shown in Figures 3.11a to 3.11b. An exponential

relationship is found for Pinus litter, suggesting that large

litter weight losses are not necessarily associated with large

nitrogen losses.

In order to determine nitrogen cycle significance of litter

decay, litter fall loading rates are necessary. Litter

collection data as described in Lund et al. (1987b) will provide

this information, when available.

Annual nitrogen release by litter decay was estimated using

the previously described equations. An example calculation is

shown in Table 3.8. The analysis indicates that .11, .07 and .12

mg of elemental N are lost in one year for each original gram of

Salix, Castanopsis, and Pinus litter deposited. Arbitrarily

assuming 100 kg/ha of each litter type is deposited annually, a

total of 10 equivalents of nitrogen will be released annually.
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3.4	 MINERALIZATION

3.4.1	 BACKGROUND

Mineralization is the process in which organic forms of

nitrogen are transformed to inorganic forms. The overall process

involves the two reactions of ammonification and nitrification

(Table 3.1). Nitrate is more soluble in solution and is the

preferred nitrogen source for higher plants (Alexander,1977).

The mineralization rate typically refers to the rate at which

organic nitrogen is converted to both ammonium and nitrate.

Factors influencing mineralization include pH, temperature,

moisture content, and total nitrogen content.	 In a series of

soil-column experiments, Strayer et al.	 (1981) found soils

amended with NH 4  and exposed to simulated acid rain to have

decreased rates of nitrification, while unamended soils showed no

detectable effects when exposed to pH 3.2 rain. Alexander (1977)

suggests that, for all other factors equal, NH 4  and N0.

production is greater in neutral than acid environments, with

acidification depressing but not eliminating mineralization.

Alexander (1977) also cites freeze/thaw and wet/dry cycles as

factors increasing mineralization rates.

3.4.2	 DATA

Laboratory	 experiments	 to	 examine	 pH	 effects	 on

mineralization were carried out by Lund et al. (1987a). Results
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indicated that mineralization decreased slightly while

nitrification was unaffected by the addition of pH 4.75 (mean

annual pH of incoming precipitation as cited by Lund, et al.)

treatment solutions.	 Control experiments were run concurrently

where soils were leached with a pH 5.4 solution.	 Mean

nitrification (defined here as the percent of mineralized

nitrogen appearing as NC), - ) ranged from 28 to 35 percent during

these experiments.

The rate of mineralization is proportional to the amount of

mineralizable nitrogen available, following first order kinetics:

dN/dt = -kN

The integrated equation is:

No - N.
N o 	et

Where:	 No = potentially mineralizable nitrogen (PMN)

N. = cumulative N mineralized in time t

k = mineralization rate constant

t = time

Laboratory experiments performed by Lund et al. (1987a)

produced data leading to estimates of PMN and mineralization rate

constants for four soil types. Monitoring of inorganic nitrogen

evolution from leached soil samples under constant temperature
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and moisture conditions and use of the above described rate

expression allowed calculation of mineralization rate constants.

Original data are shown in Table 3.10.

Table 3.10: Mineralization laboratory data

Soil	 Depth K	 (1/wk) PMN	 (mg/kg)

Lithic	 0-10 0.056 58
Cryumbrept	 10-25 0.060 45

Typic	 0-10 0.041 61
Cryorthent

Lithic	 0-15 0.055 478
Histic	 15-30 0.079 91
Cryaquept	 30-45 0.120 52

Entic	 0-10 0.073 325
Cryumbrept	 10-28 0.066 135

28-55 0.073 80
55-70 0.038 94

Mean 0.0661
Standard Error 0.0073
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In situ experiments were also performed to determine mass of

mineral nitrogen produced due to mineralization under field

conditions. Soils that were preanalyzed for mineral nitrogen

species content were sealed in polyethylene bags and buried

(Eno,1960). Increases in nitrogen mineral species content during

specified time periods were due to mineralization. Nitrification

is expressed as percent of total mineralized nitrogen (NH 4 - + NO;)

appearing as N(), - . Data from in situ experiments are available

for four incubation periods: two consecutive 30-day periods

during July and August 1985, a 28-day period starting August 5,

1986, a 56-day period starting September 3, 1986, and a one-year

incubation starting August 5, 1986. Note that the one-year data

set was incomplete and not used in this analysis.

3.4.3 ANALYSIS

Estimation of rate constants for in situ experiments enables

comparison with laboratory rate constants derived under

controlled conditions. Such rate constants were calculated using

PMN values for the five soil types and the rate expression

described above. Laboratory rate constants and calculated field

rate constants are shown in Table 3.11. The mean of laboratory

rate constants is four times greater than the calculated field

rate constants. This is probably due to more optimal temperature

and moisture conditions in the controlled laboratory experiments.
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Table 3.11: Laboratory and calculated field
mineralization rate constants, k

Soil Type Laboratory Field

Lithic Cryumbrept 0.056 0.001
0.060 0.003

Mean 0.058 0.002

Typic Cryorthent 0.041 0.088
0.027
0.007
0.022

Mean 0.041 0.036

Lithic Histic 0.055 0.007
Cryaquept 0.079 0.001

0.120 0.028
0.013
0.036
0.014
0.004

Mean 0.085 0.015

Entic Cryumbrept 0.073 0.004
0.066 0.002
0.073 0.003
0.038 0.005

Mean 0.063 0.004

Typic Cryumbrept 0.015
0.003
0.053
0.024
0.024

Mean 0.066 0.017
Standard Error 0.007 0.005

In situ values for nitrification vary considerably between

soil types. Lund et al. (1987a), in analyzing 28 and 56 day

incubation data, noted that nitrification did not vary
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significantly due to length of incubation for specific soils.

Depth weighted means for the in situ and laboratory data are

listed in Table 3.12.

Table 3.12: Depth weighted mean nitrification data

Percent of mineralized N	 (NO: + NH 4 )
appearing as NO, -

In situ data	 Lab
28 day	 56 day	 mean	 Data

Typic Cryorthent 40.7 53.6 47.2 27.2

Typic Cryumbrept 9.1 7.3 8.2

Lithic Histic 8.4 13.8 11.1 1.3
Cryaquept

Entic Cryumbrept 10.0 6.0 8.0 18.1

Lithic Cryumbrept 50.2

Means 18.6 24.2
Standard Error 9.6 10.2

Mass of nitrate and ammonium produced by mineralization can

be calculated for the watershed given data for mass of soils,

mineralization rate constants, time, and potentially

mineralizable nitrogen.

Soil volumes from Table 3.3 and bulk density (Brown,1988)

are used to calculate soil mass (Table 3.13). Annual watershed

mineral nitrogen mass produced is calculated using a modified
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version of the integrated first order kinetic expression

described previously, mean rate constants (Table 3.11), 52 weeks

for t, depth weighted PMN values determined from Table 3.10,

depth weighted nitrification values from Table 3.12, and

calculated soil mass data. This analysis is shown in Table 3.13.

Note that Lithic Histic Cryaquept soil volume was determined

using area = .2 Ha and ave. depth 0.6 m (Huntington and

Akeson,1987; Dracup et al.,1988), total soil volume used in this

analysis is 62% of total soil volume listed in Table 3.3, and

Lithic Cryumbrept soil associations consisting of mostly rock

outcrop were not included in the volume estimate for this soil

type.

This analysis indicates that 5 kg/Ha/yr of NO: - N + NH: - N

is produced due to mineralization at ELW, based on the total

watershed area. Using laboratory data shown in Table 3.12 for

percentage nitrate formed in mineralized products, approximately

14,000 and 26,500 equivalents of NO 3 - and NH 4  are estimated to be

produced, respectively. Original soil nitrogen analyses contained

in Table 3.4 indicate that nitrate makes up approximately 6

percent of the mineral nitrogen found in the soil (on a mass

N/mass soil basis). This NO, -/NH: ratio contrasts the data seen in

Table 3.13, where production of nitrate accounts for over 50

percent of total mineral nitrogen mass produced by

mineralization. Nitrate is apparently readily lost from soils at
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ELW.	 A comparison of laboratory and calculated rate constants

indicates that these mineralization estimates are conservative.

Future analysis of data from the 1 year in-situ experiment will

indicate how summer and fall mineralization compares to annual

average mineralization.

