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ABSTRACT

LINDBERG, S. E., and D. W. JOHNSON (Eds). 1989.
1988 Annual Report of the integrated forest study.
ORNL/TM~11121. Oak Ridge National Laboratory,

Oak Ridge, Tennessee. 241 pp.

The summaries contained in this report describe the trends in
atmospheric deposition, canopy interactions, soil solution fluxes,
and ecosystem budgets for the major chemical species studied in the
Integrated Forest Study (IFS). This document also includes summary
reports of each supportive deposition and soils experimental task,
and descriptions of specific field research performed at each site.
This report is one of a series of reports on the IFS, including
Site Descriptions, Measurement Protocols, and Project Summary.

Preliminary analysis of the deposition and nutrient cycling
data indicates several interesting trends across sites. The
deposition estimates confirm the expected increase in atmospheric
deposition at high elevation sites compared to lower elevation
forests. Input to the Smoky Mountains site in the Southeast
exceeded that to all other sites for most chemical species.
Cloudwater interception, enhanced dry deposition due to high wind
speeds, and increased rainfall due to orographic effects all
contribute to this trend. At the other sites dry deposition was
important in the input of all ions, particularly at the dryer
southeastern sites and most significantly for the base cations.
Canopy interactions were minimal for deposited Na and S, but
indicated significant canopy absorption of strong acidity and N,
and foliar leaching of base cations at all forests.

The s0il solution fluxes and ecosystem budget data illustrate
the difficulties in predicting site nutrient status and the degree
of sulfate and nitrate leaching. The magnitude of nitrate leaching
from each forest is not readily predicted by any single parameter.
Similarly, the sulfur input/output budgets do not fit with any
expected so0il series effects on sulfur retention. However,
patterns of aluminum and base cation leaching do appear to match
predictions from theoretical soil solution considerations. These
observations indicate the need to quantify system fluxes for a
variety of forests in different environments in order to understand
the possible effects of deposition on nutrient cycling processes.

vii






1. INTRODUCTION, PROJECT ORGANIZATION, AND STUDY SITES

The principal objective of the Integrated Forest Study on the
Effects of Atmospheric Deposition is to determine the effects of
atmospheric deposition of sulfur and nitrogen on forest nutriegt
cycling. The study integrates field measurements of atmospheric
deposition and nutrient cycling in a variety of forest sites, and
experimental research, including laboratory and field studies, to
investigate selected atmospheric and soil processes in greater detail.
The research is being conducted at forested sites in the northwestern,
northeastern, and southeastern United States and in Canada and Norway
(Fig. 1). These sites represent a range of conditions in climate, air
quality, soils, and vegetation (Table 1), which will facilitate the
testing of hypotheses regarding the effects of atmospheric sulfur and
nitrogen deposition on forest nutrient cycles.

Responsibility for site operation throughout the IFS is in the
hands of the principal investigators at each site. The separate
experimental tasks underway at various sites are indicated in
Figure 2. Coordination of synthesis activities for the IFS project is
shared by several individuals with expertise in the areas of either
atmospheric science or forest ecosystems. For the purpose of
comparing data across a range of sites, these individuals have been
designated as synthesis group leaders for the major chemical
components being studied at each IFS research site: sulfur, nitrogen,
acidity, and base cations. Data from the initial one to two years of
field research was supplied tec these individuals by the IFS site
researchers for summary in this report.

The summaries reported here describe the trends in atmospheric
deposition, canopy interactions, soil solution fluxes, and ecosystem
budgets for the major chemical species studied. This document also
includes summary reports of the various deposition and soils
experimental tasks, and descriptions of specific field research
performed at each site.

Preliminary analysis of the deposition and nutrient cycling data
indicates several interesting trends across sites. The deposition
estimates confirm the expected increase in atmospheric deposition at
high elevation sites compared to lower elevation forests. However,
the magnitude of this effect at the Smoky Mountains site in the
Southeast was unexpected. Cloudwater interception, enhanced dry
deposition due to high wind speeds, and increased rainfall due to
orographic effects all contribute to this trend. At the other sites
dry deposition was important in the input of all ions, particularly of
the base cations and particularly at the dryer southeastern sites.
Canopy interactions were minimal for deposited Na and S, but indicated
significant canopy absorption of strong acidity and N, and foliar
leaching of base cations at all forests.

The scil solution fluxes and ecosystem budget data illustrate the
difficulties in predicting site nutrient status and the degree of
sulfate and nitrate leaching. The magnitude of nitrate leaching from
each forest is not readily predicted by any single parameter.
Similarly, the sulfur input/output budgets do not fit with any
expected soil series effects on sulfur retention. However, patterns
of aluminum and base cation leaching do appear to match predictions
from theoretical soil solution considerations. These observations
indicate the need to quantify system fluxes for a variety of forests
in different environments in order to understand the possible effects
of deposition on nutrient cycling processes.

1
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Fig. 1. Sites in the Integrated Forest Study



Table 1.

see Fig. 1 for site codes and locations).

Sites in the EPRI Integrated Forest Study {arranged from West to East,

INTENSIVE DEPOSITION MEASUREMENT SITES (see next section for equipment):

SITE FOREST TYPE

CODE (~Elevation)

DF Douglas Fir (220 m)

RA Red Alder (220 m)

LP Loblolly Pine (300 m)

ST Red Spruce (1740 m)

cp White Pine (720-1100 m)

GL Loblolly Pine (175 m)

FS Slash Pine (100 m)

DL Loblolly Pine (215 m)

TL N. Hardwoods (350 m)

HF N. Hardwoods (530 m)

WF Red Spruce, Balsam Fir
(1000 m)

MS Red Spruce (60 m)

NS

Norway Spruce (200 m)

BULK DEPOSITION ONLY SITES:

FL
SS
SB
CH

Fir, Hemlock (1100 m)

Red Spruce (1800 m)
American Beech (1600 m)
S. Hardwoods (700-1000 m)