Table 3.13: Soil nitrogen mineralization analysis

Bulk	 Volume'	 Soil Mass
Density (girt') 	(m') 	(10'  kg) 

Umbrept 2	 1.4	 30,050	 42,07C
Orthent	 1.3	 9,920	 12,900
Aquept	 0.8	 1,200	 960
Umbrept 1	 1.2	 16,690	 20,020

57,860

a: From Table 3.3

Umbrept 2 volume excludes soils within this classification
that are over 70 percent rock

k (l/wk) PMN (mg/kg)	Nt (mol/kg) 

Umbrept 2	 0.002	 50.2	 5
Orthent	 0.036	 27.2	 23
Aquept	 0.015	 1.3	 1
Umbrept 1	 0.004	 18.1	 •Q

k:	 means of field rate constants, Table 3.11
PMN:
	

depth weighted means of Table 3.10 data
Nt:	 calculated for 52 weeks

Example calculation for Orthent:
Nt = 27.2(1-exp(-0.036 x 52))

Kg N	 Percent	 NO,-N	 NO,	 NH,-N	 N:-1,
Mineralized Nitrification 	(Ka)	 (Egvs)	 (Kc)	 (Eavs)

Umbrept 2	 210	 5 0	 103	 7,500	 I05	 7,500
Orthent	 296	 27	 80	 5,712	 216 15,400
Aquept	 1	 c	 0	 _	 71
Umbreot 1	 60	 18 	11	785	 49	 3,500 

	

196 14,000	 371	 26,500

To convert from kg NO, - N / NH, - N to equivalents NO,/ NH, multiply
by 71.4 eq/kg
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3.5	 DENITRIFICATION

Denitrification is the process in which NO: is lost to the

atmosphere as gas phase N 20 and N 2 . Lund et al. (1987b) and Brown

(1989) have found low moisture and temperature to decrease

denitrification in ELW soils. Brown (1989) suggests losses of

NO: due to denitrification ranging from 4 - 8 meq (NO 3- ) /m2 /day

for Entisol soils in May and June 1987. Assuming these two

months as the only period in which conditions are favorable for

denitrification, annual losses of NO, - might range from 9,000 to

18,000 equivalents per year:

4 meq NO 3 -/m2 day x 3.7 Ha Entisol x 10,000 m 2/Ha x 61 days

x leq/1000 meq = 9,028 equivalents

3.6	 SOIL SOLUTION

3.6.1	 BACKGROUND AND DATA

Soil solution samples were obtained for analysis by Lund et

al. (1987a) using tension lysimeters at 5 sites during the period

July, 1985 to November, 1986. Two pairs of interconnected

lysimeters at each site produced two samples of soil water at 2

distinct soil depths during each collection. Table 3.14

indicates the distribution of data by soil type and water year

that were used in this analysis. Some of these data represent

original data for all 4 samples obtained, others are means by
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depth. Numbers in the body of the table indicate the number of

days of data available. The data set used in this analysis is

listed in Appendix B.

3.6.2 ANALYSIS

Nitrate and ammonium concentration data for the bench meadow

and inlet meadow sites are plotted by water year day in Figures

3.12 and 3.13. Most of the 1986 water year ammonium data were

missing either due to too little sample being obtained for

analysis or concentrations that were below the detection limit of

10 ppb. 1985 water year bench meadow and inlet meadow ammonium

data show no apparent trends with time, with

Table 3.14: Distribution of soil solution data by
water year and field location

Water Year
Field Location 1985 1986 1987

Bench Meadow 5 5 4

Inlet Meadow 5 4 4

Alta Cirque 4 3

Ridge 3

Pine Stand 1 4
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concentrations of ammonium at both sites ranging from 0 to 140

umo1/1. Inlet meadow nitrate concentrations are from 10 to

20times greater than bench meadow nitrate concentrations, with

maximum values for both data sets occurring at the end of August.

Lund et al. (1988a), in examining bench meadow means of data by

depth, suggest that lower nitrate soil solution concentrations in

July and early August 1985 are due to nitrate uptake. Lund et

al. (1988a) also indicate that variations of ammonium

concentrations by depth at the bench meadow site may be due to

soil moisture influences.

Bench meadow and inlet meadow nitrate concentrations for the

1986 and beginning of 1987 water years are plotted in Figures

3.13a and 3.13b. Bench meadow nitrate concentrations vary within

a small range of 4 umo1/1, with average concentrations of

approximately 3 umo1/1. Inlet meadow concentrations vary over a

larger range, from 2.7 to 127.2 umo1/1. Mean concentrations of

lysimeter samples at the inlet meadow were approximately 28

umo1/1, with maximum values at this site occurring on October 2,

1986.

The relationship between lysimeter NO: and ANC for all

available data is seen in Figure 3.14. ANC varies considerably

at low NO concentrations, while high NO; concentrations are

consistently associated with low ANC. No clear relationships are
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seen between ANC and ammonium or sulfate concentration (Figures

3.15 and 3.16).

The relationship between NO; and NH 4  is shown in Figure

3.17. NO concentrations appear to be positively correlated with

ammonium concentrations. Concentrations of zero here represent

observations below detection limits.

In order to further examine temporal trends, means of data

for each day were plotted (see Figures 3.18 to 3.19). Lowest

nitrate concentrations for both water years occurred at the bench

meadow site. 1985 water year data suggest two peaks in nitrate

and ammonium concentrations, occuring between water year days 300

to 310 and 320 to 330. These late August peaks in soil solution

concentrations may be due to precipitation events or other

changes in environmental conditions influencing soil nitrogen

transformations.

Comparison of lysimeter and stream concentration data is

limited due to poor temporal resolution and coincidence of the

data sets (see Figures 3.20 and 3.21). 1985 water year data (see

Figure 3.20) seem to suggest correlations in peak NO, -

concentrations in the soil solution and inflow streams. Further

quantification of temporal relationships between soil solution

and streamflow chemical concentrations is not possible with the

present data set.
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CHAPTER 4 

SNOW AND STREAM NITROGEN CYCLE INTERACTIONS 

4.1	 BACKGROUND

4.1.1	 WATER BALANCE/WATERSHED HYDROLOGY

Dracup et al. (1988) presented results of a detailed 3 year

study of the hydrology of the Emerald Lake basin. The following

water balance data summary is based on that work.

Eight channels discharge water to Emerald Lake.	 Two of

these channels, designated Inflows 1 and 2, are perennial and

contribute more than 2/3 of the total annual lake inflow.

Ephemeral discharge occurs in the remaining channels. The main

control on discharge in all channels is snowmelt. The following

table lists the total annual discharge for five lake inflows

during the 1986 water year.

Table 4.1: 1986 water year total
discharge (m3 )

Inflow	 Annual Discharge 

1	 625,500
2	 1,125,170
4	 57,900

East Joint	 161,200
S.E. Gully	 86,700

Groundwater discharge comprises a minor fraction of the

total discharge from the watershed. Dracup et al. (1988) suggest

that discharges of up to 2000 m3/day in summer (3 months) and a
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few hundred m 3/day in winter (9 months) may originate from

groundwater,	 implying that the total annual groundwater

discharge is approximately 200,000 m 3 . With groundwater

(actually held in surficial deposits) storage estimated at

100,000 m3, this annual discharge represents a volume that is

roughly twice the total watershed groundwater storage.

Dracup et al. (1988) point out that while groundwater

discharge is minor in comparison to stream discharge, temporal

considerations increase its significance. Groundwater releases

are suggested to be the primary input of water to Emerald Lake

during eight to nine months of the year. Groundwater discharges

during late summer and early fall account for most of the

streamflow during this period (Clow,1987; Dracup et al., 1988)

and may contribute greater amounts of dissolved constituents than

during other seasons due to longer groundwater residence times (1

to 4 months).

Outflow from Emerald Lake is limited to a single well

defined channel. Recorded annual discharges at the lake outflow

range from 670,000 to 2.2 million m3 for water years 1984 to

1986. The latter discharge value, representing the 1986 water

year discharge, further indicates that 1986 was an unusually wet

year relative to 1984 and 1985. Table 4.2 is a comparison

between total annual inflow discharge, outflow discharge,

estimated groundwater storage, and lake volume.
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Table 4.2: Comparison of annual watershed
discharges (rrO/yr) and lake volume (m3 ) for
water year 1986

5 Inflows	 2,056,500
Outflow	 2,201,300
Groundwater	 234,000
Lake Volume	 180,000

Total inflows account for approximately 94 percent of the

lake outflow. Estimated groundwater discharge is 11 percent of

total lake inflow.

Losses due to evapotranspiration are estimated to be 520,000

re, 17 percent of the total annual precipitation and 23 percent

of the annual outflow discharge. Up to 90 percent of the total

evapotranspiration is sublimation from snow.

As described previously, soil cover at the ELW represents up

to 20 percent of the watershed area, with exposed bedrock or

talus/colluvium covered bedrock accounting for most of the

remaining area. The extensive impermeable area in the basin

causes a short watershed response time to precipitation events

(Gupta et al., 1989). Spring melt waters are directly conveyed

to the lake by sheet or channel flow due to quick saturation of

the limited soil water storage capacity.
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4.1.2 SNOWPACK CHEMICAL AND HYDROLOGIC PROCESSES

Snowmelt occurring from April to July 1986 accounted for

more than 3/4 of the total annual runoff of the 1986 water year

(Dracup, et al.,1988). The seasonal snowpack serves as a storage

reservoir of solutes that are released during such periods of

snowmelt.