SITE
LOCATION

Thompson Forest, WA

Thompson Forest, WA

Oak Ridge, TN

Smoky Mountains, NC

Coweeta Hyd. Lab., NC
BF Grant Forest, GA

Gainesville, FL

Duke Forest, NC

Turkey Lakes, Ontario
Huntington Forest, NY
Whiteface Mt., NY

Howland, ME

Nordmoen, Norway

Findley Lake, WA
Smoky Mountains, NC
Smoky Mountains, NC
Coweeta Hyd. Lab., NC

PRINCIPAL
INVESTIGATOR

. Cole,
. Van Miegroet

. Cole,
Van Miegroet

o zo

Lindberg,
. Johnson

Lindberg,
Johnson

= o w o w

Swank

Ragsdale,
. Dowd

[

Gholz

Knoerr,
Binkley

oxXx

=

Foster
M. Mitchell

A. Friedland

I. Fernandez

A. Stuanes

. Cole
. Johnson

Johnson

= o o O

Swank
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PROJECT MANAGER
L. F. PITELKA
ORNL IFS
PRINCIPAL INVESTIGATORS ADVISORY PANEL
D. W. JOHNSON W. REINERS,
S. E. LINDBERG CHAIRMAMN

MODELING SITE MONITORING TASKS EXPERIMENTAL TASKS
S. GHERINI
AND ALL INVESTIGATORS
WASHINGTON TENNESSEE ATMOSPHERIC /
Q THOMPSON FOREST 0O OAK RIDGE ﬁﬁr’éﬁf\éTiONs
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D. W. COLE D. W. JOHNSON DEPOSITION
(U. OF WASHINGTON) S. E. LINDBERG E A BONDIETTI
NATIONAL PARK SERV.
NORWAY CANOPY LEACHING /
NUTRIENT STATUS
{1 NORDMOEN FOREST | | NORTH CAROLINA G. M. LOVETT
A. ©. STUANES 9 C D, A. SCHAEFER
E. JORANGER A S. E. LINDBERG
CANADA ™ O DUKE FOREST D o
] D. BINKLEY G. E. TAYLOR, JR
0O TURKEY LAKES (COLORADO STATE U.) -E ) JR.
NEIL FOSTER (GLFRC) K. KNOERR
DUKE U.
- ‘ i SOIL CHEMICAL
GEQORGIA INTERACTIONS
NEW YORK
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J. DOWD ] | 0 wHITEFACE MT. R. B. HARRISON
(U. OF GEORGIA) A. H. JOHNSON (U. OF WASHINGTON)
H. L. RAGSDALE (U. OF PENN.) D. W. JOHNSON
(EMORY U.) A. J. FRIEDLAND L 0 W FITZGERALD
[ (DARTMOUTH) (U. OF GEORGIA)
J. KADLECEK
FLORIDA (SUNY-SYRACUSE) O NITROGEN SATURATION
- D. W. COLE
O H.L. GHOLZ
T HUNTINGTON FOREST
o P oS an Ay UNTINGTON FOR (U. OF WASHINGTON)
(SUNY-SYRACUSE) 0O WEATHERING /
MAINE D. J. RAYNALL MINERALOGY
E. WHITE R. APRIL
0O HOWLAND SITE - (COLGATE U.)
. FERNANDEZ R. NEWTON -
(U. OF MAINE) (SMITH COLLEGE)
O CATION EXCHANGE /
Al RELEASE
D. D. RICHTER
(DUKE U.)

Fig. 2.

Organization of the Integrated Forest Study




2. BRIEF SYNOPSIS OF MEASUREMENT AND COMPUTATION METHODS

2.1 Methods for Atmospheric Deposition
Estimates to Forests in the Integrated Forest Study

Field Measurements

At the 1IFS forests designated as intensive deposition
measurement sites, detailed data on atmospheric chemistry, wet
deposition, and meteorology are collected continuously
(meteorology) and on an event basis (atmospheric chemistry and wet
deposition) throughout the year. Measurements of wet deposition
of all major ions (including weak acidity, Al, total N and total
P on smaller subsets of selected samples) are collected in nearby
forest clearings (incident precipitation) and in replicate (N=2-
20) below the canopy (throughfall and stemflow).

The air chemistry (major ions in aerosols and dry deposited
coarse particles, §0,, 03, and HNO;) and standard meteorological
data are collected from towers Wthh extend 5-10 meters above the
surrounding canopy. All measurements are taken at or adjacent to
the study plot used for collection of nutrient cycling data (Fig.

3). Samples are collected of both wet and dry events: wet
deposition as wetfall/only using automatic collectors, air
chemistry using filter pack and surrogate surface methods, and
cloud water using passive string-type collectors. All of the

methods described here and in the section on nutrient cycling, are
described in detail in Lindberg et al (in press).

Deposition Calculations

Wet Deposition: The seasonal and annual input of ions in
rain, throughfall, and stemflow are calculated from the product of
precipitation-weighted mean ion concentrations in each solution
times the appropriate hydrologic flux. Depending on site
accessibility, from 40-100% (median 82%) of the wet deposition is
sampled and analyzed. Hydrologic fluxes are based on continuous
records of rain, throughfall, and stemflow (the latter two with
extensive replicate-gage grids).

Dry Deposition of Vapors and Fine Aerosols: Dry deposition
is calculated from the product of event mean air concentrations and
appropriate dep051tlon velocities (V4) . For vapors, V, values are

computed hourly using the 1nferent1al big-leaf model of Hicks et
al (1987) based on site-specific hourly meteorological measurements
and canopy structure/physiology data. For aerosols, V, values are
derived from site~specific canopy structure data using the
submicron radionuclide tracer method of Bondietti et al (1984).
Event dry dep051tlon is computed from the product of the event mean
concentrations and V4 values, and annual values from time-weighted
means and measurements of total dry duration.

Dry Deposition of Coarse Particles: Dry deposition of coarse
particles measured to inert surfaces must be scaled to the full
forest canopy. This is done using scaling factors applicable to
each forest. We have developed a linear regression model to
separate ion fluxes in net throughfall into their component parts

5



of dry deposition washoff and foliar leaching based on event
collections (Lovett and Lindberg, 1984). We have used this method
to derive scaling factors for coarse particles based on the results
of the regression model applied to Ca at each forest (Lindberg et
al, 198s8a). Calcium in throughfall is used because it is an
excellent coarse particle tracer with no vapor phase component.
These factors are determined as annual means from regressions on
all sampled wet events over the year, and are multiplied by the
mean measured fluxes of coarse particles to inert surfaces to
estimate annual coarse particle dry deposition.

Cloud Water TInterception: Cloud water deposition is
calculated from the product of the weighted mean ion concentrations
in cloud water (weighted by liquid water content) and the total
annual hydrologic flux of cloud water. Hydrologic fluxes are
determined by a number of independent methods, allowing an estimate
of the range of cloud water fluxes. These include application of
the model of Lovett (1984) to meteorological and canopy structure
data for each site, direct measurements of cloudwater drip during
selected events (extrapolated to a year based on estimates of cloud
immersion time), and various methods involving hydrologic fluxes
in throughfall (Lindberg et al, 1988b).

Refercences

Lindberg, S. E., Johnson, D. W., Lovett, G. M., Taylor, G. E.,
Van Miegroet, H., and Owens, J. G. Sampling and Analysis
protocols for the Integrated Forest Study. ORNL/TM-—11214

(in press).

Lovett, G. M. and Lindberg, S. E. 1984. Dry deposition and canopy
exchange 1in a mixed oak forest determined from analysis of
throughfall. J. Appl. Ecol. 21:1013-1028.

Lindberg, S. E., G. M. Lovett, D. A. Schaefer and M. Bredemeier.
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Mountains. In Unsworth, M. (ed.). Progesses of Acidic Deposition
in Mountainous Terrain, Kluwer Academic Publishers, London, pp.
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2.2 Methods for Soils and Nutrient Cycling
Measurements in the Integrated FKForest Study

General

The basic unit of study is the plot, which ranges in area from
approximately 0.05 to 0.10 ha, depending upon site conditions and
protocols for previous plot-level studies that may have been
conducted at the site. At each site, organic matter, N, P, S, K, Ca, and
Mg contents of vegetation, forest floor, and soils and nutrient fluxes
via litterfall, throughfall, and soil solution are estimated for a
minimum of 3 years. The equipment layout typically used in a site is
depicted in Figure 3.

Specific _Methods

Vegetation Biomass and Nutrient Content

Aboveground vegetation biomass (foliage, branch, bole) is typically
estimated from regression equations based upon diameter breast
height (dbh, measured at137 cm) or dbh and height. In some
instances, foliage biomass is better estimated from litterfall, back
calculating for weight loss from foliage during senescence. Root
biomass is obtained if possible, in most instances by random coring.
Vegetation is analyzed for nutrients by component and weighted
average concentrations arc multiplied by biomass to obtain nutrient
content for each component.

Forest Floor and Soil Nutrient Content

Forest floor mass is determined by random destructive sampling
within the plot. Soil mass and gravel contents are estimated from
destructive measurements for bulk density (quantitative pit, core, or
clod method, depending upon soil texture and structure) and coarse
fragment (> 2mm sieving) content. Forest floor and the <2mm soil
fraction are analyzed for total nutrient content, and Oa and soil
samples are also analysed for extractable nutrients, extractable Al,
and cation exchange capacity (by neutral NH4Cl) as well. Forest floor
and soil nutrient contents are estimated by multiplying
concentrations by weights for each component. Nutrient content of
the >2mm soil size fraction is not normally estimated.



Litterfall Flux

Litterfall is collected in screened traps of known area, separated into
components (needles, leaves, wood, and reproductive parts) weighed,
and analyzed for nutrient content.

Throughfall Flux

In addition to the wet-only event throughfall collections made as
part of the atmospheric deposition studies, bulk throughfall is
collected and analyzed at all sites.

Soil Solution Flux

Soil solutions are collected by means of tension lysimeters (set to 10-
30 kPa tension, depending upon local soil conditions). Tension is
supplied to lysimeters either by the hanging column method (Figure
1) or an electrical system with vacuum pomp and vacuum control.
Solutions are collected at monthly intervals or less and analyzed for
major cations and anions, pH, conductivity, total N, and total P.
Volumes are recorded at each collection, and volume-weighted
means for each constituent are multiplied by independent estimates
of soil water flux (obtained from nearby guaged streams, modeling,
Cl- balance, or subtraction of evapotranspiration estimates from total
precipitation).






3. ANALYSIS OF UNCERTAINTIES IN THE IFS

The problem of assessing uncertainties in measured,
calculated, and estimated quantities plagues all environmental
research projects, and is often neglected. This is particularly
true in nutrient cycling and deposition measurement projects
which rely on numerous assumptions and applications of unique
methods. The approach to evaluating uncertainties in the IFS
involves both qualitative and quantitative analyses. We
attempted to identify the most important sources of potential
bias or error, and then to analyze the probable magnitude of
these sources. Tables 2 and 3 illustrate the results of the
qualitative analysis and provide a semi-quantitative ranking of
these factors for both the Atmospheric Deposition and
Soils/Nutrient Cycling tasks of the IFS. Since the time when
these factors were identified, various IFS investigators have
designed and performed special projects in an attempt to minimize
potential problems, and to provide estimates of the most
important sources of error.

An example of this analysis applied to the Smoky Mcuntain
Spruce site (ST) is given in Table 4. Relative standard errors
(RSE) were estimated from a combination of the measured standard
errors in ion concentrations, analytical precision and accuracy,
potential bias in certain physical measurements, and published
sensitivity analyses of models used in the IFS. In addition,
ranges of possible values based on "reasonable" physical bounds,
where available, were used with these RSE values to derive
overall estimates of uncertainty. Use of physical and other
"bounds" often results in non-symmetrical ranges around the "best
estimates" as illustrated in Fig. 4 for sulfur and nitrogen
fluxes at the ST and LP IFS sites. We feel that this approach
provides a reasonable idea of the level of uncertainty associated
with IFS flux and pool size estimates.
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Table 2.

UNCERTAINTIES IN IFS DEPOSITION ESTIMATES?