Colbeck (1981) summarized the processes responsible for

snowpack solute accumulation and the factors controlling chemical

characteristics of snowmelt. Falling snow flakes are originally

nucleated on soluble or insoluble atmospheric particles.

Additional constituents may be scavenged by the descending

precipitation. Dry deposition further contributes pollutants to

the snowpack surface layers.

Processes of snowpack metamorphism redistribute solutes held

in the snowpack, both on the snow crystal and snowpack scale

(Colbeck,1981; Johannessen and Henriksen,1978). Dry snow

metamorphism and freeze thaw cycles tend to transfer impurities

to the crystal surface. Infiltration of meltwater through the

pack will readily leach these surface species. Dry deposited

particles and gases contributed to the snowpack between

precipitation events also enrich the advancing meltwaters. An

extended period of freeze thaw cycles with associated snowpack
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metamorphic processes will result in a zone of concentrated

solutes arriving at the base of the snowpack. The first

fractions of spring snowmelt will thus contain a large fraction

of the total solute mass held in the snowpack. This concentrated

initial melt fraction is termed an ionic pulse.

Initial concentrations of solutes in snowpack meltwater

found in laboratory and field experiments range from 3 to 7 times

the average snowpack concentrations at a point. (Colbeck,1981;

Johannessen and Henriksen, 1978). If species associated with the

ionic pulse are acidic, the pH of streamflow resulting from

snowmelt will decline, potentially resulting in ecosystem

impacts. Potential ecological impacts at the Emerald Lake

watershed range from lake benthic invertebrate population decline

to brook trout and tree frog mortality (CARE, 1988a).

The temporal and spatial distribution of the snowpack and

snowpack solutes will influence the ionic pulse. An areally

extensive snowpack that produces melt at differing times and

locations may result in a prolonged ionic pulse. Spatial and

temporal differences in snowpack metamorphic processes will also

affect the magnitude and timing of the ionic pulse.

4.2 DATA

1986 water-year discharge and concentration data for 5

inflow streams and the outflow stream were used in this analysis.
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Table 4.3 indicates the distribution of data by the number of

days for which data were available.

Missing concentration data were linearly interpolated for

purposes of mass balance analysis. Daily mass flux for the

inflows and outflow were then calculated as the product of daily

concentrations and discharges. Annual mass flux for each inflow

is calculated as the sum of the daily mass fluxes for the water

year.

Table 4.3: Distribution of stream discharge
and concentration data by number of days
available (1986 water year)

Concentration 	Discharge 
Inlet 1	 27	 365
Inlet 2	 30	 365
Inlet 4	 22	 222
East Joint	 6	 131
S.E. Gully	 8	 80
Outflow	 32	 365

Snowpack chemical data were obtained by Dozier et al. (1988)

through vertical section sampling of snowpack profiles exposed

in snow pits. Additional information on snow sampling procedures

is found in Dozier et al. (1988).

Original snowpack nitrate and ammonium concentration data

obtained from 5 sites during water year 1986 are listed in Table

4.4 . Means calculated from data collected from different sites

on the same days represent average basin snowpack ionic

concentrations. Finally, the product of these concentration data



Table 4.4: Snowpack chemical profile mean ionic
concentrations

Location,
Date WYD SWE NH4 * NO;

Inlet
1/18/86 110 0.71 0.4 1.3
3/5/86 156 1.48 1.0 1.9
5/5/86 217 2.44 1.1 0.6
5/23/86 235 1.98 0.9 0.5
6/27/86 270 1.20 0.7 0.3

Tower
3/5/86 156 1.75 2.2 1.5

Pond
2/5/86 128 0.80 1.0 1.5
4/14/86 196 1.66 1.1 0.9

Ridge
2/5/86 128 0.90 1.3 0.6
4/14/86 196 3.18 1.3 1.3
5/23/86 235 2.64 1.1 0.5
6/27/86 270 1.41 0.8 0.2

Hole
5/5/86 217 2.32 1.8 1.3

WYD = water year day
SWE = snow water equivalent (m)
Concentrations in ueq/1

119
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and estimates of basin snow water equivalence is termed snowpack

ionic loading. Snow water equivalence, average concentration,

and loading data for nitrate and ammonium are listed in Table

4.5. Note that data for 4/16 are based on event samples through

that date. Dozier et al. (1988) suggest these data may be used

due to the similarity of event and snowpack chemical data prior

to melt.

Snowmelt estimates are based on net energy data obtained

from a two-point energy budget analysis calculated by Marks

(1988). Dracup compared these daily estimates with the lake

outflow hydrograph (Figure 4.1). Snowmelt is overestimated

during April and May. Errors in snowmelt prediction are suggested

to be due to incorrect model assumptions of uniform melt

generation over the watershed. Future distributed snowmelt

models should reduce these errors.

Table 4.5: 1986 water year basin SWE, average basin
snowpack ionic concentrations, and basin ionic
loadings

NH,*
SWE	 Conc. Loading Conc. Loading

Date	 m	 ueq/1 10 3 eqvs ueq/1 10 3  eqvs

4/16	 2.00	 1.2	 2.9	 1.7	 4.1
5/5	 1.97	 1.4	 3.3	 0.9	 2.1
5/23	 1.52	 1.0	 2.0	 0.5	 0.9
6/27	 0.56	 0.8	 0.5	 0.2	 0.1

4/16 data estimated from event data prior to this
date (Dozier et. al. 1988), other data from Table
4.4.
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Figure 4.1 : Calculated snowmelt and measured
outflow discharge, 1986 water year.
(reproduced from Dracup et al.,1988)
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4.3	 ANALYSIS

4.3.1 DISCHARGE AND CONCENTRATION DATA

Daily discharge for the 5 inflows are shown in Figure 4.2.

A comparison of Figures 4.1 and 4.2 indicates that the annual

hydrograph for all inflows is strongly influenced by snowmelt

runoff. An initial discharge peak at day 214 (May 2) of 2641 and

4500 m3/day occurs in inflows one and two respectively.

Discharges of the other inflows are greatest at the beginning of

snowmelt, tailing off thereafter. The combined discharges of

Inflow 4, East Joint, and Southeast Gully represent 23, 14 and 7

percent of the total lake inflow for the months of May, June and

July respectively.

Streamflow nitrate concentrations for Inflows 1, 2 and 4 are

shown in Figure 4.3a. Early spring peaks in concentration of

7.7, 16.2, 18.7 ueq/1 are found in Inflows 1, 2, and 4 on days

218, 214, and 230, respectively.. Decreases in concentration

from this peak are slowest for Inflow 1 and fastest for Inflow 4.

This may be explained by spatial differences in solute release

from the snowpack as described in Dozier (1988). The onset of

melt is described as shifting " ... sequentially in an easterly

direction to sub-basins drained by southeast gully, Inflow 1,

Inflow 2, and Inflow 4."

A second smaller peak in nitrate concentrations of up to 3.7

ueq./1. is evident in all three inflows on day 295 (July 21).
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Figure 4.2: 1986 water year daily discharge: (a) Inflows 1,
2 and 4, (b) East Joint and Southeast Gully Inflows.
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Figure 4.3: 1986 water year inflow nitrate concentration
(a) Inflows 1, 2, and 4 (b) Southeast Gully and
East Joint Inflows
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These peaks coincide with rains occurring between July 16 and 25

that deposited 23 mm. of water on the basin. Increased nitrate

concentrations in the inflows may be due to nitrate deposited by

the rain or flushed from watershed soils. A similar set of

circumstances may explain high inflow nitrate levels in early to

mid-October.

Nitrate concentration data for the Southeast Gully and East

Joint Inflows are shown in Figure 4.3b. High concentrations are

seen during the expected ionic pulse period.

Inflow NH 4  concentration data are shown in Figure 4.4.

Temporal trends in this data set are unclear. Ammonium

concentrations are consistently low or undetectable for water

years 1985 and 1986. Maxima in Inflow 2 and 4 NH 4 concentrations

between days 290 to 295 appear to correspond with NO, - peaks

previously examined for this time period.	 A spring snowmelt

induced peak in NH 4  concentration is not seen.	 Very low NH 4

concentrations suggest that oxidation or biological uptake of

ammonium occurs rapidly.