Uncertainty
Flux ) Inportance? Level Primary Source Interactionb__’ Actions
Wet Deposition
Cloudwater L-H H Inmersion time, *k More perscnal observations, intensive
cloudwater amount, ion field experiments, collect more
concentrations samples
Rain H L Water flux in mountains Replicate sites, snow boards
Throughfall H M Spatial variability * Permanent replicates at some sites,
intensives at others, permanent
replicate TF gages
Stemf low L-M M Spatial averaging Increase replicates at some sties,
eliminate SF at others
Dry Deposition
50, L-H M Modeling surface * Beyond scope of IFS, rely on NAPAP
resistance, weiness work, compare with micrometeoro-
effects logical data at some sites
HNOg H H Atmosphere resistance *x Gradient measurements at some sites,
canopy balance to establish bounds,
replicate filter packs, compare with
real-time sensor, compare long- and
short-term filter pack measurements
Fine Particles L H Deposition velocity Radionuclide measurements on several
species
Coarse Particles L -M M Scaling factors Run throughfall model at all sites,

improve model RZ with air
chemistry measurements

aL - low uncertainty (10-30%)

M = medium uncertainty (--50%)

H = high uncertainty (>100%)

L-H indicates a range in importance due to local characteristics and depends on the 1FS site in question

Dinteraction represents a flux with both high importance and high uncertainty

** - serious problem * = moderate problem
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Table 3.

UNCERTAINTIES IN SOILS AND NUTRIENT CYCLING TASK

Problem

Soil
weathering

Water flux
estimation

Plant uptake,
retranslocation

Disturbance due
to lysimeter
installation

Belowground
biological
processes
(N transformations,
root turnover)

Soil content
estimates, i.e.,
bulk density
and % gravel

Deposition
estimates

Sorting year-to-year
variation from
long-term trends

Biomass estimates

Macropore and
unsaturated flow

Denitrification
Inter-laboratory

analytical bias;
sample aging effects

*Varies considerably from site to site.
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Uncertainty Source of
Importance Level Uncertainty
H H Measurement
H L-M Measurement
M L-M Measurement
L-H* L-M Length of time for
measurement
M-H H Lack of data
M-H L-H* Lack of data
M-H L-H Measurement
L-H L-H Duration of sampling
M M Regression equations
l.-H H Measurement
L-H* H Measurement
L-M L Lab accuracy,

sampiing interval



Table 4 . Uncertainty Anahnis for Anoual Deposition of SO} at Smoky Mountain IFS Site (ST)

RAIN

CLouD

DRY- S0,
DRY- SO? fine
DRY- SO? Coarse

TOTAL DRY
TOTAL DEPOSITION

TF

SF

TF+SF

SAMPLING
EFFICIENCY
IN TIME
94%

10-20%(EVTS)

26%

26%

4%

94%

RSE* OF
CONCENTRATIONS

12%

16%

4%

14%

1%

10%

NET CANOPY EFFECT (NCE = TF + SF - TOTAL DEPOSITION)

*RSE = reiatrve standard error of the mean (SE/mean)

SPATIAL
VARIABILITY

Unknown, but rain is
measured at site

SEE DRY

2(NTF RANGE = +- 7%)

Y(NTF RANGE = +- 7%)

2NTF RANGE = +- 7%)

SUM 4% LOW

DRY
WATER DEPOSITION
AMOUNT VELOCITIES
30% LOW?

27.52 em

(TF-PPT, Na BAL)

; 30%

. 100%

- 35% RSE of (8.F)

4-8% LOW -

EVENTS=5-30% DIFFERENT

FLUX INSIG., EVEN AT +. 3X -

RESULTANT
OVERALL

UNCERTAINTIES

20%

86%

10%

50%

20%

80%

30%

2007%
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Fig. 4. Results of uncertainty analysis for sulfate and nitrate deposition and
throughfall stemflow (TF+SF) fluxes at IFS sites in the Smoky Mountains (site ST,
upper 2 graphs) and Oak Ridge (site LP, lower graph).

15






SECTION 4. DEPOSITION AND NUTRIENT CYCLING SYNTHESIS SUMMARIES
4.1, SULFUR
4.1.1. ATMOSPHERIC DEPOSITION AND CANOPY INTERACTIONS OF
SULFUR TO FORESTS IN THE INTEGRATED FOREST STUDY
S. E. Lindberg
Environmental Sciences Division
Oak Ridge National Laboratory
Oak Ridge, TN 37831-6038

INTRODUCTION AND APPROACH

Atmospheric concentrations and fluxes of the major forms of
airborne sulfur have been determined above and below the forest
canopies at eleven of the IFS Intensive Deposition Measurement
Sites for periods of 1-2 years: Washington red alder (RA) and
Douglas fir (DF), Oak Ridge loblolly pine (LP), Smoky Mt. red
spruce (ST), Coweeta white pine (CP), Duke loblolly pine (DL),
Whiteface Mt. spruce/fir (WF), Huntington Forest mixed hardwood
(HF) (all 2-y data sets), and Turkey Lakes mixed hardwood (TL),
Nordmoen Norway spruce (NS), and Georgia lobleolly pine (GL) (1-y
data sets). The sampling years began between 4/86 and 11/86;
hence somewhat different periods were summarized for each site.
Data were also made available from the Turkey Lakes Watershed in
Ontario for 1984 for comparison. Limited data were also available
from the Maine spruce (MS) and Florida slash pine (FS) sites but
were not included in this summary due to delayed startup (the first
year of sampling will be completed during the summer of 1989).

At each site standard IFS deposition sampling protocols were
followed for precipitation, throughfall, atmospheric aeroscls and
vapors, deposited coarse particles, cloud and fog water, and

meteorological parameters (Lindberg et al, in press). Common
protocels were also followed for computation of deposition fluxes
as described earlier in this report (see Section 2). The site

operators collected from 41 to
wet~only events; mean 75%) and -

sampled from 8 to 100% of the '(i Year means, 1986-1988)
dry periods (mean 50%). Results o CONC Wosm )

of studies of the spatial
variability of fluxes within the
forest plots for several of the
IFS sites are described in the
site reports in Section 6 of
this report.

ATMOSPHERIC CONCENTRATIONS RN SN §§ §§
LP DL @1 HF 8T CP WF TL N81 DF RA

Total airborne sulfur at the IFS sito

sites ranged from 1.3 to 8.6 ug §580,-2 EHFine Avrosdl 807

S m~ and was dominated by S0, at |},

most sites (Fig. 1). At the
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more remote sites, 50, and particle SO were comparable. The
highest 1levels occurred in the Southeast the 1lowest 1n the
Northwest and in Norway. These trends were not reflected in the
rain concentration data for 50,2, with the highest concentrations
(750-60 peqg/l, volume-weighted means) at the Norway and low
elevation Northeastern and Southeastern sites, and the lowest
concentrations (720-25 peq/l) at the CP and RA/DF sites.