Outflow concentrations of NO and NH 4  are shown in Figure

4.5. A maximum outflow NO concentration of 11.3 ueq/1 occurs on

day 217.	 The timing and magnitude of this peak is similar to

that previously seen in the inflows.	 The duration of the

elevated NO; concentrations in the outflow differs from that of

the inflows. Outflow NO concentrations exceed 2.5 ueq/1 until
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Figure 4.4: 1986 water year ammonium concentration
for Inflows 1, 2, and 4
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approximately day 310, while all inflow NO, - concentrations drop

below 2.5 ueq/1 by day 270. Spatial heterogeneities in snowpack

loading and melt rates in addition to summer lake nitrification

may explain these differences. Very low NH 4  concentrations

observed in the outflow are consistent with those previously seen

in the inflows.

Relationships between discharge and concentration are seen

in Figure 4.6 for Inflows 1, 2, and 4.	 Nitrate concentrations

decrease with increasing streamflow discharges. Dracup. et al.

(1988) suggest that this is due to dilution of baseflow

concentrations by stormflow. Further understanding of this

relationship might be obtained by focusing the analysis

separately on snow melt, summer storm periods, and remaining dry

periods given a larger data set. While the small and differing

sample sizes of inflow concentrations limit statistical analysis

on these data sets, little visual difference is seen in the

distributions of concentration data between the 3 inflows. A

larger stream chemistry data set coupled with a concurrent set of

soil solution data might allow isolation of watershed areas

exerting differing controls on the overall watershed nitrogen

cycle.
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Figure 4.6: Discharge vs. concentration for Inflows 1, 2,
and 4 (a) Nitrate, (b) Ammonium 1986 water year
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4.3.2	 NITROGEN MASS FLUX ANALYSIS

4.3.2.1 TIME SERIES SIMULATION

Computed NO, - flux time series data are shown in Figure 4.7.

Large NO concentrations combined with large discharges produce

peak daily mass fluxes of approximately 125, 37, 25, 13, and 12

equivalents for Inflows 2, 1, S.E. Gully, 4, and East Joint

respectively. These peaks all occur on or within a couple of

days of day 240 (May 28).

The lack of any significant trends in the NH 4  concentration

data is reflected in the ammonium daily mass flux time series

seen in Figure 4.8. Mass flux ranges from 0 to 6 equivalents/day

with most values falling under 2 equivalents/day.

Daily values for NO, - mass flux from all inflow streams were

summed to produce a composite inflow NO; mass flux time series

plot (Figure 4.9a). Daily mass flux changes from approximately 20

equivalents/day on day 220 (May 8) to 210 equivalents/day on day

240 (May 28). This change in mass flux represents a 10 fold

increase over 20 days. Total mass flux of NO remains above 25

equivalents/day until day 300 (July 27). Figure 4.9b is the

corresponding plot of total NH 4  mass flux.

Total daily inflow NO and ammonium mass flux are compared

with respective outflow mass fluxes in Figure 4.10. A very close

visual correspondence is seen between inflow and outflow NO, - mass

fluxes, while the relationship is not as strong for the ammonium
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mass fluxes. A NO, - mass pulse occurring only in the outflow on

day 140 is the result of water displaced from Emerald Lake during

the severe avalanche event of Feb. 18 - 19. An additional

difference between the outflow and composite inflow curves is the

prolonged exceedance of outflow NO mass flux over inflow mass

flux after the day 240 peak. This may be due to in lake

nitrification or unmeasured ground or surface water contributions

to the lake that are subsequently passed on to the outflow.

Figure 4.11 explores the relationship between the fraction

of annual discharge and the fraction of annual mass flux conveyed

by the inflows and outflow. Cumulative daily mass flux of NO

and cumulative daily discharge were divided by respective annual

totals for three inflows and the outflow to produce the data set

for this plot. Dates based on this water year analysis indicate

when certain fractions of NO: mass or discharge have been

contributed. The 1:1 line would indicate that mass flux of NO, -

occurs at the same rate as discharge, ie. uniform concentrations

occur all year. Since all data vectors are normalized to 1,

magnitudes of annual fluxes are not apparent from this plot.

Annual fluxes will be discussed below.

All inflows contribute a large fraction of their annual NO:

mass with an initial small fraction of discharge. From 40 to 60

percent of the NO, - mass is carried by the first 20 percent of the

annual inflow discharges, with 65 to 85 percent transported by
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Figure 4.11: Fraction of annual inflow and outflow
nitrate mass flux vs fraction of annual discharge
for 1986 water year
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the first 40 percent of inflow discharge. Furthermore, this large

mass flux occurs within a short period of time. Figure 4.11

shows that by May 1 an average of 23 percent of mass has been

conveyed by the inflows. By June 1, Inflows 1, 2, and 4 have

contributed 62, 52, and 67 percent of their respective

discharges. These figures indicate that approximately 40 percent

of inflow mass flux occurs during May, the month of maximum

snowmelt. 21 percent of annual surface inflow occurs during this

month, based on data for the 5 inflows analyzed here.

While a large fraction of NO; mass flux occurs with a small

fraction of discharge in outflow, the proportion between the two

is smaller than that seen for the inflows. This does not,

however, imply that NO; mass flux is lower in the outflow than

inflow streams. It may indicate that the effect of any snowmelt

induced pulse transmitted in the inflows is moderated by the lake

before entering the outflow. Furthermore, temporal differences

in NO; inflow fluxes due to snowpack/snowmelt chemical and

discharge heterogeneities will result in the prolonged elevated

outflow mass fluxes seen previously in Figure 4.10.
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4.3.2.2 ANNUAL INFLOW NITROGEN MASS FLUX ANALYSIS

Table 4.6 presents the annual sums of discharges and mass

flux derived from the previous analysis.

Table 4.6: 1986 water year annual discharge (m 3 ) and nitrogen
mass flux (equivalents)

Inflow
1

Inflow
2

Inflow
4

East
Joint

S.E.
Gully

Sum
Inflows Outflow

Inflow
Outflow

Q 625514 1135676 57905 167350 71690 2058760 2201341 .94

NO; 1630 5214 313 382 257 7796 10618 .73

NH; 85 89 4 0 0.06 178 271 .66

Total mass flux of NO,- transported in the inflows is ordered

from highest to lowest as Inflow 2, Inflow 1, East Joint, Inflow

4 and Southeast Gully. Inflows 1 and 2 contribute the largest

percentage of total NO: and NH 4 , with inflow 2 NO mass flux

being roughly three times greater than inflow 1. Inflows 1 and 2

appear to contribute equal amounts of NH 4 . The differences in

inflow and outflow mass flux of NO and NH 4* cannot be solely

explained by differences in discharge. Annual inflow discharge,

NO, - mass flux and NH 4  mass flux are 94, 73, and 66 percent of

respective outflow values. Outflow NO exceeds inflow NO: by

approximately 2,800 equivalents.

Mean soil solution NO, - concentrations from mid-July to mid-

August 1986 at the Bench Meadow and Inlet Meadow sites were

approximately 5 ueq/1 (Figure 3.13). Assuming that this

concentration is representative for the remainder of the year and
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using the annual groundwater discharge value previously presented

results in an estimate of 1,000 equivalents of NO; contributed by

groundwater. The remaining difference between inflow and outflow

NO mass flux may be due to in-lake production of NO, - .

Melack et al. (1987), using benthic chambers, found

ammonium production from organic matter decomposition to

contribute 44 percent of the alkalinity generated from Emerald

Lake sediments. Oxidation of this ammonium to nitrate in the

upper lake layers with subsequent nitrate removal through the

outflow may thus also explain the disparity between inflow and

outflow nitrate mass flux.

4.3.3 SNOWPACK REDISTRIBUTION AND MASS BALANCE ANALYSIS

4.3.3.1 SNOWPACK PROFILES

Snowpack nitrate concentration and snow water equivalent

(SWE) profiles for 5 dates at the inlet site are shown in Figure

4.12 a - e. An examination of these series of profiles will

illustrate the effects of snowpack redistribution processes.

Maximum NO; concentrations are found within 20 cm of the

ground surface on day 110. NO, - concentrations within 17 cms of

the ground surface have declined only slightly from these values

by day 156. Concentrations in the middle of the pack are the

largest in the profile on this date, contrasting the reverse

pattern in the profile on day 110. These high concentrations are
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partially due to the extreme event of day 141-142 (Feb. 18 and

19) which deposited 1.1 meters of snow having a nitrate

concentration of 1.9 ueq/1. SWE is relatively uniform throughout

the profile on day 156, having increased from day 110 values.

Four snowfall events occurred between days 156 and 217. The

day 217 inlet snowpack profile, obtained shortly after the start

of snowmelt, shows NO, - concentrations at the base of the

snowpack already declining by .6 ueq/1. Concentrations throughout

the pack have all declined from day 156 values. SWE equivalent

and nitrate concentration at the bottom of the snowpack are

maximum values for the profile. SWE at the bottom of the

snowpack is also the maximum seen for all depths in all of the

profiles shown.