ATMOSPHERIC DEPOSITION

TOTAL ATMOSPHERIC DEPOSITION OF SCZ]
The estimates of total (2 YEAR MEANS, 1986-1388)
atmospheric deposition by wet,
dry, and cloudwater processes to 2600 -
the forest canopy at each site
are illustrated in Figure 2.
The sites are ranked in order of 1800
total deposition. Total Sof'
fluxes ranged nearly over an
order of magnitude from ~300 to 500 -
“2000 eq ha ' y! (dry deposited
S0, 1s assumed to be converted

TOTAL 8 FLUX {an 805 , sq ha' v )

2000

LP  TL N3-1 GL-1 CP HF

to SO " within the ecosystem for IFS Site

theSL calculations). The B wrr SSoav  EEcLounFos
highest flux occured at the ST i 2

mountain site, with fluxes )

generally decreasing from the

Southeast to the Northeast to the Northwest. The flux at the WF
mountain site is comparable to the highest flux measured at a low
elevation site (DL), and that at the Norway site is in the range
of fluxes at low elevation Northeastern sites.

Approximately 50% of the SO " flux at the ST and WF sites was due
to cloudwater interception (we estimated an annual hydrologic flux
of 37 cm cloudwater at ST and 13 cm at WF in addition to the 194
and 114 cm of precipitation, respectively). Inputs by dry
deposition and precipitation were nearly equal at the ST site,

while dry deposition was only 20% of wet at WF due to generally
lower air concentrations and canopy surface area. Dry deposition
was most important at the dryer low elevation Southeastern sites
("40-60% of total), while wet deposition dominated at all other low
elevation sites (60-90% of total), indicating that dry/wet input
ratios are site specific, but may be regionally representative.

Dry deposition at all North American sites was dominated by SO,
("50-90% of total dry). At the Norway site, with the lowest SO
concentrations (which peaked during the dormant season), dry
deposition was controlled by aerosols.

The results for the ST and WF sites support the idea that mountain
forests are exposed to higher atmospheric loading because of
climatologic factors and site characteristics (orographic effects,
high winds, cloud immersion, and the gap nature of the high surface
area bpruce/flr canopy), desplte their location distant from major
emission sources. Although we expected this trend, the magnitude
of the enhancement at the ST mountain site was a surprise (four
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times higher S flux than at the nearby CP site, and two times
higher than at the WF mountain site). These trends in S inputs are
reflected by the deposition estimates for N, H*, and base cations,
as well as the soil fluxes of S and N (summarlzed in the following
reports), indicating that this enhancement is not specific to S
alone.

All of these estimates are subject to considerable uncertainty.
This is particularly true at the high elevation sites because of
the presence of cloudwater which is difficult to quantify. The
magnitude of the uncertainty in S deposition was determined for the
ST site based on combined errors due to analytical, sampling, and
hydrologic factors, and spatial variability (see Section 3). Using
these data and applying physical bounds on fluxes wherever possible
(eg. hydrologic fluxes based on independent measurements, see
Section 6.1), it is possible to bound the best estimate of the S
flux: minimum = 1500, best = 2100, maximum = 3800 eg ha™’ Ve )
Despite this relatively large range, it is probable that the S flux
to this site exceeds that measured at any other site.

THROUGHFALL FLUXES

ESTIMATED FROM THE FLUX OF SO f“ IN TF?
The fluxes of SOf’ below these Daposition ot 85 (sq haly ™)
canopies in throughfall plus | *%
stemflow (TF+SF) strongly 2000 - °
reflect the trends in deposition
described above. For example, woor
the flux of sulfate in TF+SF at 1000} .
the ST site exceeds the next 0
highest flux (WF) by a factor of soar
2.3, and exceeds that at the o . . . . mA
geographically nearest site (CP) 0 800 w00 %00 2000 2
by more than a factor of 6. Fiux of S07in TFsSF (o ha™'y™)

9 DATA (Z ¥r means} —~ tiLire

At any individual site, the "

fluxes in deposition and TF+SF
are remarkably similar. Figure
3 illustrates the relationship between the estimated total annual
wet plus dry deposition of 8O, Zto the forest canopy and the
measured flux in TF+SF at each 51te At five of the IFS sites the
fluxes are essentially the same above and below the canopy, and at
the remaining sites the differences are generally within the range
of uncertainty in the deposition estimates. The variance in the
flux of 8 in TF+SF accounts for 97% of the variance in estimated
total 8 deposition. This strongly suggests that measurements of
TF+SF fluxes can provide a much simplified method for estimating
the seasonal and annual S 1loading to forests and forested
watersheds, as suggested by recent S isotope studies (Garten et al,
1987; Garten, in press).

CANOPY INTERACTIONS

Comparison of total deposition of SO " to the canopies with the
fluxes of 80, below these canopies in TF+SF provides an indication
of the 1nteractlons and fate of atmospheric S. These data indicate
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that, relative to NET CGANOPY EFFECT FOR 802;(2 YR DATA)

total S fluxes, | e
canopy interactions (NCE == TF+SF-TOT DEP){(+ LEACH, - UPTAKE)

(uptake and NCE FOR 8Cfileq ha' y')
leaching) appear to
be small. The two 300 - 12%
sites which 500 -
represent the
extremes in 100 -
behavior of S in o- 2% _
the canopy are ST 8% 7% W’- :
and GL in Figure 3. -100 - : 67% |
The distance of
each point from the ~200 1
1:1 line indicates -300 4 a4%
the magnitude of T T T T T T 1 T T T
the canopy 8T T ©DF BA N8t~ HF WF ¢P~ DL LP QL
interaction for S % VALUES: % TF+SF (if +), % SO 2(if -)
which is given by
the difference B spruce/Fir XY peciduous
between the
atmospheric flux Fig. 4
and the flux in
TF+SF (termed the net canopy exchange, NCE = TF+SF-total
deposition). The net canopy exchange at each site is summarized
in Figure 4, which also shows the values as a % of TF+SF (for
leaching) and as a % of dry deposited 50, (for uptake). At nearly
all of the IFS sites deposition exceeds the flux below the canopy,
yielding negative NCE values. The flux below the canopy exceeds
that into the canopy only at ST and TL. However, given the
uncertainty of these fluxes, NCE's of absolute magnitude <70 eqg
ha™' are probably not significantly different from zero, and suggest
an approximate balance of S in the canopies at the TL, DF, RA, NS,
HF, and WP sites.