Day 235 snowpack base concentrations are within .1 ueq/1 of

day 217 values. Concentrations throughout the rest of the pack

have declined, with the shape of the concentration profile

looking very similar to that of day 217. SWE in the bottom 120

cm of the pack has declined from day 217 values, while the upper

pack values	 are similar	 (approximately	 .42 m).

concentrations continue to decline by day 270 as less than 1/4 of

the total snowmelt remains to be discharged. SWE is greatest at

the top of the pack on this date, probably due to radiational

melting.
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Evidence for dry deposition to the top of the snowpack is

difficult to discern from these profiles. Dozier et al. (1988)

compared cumulative event and snowpit measurements for anion

loading at the inlet site for the 1986 snow season. The minimal

difference in cumulative event and snowpack ionic loading of

solutes prior to snowmelt suggests that dry deposition is not

significant during this period.

4.3.3.2 SNOWMELT MASS FLUX

Figures 4.13 a and b are comparisons of snowpack

concentrations listed in Table 4.4. Volume weighted basin ionic

concentrations from Table 4.5 are also plotted for comparison.

NO; and NH 4'' snowpack concentrations at different sites examined

on the same day do not differ by more than 1 ueq/1.

Concentrations of both species appear to decline after 4/16 (day

220). This is probably due to the loss of solutes associated

with snowmelt.

Table 4.8 compares total annual inflow mass flux of NO, - and

NH: with maximum snowpack ionic loading estimates from Dozier et

al. (1988). Maximum snowpack ionic loadings of NO; and NH: are

approximately 30 and 1900 percent of total inflow mass flux of

respective species. Moreover, maximum snowpack ionic loading of

NO; and NH 4  is 70 percent of the sum of the composite inflow mass

fluxes.
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Table 4.7: 1986 water year maximum snowpack
loading and total inflow flux of NO; and

Equivalents

Inflow	 Snowpack Loading

NO 	 7796	 4100

	

178	 3300

Inflow mass flux is the sum of annual mass flux from
inflows 1, 2, 4, East Joint, and SE Gully.

Maximum snowpack ionic loading reported by Dozier et.
al. (1988) occurs 4/16 for NO; and 5/5 for

Ionic loadings are one day estimates of solute mass held in

the snowpack and as such do not account for solute mass added or

lost after the date of the estimate. Table 4.9 compares

differences in snowpack ionic loadings from Dozier et al. (1988)

with summed inflow daily mass flux for the same periods. Positive

values of changes in snowpack ionic loading are losses of solute

mass from the snowpack.

These data suggest that over 90 percent of stream NO; mass

flux occurring during early snowmelt (5/5 - 5/23) is due to

snowmelt contributions. The snowmelt contribution is only 24

percent during the period 5/23 - 6/27. The percentage of inflow

NO; mass flux accounted for by snowpack NO mass for the period

5/5 - 6/27 is 43 percent. Subtracting dry deposition estimates

obtained from scaled Wolverton data (Table 2.10) for the months
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Table 4.8: Comparison of change in snowpack ionic
loading with total inflow mass flux (equivalents)

Dates	 Pack NO;
5/5 - 5/23	 1200
5/23 - 6/27	 800

Dates	 Pack N14 4 4

5/5 - 5/23	 1300
5/23 - 6/27	 1500

Stream NO;
1278
3353

Stream NH,'
1

33

Pack NO,- - Change (decrease) in snowpack ionic loading based on ionic loading estimates
of Dozier et. al. (1988).
Stream NO; - Mass flux of nitrate from inflows 1, 2, 4, East Joint, and SE gully
in specified period.

of May and June from snowpack loading suggests only 29 percent of

inflow mass flux during this period is derived exclusively from

the snowpack. A hypothesis of nitrogen cycle dynamics that may

explain differences in snowpack/inflow relationships during these

periods is as follows. NO; mass flux in the inflows is heavily

derived from snowmelt contributions during the early ionic pulse

snowmelt period. A smaller fraction of inflow NO; mass flux

later in the snowmelt season is snowmelt derived, with NO; mass

mostly coming from terrestrial sources such as mineralized

organic nitrogen.

Another possibility is found by comparing the sum of NO and

NH 4* yield from the snowpack with the sum of inflow NO; and NH 4

mass flux during the same period. The similarity in these

values, 4800 and 4631 respectively, suggests that snowpack

ammonium may be oxidized to NO; upon release to the inflow

streams. One possible technique for determining pathways of
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nitrogen released from the snowpack as well as nitrogen fluxes

and transformations through the terrestrial compartment would be

to carry out an in situ stable isotope ' 51\T study. (Brown, 1989).

Data derived from this type of study would also help to refine

the nitrogen mass balance.
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CHAPTER 5 

CONCEPTUAL MODEL AND CONCLUSIONS 

5.1 MASS BALANCE/TEMPORAL ANALYSIS

A nitrogen mass balance can now be developed based on the

preceding analysis of watershed fluxes and transformations. The

mass balance for water year 1986 is presented in the form of a

compartmental model shown in Figure 5.1. Table 5.1 lists mass

balance data and references to analyses leading to each value

within this work.

Dry deposition data from Wolverton suggest that over 80

percent of the annual p-NO 3 - and HNO 3 mass is deposited during the

second half of the water year (April to September), indicating

the seasonal nature of pollutant transport and deposition in the

southern Sierra Nevada. Summer p-NH: loadings are comparable to

p-NO 3 - loadings at the Emerald Lake watershed, with dry deposition

of p-NO: and p-NH: accounting for 62 and 40 percent of wet

deposition during this period. Winter dry deposition loadings

are significantly less, with scaled Wolverton data suggesting

that dry deposition of p-NO 3 - + HNO 3 is only 15 percent of wet

deposition during the first half of the water year.

Precipitation concentrations vary throughout the year, with

NO; and NH 4  concentrations being significantly greater in the

second half of the water year. While snow concentrations of
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Soils and
Vegetation

Throughf all
Litter decay
Mineralization
Denitrification

Aqueous flux or
reservoir

Max. snowpack
ionic loading
Sum of Inflows
Outflow
Groundwater

Table 4.8
Table 4.6
Table 4.6

Section 4.3.2.2

4100
7796

10618
1000

3300
178
271

Table 3.7	 84
Section 3.3.3	 10 (elemental N)
Table 3.13	 26500	 14000

Section 3.5	 9028

Table 5.1: Mass balance estimates

Annual flux or	 Analysis
Transformation 
	

Reference 	 _NH 4 +
	

1±q3
	

EI\1:23

Atmospheric
Deposition

Rain
Snow
Dry deposition
(June 15-Oct. 15)
Dry deposition
(Oct 15-June 15)
Total

Table 2.11
Table 2.11

1006	 917
6800	 7202  

Table 2.8

Table 2.9

1265	 1450'

784 ° 	900' 
9855	 10469

a: Mean of estimates from Bytnerowicz and Olszyk (1988)
and Wu and Davidson (1988) data

b: Estimated using the ratio of p-NO 3 -- + HNO 3 for Oct.
15 - June 15 to p-NO 3- + HNO 3 for June 15 - Oct. 15
applied to NH 4 + dry deposition (1265 eqvs) for the
latter period.

c: Obtained from scaled Wolverton data.
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these species are low, large snow water fluxes result in large

depositions of NO, - and NH 4  during winter.

Total atmospheric contributions of NO, - and NH 4  are similar

in magnitude, 10,500 and 9,800 equivalents respectively. (The

NH 4  dry deposition estimate for the period Oct 15 - June 15 is

based on the ratio of p-N0, - + HNO 3 for Oct. 15 - June 15 to p-

+ HNO 3 for June 15 to Oct. 15 applied to the NH 4  estimate for

the latter period.) Lake inflow mass fluxes of NO 3 - and NH 4  are

2,700 and 9,700 equivalents less than respective atmospheric

contributions.

Snowmelt is the dominant temporal process controlling

nitrogen mass flux at ELW. A ten-fold increase in total lake

inflow mass flux of nitrate occurred between May 8 (wyd 220) and

May 28 (wyd 240) during water year 1986, from 20 equivalents per

day to 210 equivalents per day. Sixty five to 85 percent of the

total annual NO, - inflow mass flux is transported by the first 40

percent of the annual inflow discharge, occurring by mid-June.

Forty percent of the total inflow mass flux occurs in May, the

month of maximum snowmelt discharge. Groundwater flow

contributes 1000 equivalents of NO 3 - annually, 13 percent of the

total annual nitrate mass transported by the inflows.

Cumulative daily mass flux plots comparing wet deposition

and total inflow fluxes are seen in Figures 5.2a and 5.2b.