NCE values dreater than zero indicate a source of S in the canopy
(foliar leaching). NCE values less than zero indicate that the
canopy is a sink for deposited S, most likely dry deposited SO,
which is the only form known to readlly enter the stomatal cav1ty

Such behavior is cbviously specific to each tree species, but the
IFS data suggest some generalities which are potentially useful for

modeling. The most significant "sink" canopies are all southern
pine sites (CP, DL, LP, GL), and the only "source" canopy is high
elevation spruce. In between, more or less 1in balance, are a

mixture of spruce, fir, and deciduous systems.

Given the relatively small contribution of foliar leaching of SO

to TF+SF measured with S isotopes for three pine and de01duous
species near the LP site (73% on the average; Lindberg and Garten,
1988), one might expect the general behavior of S in forest
canopies in industrialized areas to lie somewhere between a balance
and moderate uptake, depending on local &0, dry deposition.
Leaching would be significant relative to TF+SF only when dry
deposition is minimal. If this is an accurate generalization, the
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relatively large foliar leaching at the ST site may simply reflect
our inability to accurately quantify the fluxes to this mountain
site. This could result from an underestimate of the total S
deposition to this forest, or an overestimate of the flux in TF+SF
(less likely, as discussed in Section 6.1).

Assuming that a small amount of foliar leaching does occur in most
trees (Lindberg and Garten, 1988), our data suggest that uptake of
dry deposited SO, in many forests is sufficiently large relative to
foliar leaching to result in a negative canopy balance for S0
Thus leaching becomes unimportant at sites with high S loadlng
where deposition wash-off dominates the below canopy flux. When
this is the case, leaching cannot be detected in the canopy balance
due to uptake of S50,.

Expressing the uptake values relative to the flux of dry deposited
SO, indicates that over an annual cycle, from "30 to »90% of the
dry deposited SO, remains fixed in the canopy (Fig. 4). Very high
values for % uptake of SO, (NS, CP, GL) may indicate overestimates
of S dry deposition, or underestlmates of § fluxes in TF+SF. This
is clearly reflected in the NCE for NS which far exceeds the very
small dry deposition of S0,, and may also be suggested by the
values for CP and GL which are nearly equal to dry deposition of
50,. There are reasons to susPect both the deposition and TF+SF
estlmates at these three sites. The remaining NCE values (DL, LP,
RA, DF, HF, WF) suggest that forest canopies release "30-70% of dry
deposited SO, into TF+SF.

SUMMARY

Atmospheric deposition of sulfur is highest at the mountain sites
and Southeastern sites, and lowest in the Northwest. Cloudwater
contributes significantly to input at the mountain sites, dry
deposition is comparable to wet at the dryer Southeastern sites,
and wet deposition dominates input at the northern sites. At all
these forests, it appears that deposited S behaves more or less
conservatively in the canopy, with uptake balanced to some extent
by foliar leaching. With the exception of only the GL site,

[The dry deposition model used in the IFS is known to
overestimate SO, input to forests during periods of soil moisture
stress (Matt et al, 1987) which we expect occurred at GL and CP
during this sampling period. At the NS site, the spruce canopy is
covered with snow for much of the dormant season when SO,
concentrations peak, creating a condition which is not directly
addressed by the deposition velocity model (Hicks et al, 1987).
Underestimates of TF+SF are also suspected at these three sites.
At GL and CP less than 60% of total TF+SF was sampled as wet-only
events, yielding fluxes which were smaller than fluxes derived from
bulk TF+SF which was sampled continuously. Since TF fluxes were
computed from weighted means using the same TF hydrologic fluxes
for both event and bulk TF, this suggests that the smaller event -
population was not representatlve At other sites, SO, 2" fluxes in
continuous bulk and wet-only event TF were comparable (as reported
elsewhere, Richter and Lindberg, 1988). A TF sampling problem also
affects the NS site where wintertime TF event samples as snow are
difficult to obtain and interpret.]
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estimated fluxes in total depesition are within 15% of the measured
fluxes 1in TF+SF, indicating that useful estimates of total
atmospheric deposition of § can be derived from TF networks. This
is particularly important for forests in complex terrain where many
micrometeorological methods are not readily applicable, and in
watersheds where scaling up from single point measurements of
atmospheric concentrations and modeled fluxes is difficult.
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4.1.2 INTEGRATED FOREST STUDY
SULFUR DISTRIBUTION AND CYCLING IN FOREST ECOSYSTEMS
April 1989

Summarized by:
M.J. Mitchell
SUNY~-CESF
Syracuse, NY

The quantification of sulfur budgets of forested ecosystems
is an important component of the IFS project since sulfur inputs
are major contributors to mineral acidity and the flux of sulfate
through the soil affects the dynamics of other elements, such as
base cations which are important for forest nutrition (Johnson et
al., 1982; Nilsson and Grennfelt, 1988). A diagram of a
generalized sulfur budget for a forest ecosystem is given in
Figure 1. Major inputs are through dry and wet deposition.

Major sulfur pools include the vegetation as well as inorganic
and organic sulfur fractions in the soil. Fluxes include sulfate
uptake by vegetation, litter and root input of sulfur to the
forest floor and soil, microbial immobilization-mineralization,
abiotic sulfate adsorption-desorption, and sulfate leaching
(David et al., 1987).

The flux of sulfate through the strata of the forest
ecosystem (total deposition, throughfall plus stemflow, forest
floor leaching, and lower B horizon leaching) for IFS sites is
given in Figure 2. The sites are ranked with respect to sulfur
loading. For those sites in which atmospheric inputs have not
been detailed, correlative information such as proximity to sites
with known deposition and/or similarity of bulk throughfall
sulfur fluxes was used for establishing the ranking. Among the
sites, there is an order of magnitude difference of input from
2100 to 300 eg/ha/y. The high input sites are red spruce stands
(ST, SS) in the high elevations of the Smokey Mountains with the
lowest input sites being found in the Cascade Mountains of
Washington which have low background levels of atmospheric
sulfur. There is a general correspondence with the input of
sulfur to the sites and the fluxes of sulfate through the canopy
as throughfall and stemflow. Among the various sites, however,
there are some notable increases and decreases in the flux of
sulfate through the forest floor and mineral soils. The factors
affecting these latter fluxes will be discussed below.

Accumulation of sulfur in the vegetation, forest floor and
mineral soil could alter the flux of sulfate through the forest
ecosystem. The information presently available on the sulfur
content of IFS sites is shown in Figure 3. As has been
established for other forest ecosystems, the mineral soil serves
as the major sulfur pool (Johnson, 1984). The precise estimates
of the sulfur content of forest soils is complicated by spatial
heterogeneity and the presence of coarse fragments. However,
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among IFS sites the sulfur content of the so0il does not show
marked variation with the exception of high levels of sulfur in
the Duke Loblolly Pine Site (DL) and the B.F. Grant Forest Site
(GL). The former site may have been fertilized with super-
phosphate when the site was in agricultural use (D. Binkley,
personal communication) and this may have contributed to its
elevated sulfur levels.

An assessment of the relationship of sulfur inputs to the
requirement (bole and branch increment plus current foliage
production) of the forest vegetation is shown in Figure 4. 1In
general the atmospheric inputs of sulfur are substantially
greater than the requirement of the vegetation for sulfur. In
those cases where it is less [Red Alder (RA) and Cowetta Pine
(CP)] the additional sulfur would be met by internal cycling such
as by litter inputs followed by mineralization.

It has often been hypothesized that sulfate adsorption is in
steady state for soils with low sulfate adsorption capacity and
sulfate outputs should equal inputs for these ecosystens
(Rochelle et al., 1987). This hypothesis was tested by comparing
sulfur inputs to outputs and in some cases sulfate is showing
conservative behavior (Figure 5). The amount of sulfate
retention (total deposition - leaching from B horizon) is also
given (Figure 6). Sites with lowest sulfur inputs [red alder
(RA), Douglas fir (DF), Howland Maine (HM)] tend to exhibit net
retention of this element and this may be due to nutritional
demands. However, other forest systems with higher sulfate
inputs also have net retention which may be due sulfate
adsorption and/or microbial immobilization [Cowetta Pine (CP),
B.F. Grant (GL)]. The importance of sulfate adsorption (Johnson
et al., 1980) and biological immobilization (Swank et al., 1984)
as mechanisms of sulfur retention in forest soils has been
previously established. A number of sites, especially those with
high levels of input, appear to be exhibiting net losses of
sulfur. These net losses could be due to underestimates of
sulfur inputs, overestimates of sulfate losses, sulfate
desorption, and/or net sulfur mineralization. For some regions
sulfate inputs may be declining from earlier maxima (Fay et al.,
1986) and hence maximal solution concentrations would alsoc be
decreasing. A decline in sulfate concentration in the soil would
result in release of adsorbed sulfate (Figure 7) if desorption is
a reversible reaction (Barrow and Shaw, 1977).

Experimental tasks have ascertained sulfate adsorption-
desorption and the potential for organic sulfur immobilization-
mineralization among sites. For example, data from Rob Harrison
and Dale Johnson (Figure 8) have shown that sites with low
sulfate retention generally have a higher capacity for sulfate
adsorption. However, this retention in not related to inorganic
iron and aluminum fractions which should affect adsorption
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capacities (Fuller et al., 1985) John Fitzgerald has also shown
that among the sites there is a high capacity for organlc sulfur
immobilization espec1ally in the forest floor but there is no
discernable pattern in these potentials with respect to sulfur
loadings in these sites (Figure 9).

There is a notable relationship between nitrate and sulfate
concentrations in solutions passing through the B horizon with
those sites with highest nitrate concentrations having the lowest
concentrations of sulfate (Figure 10). It has been shown that
sulfate adsorption is enhanced with a depressicn of pH and
nitrification which generates acidity may lead to increased
sulfate adsorption (Nodvin et al., 1986; Mitchell et al., 1989).
These results suggest that pH dependent sulfate adsorption may be
affecting sulfate adsorption and hence sulfate flux from some
sites.

These findings demonstrate the need for independent
estimates of inputs and outputs for sulfur budgets of forested
ecosystems such as those being carried out in the IFS project.
The assumption that dry deposition can be calculated by the
difference between sulfate leaching and wet deposition would be
incorrect for a wide range of forested ecosystems. The
determination of whether sulfur is being retained or lost in
forested ecosystems has important implications not only for
estimating nutrient status of these sites, but also for
predicting how changing atmospheric inputs of sulfur will affect
surface water chemistry (Hornberger et al., 1986; Mitchell and
Fuller, 1988). These results also show that the flux of sulfate
through these forest ecosystems is tightly linked with the
transformations and fluxes of other elements such as nitrogen.
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4.2 NITROGEN

4.2.1 Atmospheric Deposition and Canopy Exchange of Nitrogen
at the IFS Sites
1989 Summary

Compiled by: Gary M. Lovett
Institute of Ecosystem Studies
The New York Botanical Garden
Mary Flagler Cary Arboretum
Box AB, Millbrook, New York 12545

This report summarizes the atmospheric deposition of
nitrogen species to the IFS intensive deposition sites, and
includes the behavior of nitrogen in the canopy as determined by
comparing deposition with stemflow and throughfall. The data
presented here were collected and analyzed by the principal
investigators and site researchers at the various IFS sites.
This summary is merely a compilation of their considerable
efforts.

The data used here are, for the most part, two-year averages
beginning in 1986 and ending in 1988. The exceptions are the
Norway Spruce (NS) and B.F. Grant (GL) sites, which have only one
year's data (1987-88) available at this time. The precipitation
and throughfall fluxes reported here represent wet-only deposi-
tion, except for organic N, which in several sites was only
measured in bulk deposition. Dry deposition fluxes were
estimated using air concentration data, a deposition model, and
direct collection of coarse particles, using methods described in
the IFS protocols.