Cumulative wet deposition of NO, - exceeds inflow NO 3 - mass flux
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Figure 5.2:	 1986 water year cumulative total inflow mass
flux and cumulative event deposition of (a) NH 4  and (b)
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until day 260 (June 17) due to snowpack storage, after which the

reverse relationship holds true. The cumulative inflow mass flux

curve rises steeply with the start of snowmelt. Once again, it

is difficult to separate snowmelt-period inflow-NO; mass flux

into snowmelt or basef low derived components, but mass flux

between days 200 and 300 is probably due in large part to

snowmelt. Sections of the curve prior to day 200 (mid-April) and

after day 300 (end of July) represent mass flux of NO; due mostly

to baseflow. Inflow flux of NO; during these periods is

approximately equal to 1000 equivalents. This value is the same

as the previous estimate for groundwater induced nitrate flux

discussed in section 4.3.2.2. NO; inflow mass flux exceeds

atmospheric deposition after day 260 due to watershed production

of NO; under favorable summer temperature and moisture

conditions.

The event/inflow flux plot for NH 4 ' strongly contrasts the

previous figure.	 Ammonium mass flux from inflow streams

increases steadily but slightly with time.	 Cumulative wet

deposition totals 40 times the cumulative inflow NH 4 ' flux by the

end of the water year.

Errors in this analysis propagated by precipitation volume

estimates and discharge data are indicated in Figure 5.3.

Approximately forty percent of precipitation is unaccounted for

by discharge. Groundwater flow, evapotranspiration, sublimation
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and measurement errors may account for this difference. 	 The

assumption of uniform precipitation over the watershed will also

bias wet deposition values high.

Outflow mass flux of NO is about the same as the total

atmospheric inputs of NO;. Contrastingly, outflow mass flux of

NH 4  is 9,600 equivalents less than total atmospheric inputs. The

similarity of atmospheric inputs and outflow mass flux of NO;

precludes the possibility that oxidized NH 4  leaves the watershed

as dissolved NO; in the outflow stream.

Terrestrial nitrogen transformations vary in significance

with respect to the annual nitrogen budget analyzed here. Net

watershed throughfall deposition is less than 100 equivalents and

mostly due to washoff of dry deposited material. Limited

vegetation coverage may result in minimal litter decay

contributions of nitrogen. Rundel (1988b) suggests that nitrogen

fixation is a minor component of the nitrogen cycle as well.

Mineralization of organic nitrogen produces NH 4  mass

equaling over twice the total atmospheric deposition of this

species. Moreover, atmospheric deposition of NO; contributes

about 75 percent of the mass of NO; produced by mineralization.

Estimates of NO; and NH 4  produced by mineralization appear

inconsistent with the small amount of organic nitrogen calculated

to be released by litter decay. Future estimates of litter

loading rates may help to further refine litter decay
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calculations. Further analysis of the organic nitrogen pool is

also necessary for comparison with annual litter decay estimates.

Denitrification apparently represents a significant loss

of NO, - from the system. Denitrification results in a loss of NO, -

on the order of 9000 equivalents per year. This value is 5000

equivalents less than the NO, - mass produced by mineralization,

and 1000 equivalents less than the total annual inflow NO; mass

flux. This loss of nitrate occurs during a very limited time

period (May and June) and limited area (3.7 Ha).

Oxidation of NH 4  to NO, - may account for the deficit in

inflow NH 4  flux with respect to NH 4  produced by mineralization or

atmospherically deposited. Such oxidation, in addition to

biological uptake of NH 4 , must account for all NH4*

atmospherically deposited and mineralized during the water year.

Another sink for NH 4  is to the soil exchange complex. Reuss

(1986) indicates that accumulation of exchangeable NH 4  is usually

restricted by oxidation and biological uptake in nitrogen limited

systems. Table 5.2 provides an estimate of the ammonium pool

found in Emerald Lake watershed soils. Table 5.2 indicates that

the total NH 4  pool present in Emerald Lake Watershed soils is

very similar in magnitude to the amount of NH 4  produced by

mineralization (see Table 5.1) annually. Thus accumulation of

NH 4  in the soil appears unlikely.
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Table 5.2: NH: pool in Emerald lake watershed soils

Depth weighted NH 4 ' 	Equivalents
(mg/kg of soil)	Kg.Soil 	Kg. NH,'	of NH,'

Lithic Cryumbrept	 7.14	 42,071,400	 300	 16,670
Typic Cryorthent	 .91	 12,899,900	 12	 650
Lithic Histic Cryaquept 	 7.50	 960,000	 7	 400
Entic Cryumbrept	 8.56	 20,024,400	 171	 9,500 

27,220

a: From table 3.4
b: From table 3.13

5.2 IMPLICATIONS FOR WATERSHED ACIDIFICATION

The conversion of atmospheric or watershed derived NH 4  to

NO through nitrification produces two moles of hydrogen ions for

each mole of ammonium consumed (Table 3.1). Ammonium uptake by

plants will result in one mole of 14 4 produced for every mole of

NH 4  taken up. The prevalence of either of these processes in the

nitrogen cycle at the Emerald Lake watershed thus infers a great

potential for acidification.

Schuurkes and Mosello (1988), in field studies at a

subalpine Italian lake and laboratory experiments in the

Netherlands, found oxidation of NH4* to be the primary source of

system acidification. The authors indicate that while gaseous

NH 3 may neutralize acidic compounds in the atmosphere, subsequent

deposition and oxidation of ammonium in the terrestrial system
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will result in H ion release.

The conversion of excess ammonium to nitrate and/or the

biological uptake of ammonium at the Emerald Lake watershed will

thus result in release of protons. Conversely, the consumption of

NO; during denitrification will consume protons. A comparison of

ionic masses associated with these processes and an understanding

of the relevant chemical reactions indicates that a net

production of protons will prevail.

NO; inflow mass flux may contribute to a loss of protons

from the system and impact Emerald Lake. Figure 5.4 compares

acid neutralizing capacity at depths of 1 - 5 meters below the

lake surface with combined inflow mass flux of nitrate. The

initial rise in NO; mass flux contributes to a decrease of acid

neutralizing capacity of approximately 25 ueq/1. A minimum value

of 8 ueq/1 at one meter below the lake surface occurs on day 230

(May 18) and again on day 289 (July 16). Complete consumption of

lake acid neutralizing capacity will result in decreased pH and

potential biotic mortality.
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CHAPTER 6 

SUGGESTIONS FOR MODELLING AND FUTURE WORK

1) Annual time series dry deposition flux data for the

Emerald Lake watershed are needed for further analysis of

seasonal patterns. A filterpack assembly operated concurrently

with the collection of micrometeorological data (similar to the

installation operated by NOAA at Wolverton) can be used to

produce such an annual data set. These data, coupled with wet

deposition data can then be used to assess seasonal patterns of

atmospheric deposition of nitrogen as well as sulfur species.

Furthermore, data from Wolverton suggest that even a 6 month data

set would lead to more accurate modelling than applying isolated

summer measurements as a step function during a four month

period.

2) Daily or monthly estimates of dry deposition for use in

modelling may be obtained through scaling of Wolverton data as

described in Section 2.2.3. As shown by Figure 2.7, greater

resolution of temporal trends is necessary for accurate modelling

of dry deposition.	 Daily dry deposition estimates of NO and

HNO3 flux are possible using this approach.	 Moreover, only

constant seasonal estimates of NH 4  flux can be extracted from the

data reported here.
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3) Additional data reduction is necessary on the Wolverton

and other atmospheric data sets to extract information on NH 4

deposition. Such analysis may lead to daily or monthly NH 4  flux

estimates that can be used for modelling of ELW. Greater efforts

should be made in the future to quantify deposition of this

species, both in wet and dry forms, as it appears to play a key

role in nitrogen cycling at the Emerald Lake watershed.

4) Data for litter loadings and biological uptake of

nitrogen species are necessary to complete the nitrogen budget

analyzed in this work. This data is also necessary to resolve the

apparent conflicts in the litter decay and mineralization

analyses.

5) Present modelling efforts can either use exponential

equations developed here for litter nitrogen release to produce

daily estimates or can develop seasonal or annual values based on

these equations. Litter loading rates must be assumed in both

cases until such data are available.

6) Further analysis of the one year in-situ mineralization

data should be done to assess differences in seasonal and annual

mineralization.
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7) Temperature and moisture influences in mineralization

rates must be determined to develop seasonal estimates of

nitrogen production for use in hydrochemical modelling.

8) Two approaches for modelling are possible for estimating

nitrogen contributions due to mineralization. Enhanced spatial

resolution is possible in both cases based on the mineralization

analysis for four soil classes.	 The first option is to use

annual estimates calculated in this work as a source for a

constant daily value (zero-order parameter). The second approach

would involve use of the first order rate expression for

mineralization discussed previously.	 Rate constants previously

calculated in Section 3.4.3 can be used.	 This approach would

require seasonal estimates of potentially mineralizable nitrogen,

which are not available at this time. As mentioned in 6) above,

moisture and temperature relationships must also be developed.

9) Complete analysis of throughfall data for chemical

species other than nitrate, specifically ammonium, should be done

to determine the significance of throughfall interactions for

other species. The complete 1985 throughf all data for NO should

be used to verify relationships developed here for NO, - . Future

throughfall experiments should involve sampling during a greater
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number of events so that models such as that discussed by Lovett

and Lindbergh (1984) could be used. The minimal contribution of

throughfall related processes to the nitrogen budget suggests

this process may be excluded from the watershed model without

deleterious consequences.

10) Analysis of nitrogen pools at ELW should be carried out

and coupled with the present work to further refine the annual

nitrogen budget.

11) Further analysis of denitrification beyond the single

value estimate is necessary to refine the annual nitrogen budget

presented here and for use in modelling.	 Specifically,

temperature and moisture influences must be quantified, and

justification	 for	 time period and	 spatial	 extent	 of

denitrification is needed.

12) Additional process oriented snow chemistry studies

should be carried out, both in the field and laboratory. These

studies, in addition to snowmelt chemical data, are necessary to

further determine snowmelt/stream/watershed interactions as they

relate to nitrogen cycling at ELW. 	 For example, a field

experiment using 1 5N tagged snow can help to identify pathways for

nitrogen movement through the watershed.
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13) Analysis of a nitrogen budget for another water year

should be done to determine how representative the parameters and

annual flux and transformation values developed here for water

year 1986 are.
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Appendix A: Dry deposition data from Wolverton 7/1/86
to 9/15/87 (-999 indicates missing data)
(Meyers, 1988)

Starting
MYD

Nitric
Amid

Vd
Nitrate

Vd

Nitric
Acid
Conc.

Nitrate
Conc.

Nitric
Acid
Flux

Nitrate
Flux

274 -999 -999 -999 -999 -999 -999
281 -999 -999 1.467 0.288 -999 -999
288 -999 -999 -999 -999 -999 -999
295 -999 -999 1.786 0.14 -999 -999
302 -999 -999 -999 -999 -999 -999

309 1.606 0.334 0.45 0.204 4.375 0.413
316 1.306 0.253 1.385 0.136 10.94 0.208
323 0.766 0.132 1.359 0.234 6.3 0.186
330 0.063 0.005 1.351 0.232 0.514 0.007
337 -999 -999 1.327 0.13 -999 -999

344 0.522 0.085 1.476 0.355 4.661 0.182
351 0.5 0.08 0.935 0.147 2.829 0.071
358 0.192 0.017 0.555 0.218 0.645 0.022
365 0.135 0.01 0.67 0.109 0.547 0.006
372 -999 -999 1.166 0.185 -999 -999

379 -999 -999 1.035 0.145 -999 -999
386 -999 -999 0.707 0.109 -999 -999
393 -999 -999 0.777 0.145 -999 -999
400 -999 -999 1.477 0.385 -999 -999
406 -999 -999 0.36 0.064 -999 -999

414 -999 -999 0.221 0.072 -999 -999
421 -999 -999 -999 -999 -999 -999
428 -999 -999 0.11 0.036 -999 -999
435 0.529 0.086 0.075 0.074 0.241 0.038
442 0.72 0.101 0.3 0.11 1.308 0.067

449 0.685 0.104 0.074 0.018 0.307 0.011
456 0.94 0.092 0.333 0.072 1.094 0.04
463 0.463 0.048 -999 -999 -999 -999
470 -999 -999 -999 -999 -999 -999
477 -999 -999 -999 -999 -999 -999

484 -999 -999 -999 -999 -999 -999
491 0.847 0.123 0.11 0.072 0.565 0.053
498 0.805 0.101 0.253 0.071 1.235 0.043
505 1.667 0.215 1.061 0.216 10.69 0.28
512 -999 -999 -999 -999 -999 -999

519 1.177 0.156 0.365 0.071 2.599 0.067
526 0.94 0.147 0.143 0.105 0.814 0.094
533 1.299 0.186 0.289 0.106 2.27 0.12
540 1.019 0.191 1.008 0.141 6.214 0.163
547 1.044 0.192 0.758 0.177 4.786 0.206

554 1.136 0.213 0.862 0.212 5.922 0.273
561 1.231 0.241 0.569 0.245 4.243 0.357
568 1.492 0.268 0.591 0.254 5.34 0.413
575 1.341 0.243 0.517 0.145 4.195 0.213
582 1.159 0.184 0.22 0.108 1.543 0.12

589 1.6 0.273 0.828 0.283 8.02 0.468
596 1.423 0.217 0.905 0.32 7.791 0.42
603 -999 -999 -999 -999 -999 -999
610 1.63 0.284 0.715 0.176 7.054 0.302
617 1.902 0.373 1.208 0.314 13.89 0.71

624 1.536 0.318 1.235 0.347 11.48 0.668
631 1.63 0.323 1.248 0.307 12.31 0.6
638 1.59 0.331 -999 -999 -999 -999
645 1.415 0.291 1.477 0.363 12.64 0.639
653 1.86 0.349 1.175 0.661 13.22 1.395

659 1.68 0.339 1.018 0.179 10.34 0.367
666 1.799 0.364 1.278 0.279 13.91 0.615
673 1.616 0.324 1.527 0.357 14.92 0.701
680 -999 -999 -999 -999 -999 -999
687 1.712 0.329 0.849 0.254 8.798 0.506

694 1.866 0.318 1.022 0.179 11.53 0.345
701 1.409 0.251 -999 -999 -999 -999
708 1.221 0.232 1.531 0.301 11.3 0.422
715 1.647 0.294 0.853 0.328 8.506 0.584

Mean 1.19 0.21 0.84 0.20 6.27 0.31
Standard error 0.08 0.02 0.07 0.02 0.73 0.04
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Appendix B.1: Bench Meadow lysimeter data
(depth in cm, concentrations in umol/m 3 , - 0.9 indicates
missing data)

Water Year
Day EA H NH4	 NO3 SO4 p_x_ ANC

Water year 1985
298 33 17.1 -0.9 11.4	 0.5 2.8 -0.9 -0.9
298 33 17.1 0.9 14.2	 1.3 2.6 6.05 84.6
298 15 20.1 0.6 46	 0 38.8 6.22 54.9
298 15 45.1 -0.9 0	 0 59.3 -0.9 -0.9
306 33 19.1 1.3 10.3	 0 1.7 5.89 32.8
306 33 19.1 2.2 -0.9	 1.2 -0.9 5.66 81
306 15 15 0.9 113.5	 16.7 172.9 6.05 41.9
306 15 20.1 0.6 128	 0 191 6.22 60.9
314 33 24.5 2.6 35.1	 0.6 2.9 5.59 71.6
314 33 20.1 0.8 11.4	 0.4 1.1 6.1 47.5
314 15 10 1.1 9.6	 0.4 5.7 5.96 33.4
314 15 15 1.5 11.4	 1.2 5 5.82 71.5
326 33 20.1 0.7 47.8	 16.6 21.2 6.15 -0.9
326 33 15 0.3 47.8	 13.1 30.3 6.52 -0.9
326 15 10 0 0	 25.1 232.8 -0.9 -0.9
326 15 10 0.3 0	 64.3 313.8 6.52 -0.9
353 33 -0.9 0.4 13.1	 0.9 13.1 6.4 -0.9
353 33 -0.9 0.4 10.3	 1 14.1 6.4 -0.9

Water year 1986
297 33 5.4 0.3 4.6 2.7 6.52 310
297 33 4.4 0.2 3.1 3 6.7 44.4
297 15 5.8 0.7 2.7 2.7 6.15 117.4
297 15 3.5 0.2 3.5 3 6.7 117
309 33 6.8 0.6 2.9 2.3 6.22 37.7
309 33 8.9 0.1 2.9 2.4 7 -0.9
309 15 8.7 0.1 4.2 1.3 7 40.5
309 15 5 0.4 2.6 0 6.4 175.2
324 33 10.7 0.9 6.9 1.7 6.05 -0.9
324 33 9.8 1 3.6 0 6 -0.9
324 15 11.8 1.3 2.9 0.8 5.89 -0.9
324 15 9.5 1.1 4.4 1.6 5.96 9.4
339 33 -0.9 -0.9 -O. -0.9 -0.9 -0.9 76.6
339 33 -0.9 -0.9 -0. -0.9 -0.9 -0.9 106.3
339 15 -0.9 -0.9 -O. -0.9 -0.9 -0.9 -0.9
339 15 -0.9 -0.9 -O. -0.9 -0.9 -0.9 -0.9
351 33 -0.9 -0.9 2.64 -0.9 -0.9 97.2
351 33 -0.9 -0.9 0 -0.9 -0.9 58.4
351 15 -0.9 -0.9 0 -0.9 -0.9 34.4
351 15 -0.9 -0.9 0 -0.9 -0.9 135.6

Water year 1987
2 33 -0.9 -0.9 4.07 -0.9 -0.9 -0.9
2 33 -0.9 -0.9 4.07 -0.9 -0.9 61.2
2 15 -0.9 -0.9 3.35 -0.9 -0.9 15.6
2 15 -0.9 -0.9 1.0 5.57 -0.9 -0.9 -0.9

15 33 -0.9 -0.9 4.07 -0.9 -0.9 54.4
15 33 -0.9 -0.9 4.07 -0.9 -0.9 273.2
15 15 -0.9 -0.9 4.07 -0.9 -0.9 40
15 15 -0.9 -0.9 3.35 -0.9 -0.9 84.8
29 33 -0.9 -0.9 3.32 -0.9 -0.9 70.4
29 33 -0.9 -0.9 4.45 -0.9 -0.9 49.6
29 15 -0.9 -0.9 3.32 -0.9 -0.9 -0.9
29 15 -0.9 -0.9 4.07 -0.9 -0.9 20.4
42 33 -0.9 -0.9 4.07 -0.9 -0.9 55.6
42 33 -0.9 -0.9 3.35 -0.9 -0.9 41.2
42 15 -0.9 -0.9 3.7 -0.9 -0.9 35.6
42 15 -0.9 -0.9 3.35 -0.9 -0.9 72.8
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Appendix B.2: Inlet meadow lysimeter data
(depth in ams, concentrations in umo1/1,
-0.9 indicates missing data)

Water Year
..:1..Y-_- 12.8-P.: Ca H NH4	 NO3 SO4 _Et_ ANC

Water year 1985
285 20 24.5 4.1 31.3	 8 5.39 69.4
285 20 9 2.8 4.4	 1.5 2. 5.55 11.8
285 41 5 1.2 22	 -0.9 1. 5.92 -0.9
285 41 6 0.9 0	 6.2 249. 6.05 25
302 20 27.9 0.8 18.4	 24.4 5. 6.1 53.2
302 20 22.1 2 14.2	 24.4 1. 5.7 53.2
302 41 20.1 1.1 52.6	 202.1 31. 5.96 47.7
302 41 20.1 0.4 9.6	 1.7 0. 6.4 44.1
311 20 45.1 -0.9 3.9	 9.2 -0.9 -57.9
311 20 4.1 -0.9 22.7	 73 -0.9 3.9
311 41 29.9 -0.9 10.4	 72.2 -0.9 -0.9
311 41 20.1 1.3 15.1	 51.6 5.89 -0.9
329 20 120.3 -0.9 68.8	 578.2 -0.9 -0.9
329 20 70.1 -0.9 110.6	 388 -0.9 -0.9
329 41 60 -0.9 -0.	 -0.9 -0.9 -0.9
329 41 0 -0.9 -0.	 -0.9 -0.9 -0.9
353 20 18.1 1.8 17	 29.8 11. 5.74 6.9
353 20 22.8 3.3 11.4	 83.4 9. 5.48 -0.9
353 41 22.2 6.9 29.1	 63.9 9. 5.16 -6.1
353 41 35 7.8 0	 138.3 5.11 -9.6

Water year 1986
325 20 4.5 0.2 2.7 1.7 6.7 17.2
325 20 5.4 0.3 4.5 1.6 6.52 43
325 41 5.1 0.3 6.9 0.9 6.52 -0.9
325 41 4.6 0.7 5.1 0.6 6.15 17.9
329 20 -0.9 -0.9 5.9 -0.9 -0.9 -0.9
329 20 -0.9 -0.9 4.2 -0.9 -0.9 27
329 41 -0.9 -0.9 3.1 -0.9 -0.9 28
329 41 -0.9 -0.9 6.5 -0.9 -0.9 20
347 20 -0.9 -0.9 -0. -0.9 -0.9 -0.9 -0.9
347 20 -0.9 -0.9 -0. -0.9 -0.9 -0.9 15.2
347 41 -0.9 -0.9 -0. -0.9 -0.9 -0.9 17.5
347 41 -0.9 -0.9 -0. -0.9 -0.9 -0.9 -0.9
351 20 -0.9 -0.9 10.2 -0.9 -0.9 12.5
351 20 -0.9 -0.9 16.7 -0.9 -0.9 32
351 41 -0.9 -0.9 20.3 -0.9 -0.9 -0.9
351 41 -0.9 -0.9 7.6 -0.9 -0.9 17

Water year 1987
2 20 -0.9 -0.9 76.2 -0.9 -0.9 -3
2 20 -0.9 -0.9 67.1 -0.9 -0.9 2.4
2 41 -0.9 -0.9 127.2 -0.9 -0.9 -4.8
2 41 -0.9 -0.9 99.4 -0.9 -0.9 -2.8

15 20 -0.9 -0.9 21.3 -0.9 -0.9 123.2
15 20 -0.9 -0.9 28.5 -0.9 -0.9 7.6
15 41 -0.9 -0.9 34.1 -0.9 -0.9 8.4
15 41 -0.9 -0.9 9.3 -0.9 -0.9 6
29 20 -0.9 -0.9 -0. -0.9 -0.9 -0.9 -0.9
29 20 -0.9 -0.9 -0. -0.9 -0.9 -0.9 -0.9
29 41 -0.9 -0.9 14.7 -0.9 -0.9 -0.9
29 41 -0.9 -0.9 -0. -0.9 -0.9 -0.9 -0.9
42 20 -0.9 -0.9 42.9 -0.9 -0.9 -0.9
42 20 -0.9 -0.9 39.1 -0.9 -0.9 -0.9
42 41 -0.9 -0.9 15.7 -0.9 -0.9 -0.9
42 41 -0.9 -0.9 -0. -0.9 -0.9 -0.9 -0.9
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Appendix B.3: Alta Cirque, Ridge, and Pine Stand
lysimeter data (depth in cm, concentrations in umo1/1,
-0.9 indicates missing data)

Water year

.22Y_	 ilan
?.LTA CIRQUE

1985 water year

Ca H NH4 NO3 S24 _RE_ ANc

288 24 60 0 0	 679 54.4 -0.9 -0.9
288 50 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9
298 24 15 0.85 0	 220 90.4 6.07 15.7
298 50 60 0 0	 0 0 -0.9 -0.9
312 24 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9
312 50 0 0 0	 0 0 -0.9 -0.9
353 24 6.1 16.5 -0.9 -0.9 -0.9 4.78 -0.9
353 50 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9

1987 water year
13 -0.9 -0.9 -0.9 0	 40.9 -0.9 -0.9 5.5
13 -0.9 -0.9 -0.9 0	 86 -0.9 -0.9 -0.9
29 -0.9 -0.9 -0.9 0	 31.9 -0.9 -0.9 -4.4
29 -0.9 -0.9 -0.9 0	 84.2 -0.9 -0.9 -0.9
43 -0.9 -0.9 -0.9 5	 214.4 -0.9 -0.9 -0.9

RIDGE

1987 water year
13 -0.9 -0.9 -0.9 105.4 -0.9 -0.9 4.2
13 -0.9 -0.9 -0.9 28.5 -0.9 -0.9 8
13 -0.9 -0.9 -0.9 25.8 -0.9 -0.9 20.3
13 -0.9 -0.9 -0.9 124.2 -0.9 -0.9 -0.9
29 -0.9 -0.9 -0.9 80.4 -0.9 -0.9 -0.9
29 -0.9 -0.9 -0.9 69.2 -0.9 -0.9 -0.9
29 -0.9 -0.9 -0.9 52.1 -0.9 -0.9 -0.9
43 -0.9 -0.9 -0.9 35. 134.2 -0.9 -0.9 -0.9
43 -0.9 -0.9 -0.9 53. 178.5 -0.9 -0.9 -0.9
43 -0.9 -0.9 -0.9 67.8 -0.9 -0.9 -0.9

PINE STAND

1986 water year
268 -0.9 -0.9 -0.9 0	 2.7 -0.9 -0.9 -0.9
268 -0.9 -0.9 -0.9 0	 3 -0.9 -0.9 -0.9
268 -0.9 -0.9 -0.9 0	 3.1 -0.9 -0.9 331

1987 water year
2 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9 -0.9

29 -0.9 -0.9 -0.9 0	 71.5 -0.9 -0.9 -0.9
42 -0.9 -0.9 -0.9 0 69.6 -0.9 -0.9 -0.9
70 -0.9 -0.9 -0.9 0 5.7 -0.9 -0.9 -0.9
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