We measured atmospheric concentrations of fine-particle NO5~
and NH4 , plus HNO3 vapor at these sites. Because of possible
artifacts in the simple filter pack we used, HNOj vapor may be
overestimated and partlculate NO underestlmated in these data.
Nonetheless, the comparison in Flgure 1 shows that atmospheric N
is dominated by particulate NH4 , which exists as small aerosols,
probably associated with 8042 . The concentrations of N ranged
from 0.55 to 2.27 ug N/m3 at these sites.

However, Figure 2 shows that the dry deposition of N is
dominated by HNO3 vapor for most of the sites. This occurs
because the dep051t10n velocities calculated for HNO3 vapor are
guite high, ranging from 1.1 to 7 cm/s across the sites, while
the deposition velocities for fine particles are less than one-
tenth as high. Total dry deposition of N is highest at the ST
site, where relatively high concentrations, combined with high
wind speeds and a high leaf area index, enhance the dry deposi-
tion process. While we did not measure NO, deposition to these
canopies, Hanson et al. (Task A4 report, this volume) estimated
this input based on chamber studies and ambient concentration
data. Their analysis indicates that NO, contributes from & (WF
site) to 60 (DL site) moles of N/ha/yr to these sites. At the
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western sites (DF and RA), coarse-particle nitrate dominates the
dry deposition of N.

Figure 3 compares the total deposition of inorganic nitrogen
at the sites, including wet, dry, and cloud water deposition.
The highest deposition occurs at the two high-elevation sites (8T
and WF) because of the cloud water input and the enhanced wet and
dry deposition. The N deposition of 1814 moles N/ha/yr at the ST
site corresponds to over 25 kg N/ha/yr, a very high deposition
rate, especially in view of the fact that the annual N require-
ment of this forest is only 32 kg N/ha/yr. The lowest deposition
values are at the western sites (DF and RA), although it should
be noted that biological N fixation at the RA site is a massive N
input not accounted for in this graph. Figure 3 illustrates
several general trends in N deposition:

1. For low elevation sites in the eastern U.S., total N
deposition is about 500-1000 moles N/ha/yr (7-14 kg

N/ha/yr) .

2. The principal factors causing variation around this general
amount are elevation and proximity to NOy sources (primarily
cities).

3. For the eastern low-elevation sites, wet and dry deposition
each contribute approximately 50% of the total.

We do not know the reasons for the apparently low wet
deposition of N at the GL site or the high wet deposition of N at
the NS site. As both of these sites are currently reporting only
one year's results, we consider these data tentative until a
longer sampling record has been obtained.

Our collections of stemflow and throughfall (TF + SF) permit
us to evaluate the behavior of N in the canopies of these
forests. We calculate the net canopy exchange (NCE) as TF + SF -
total deposition. For all of these forests, NCE is negative for
both NO;~ and NH4¥, indicating canopy uptake of both ions.
Organic N can be a significant fraction of throughfall N,
however, so for a total N balance in the canopy we add the
organic N component of both wet deposition and TF + SF (we have
assumed that dry and cloud water depositon of organic N are
negligible). The N balance for the canopies is shown in Figure 4
as a scatter plot of TF + SF nitrogen vs. total N deposition.

The GL and DL sites (circled) have no organic N data available:;
if it were available, the points would move up on the graph. The
1:1 line represents the situation NCE = O. All points except CP
lie below this line, indicating canopy uptake of total N, even
with organic N included. The maximum N uptake values are 418 and
357 moles N/ha/yr (5.9 and 5.0 kg N/ha/yr) at the WF and ST
sites, respectively. These two high-~elevation sites also have
the highest canopy biomass of epiphytic lichens, which are known
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to take up inorganic N. The nitrogen uptake may indicate that
the total N pool in canopy epiphytes is increasing in these
canopies, or that the absorbed N becomes particulate litterfall,
which is not included in the balance shown in Figure 4. Alterna-
tively, the N may be taken up by the foliage of the trees
themselves, and thus contribute to the N nutrition of the forest.
The data in Figure 4 do not show any strong relationship between
foliar uptake (distance of a point below the 1:1 line) and N
deposition.

Figure Captions

Figure 1. Atmospheric concentrations of N species at the IFS
sites. FP = fine particle.

Figure 2. Dry deposition of N species at the IFS sites. FP =
fine particle, CP = coarse particle.

Figure 3. Total deposition of inorganic N at the IFS sites by
wet, dry, and cloud water deposition processes.

Figure 4. Canopy inputs (total deposition) vs. outputs (TF + SF)
of total N (organic + inorganic) at the IFS sites. Line indi-
cates equal inputs and outputs. Circled points had no organic N
data available.
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4.2.2

1989 Summary Report
Nitrogen Synthesis Task

Dale W. Cole, University of Washington
Helga Van Miegroet, Oak Ridge National Laboratory

The primary goal of the N task has been to investigate the role of
atmospheric N inputs in causing N saturation and excess NO3 leaching from
forest ecosystems. With two-years worth of dry and wet N input and soil
solution data now available, and nutrient pools and fluxes better defined
for most of the IFS sites, we are now in a position to better evaluate
patterns which emerge from this integrated study. The following set of
study questions were used in the analysis and refer to the source or origin
of N saturation:

(1) Are there IFS sites where active NO3 leaching is currently taking
place?

(2) Do these N-saturated sites follow a consistent pattern?

(3) Does atmospheric N deposition add to this NO3 leaching?

As to the first question, a simple ranking of the IFS sites by NO3
leaching output (Fig. 1) demonstrates that some IFS sites are clearly
leaching Targe amounts of NO3-N, whereas there are others that show little
or no N Teaching loss. Although the Smokies sites (SS, ST and SB) rank
among the highest both in terms of atmospheric N deposition and NOj
leaching rates, and low NO3 leaching are generally observed in sites at the
lower end of the N input scale (e.g., DF, CP, CH), two-year averages for
total input and output fluxes reaffirm the earlier suggestion that no
strong direct correlation between total N input and N leaching output
exists (Fig. 1 and 2). Indeed, at some of the the Smoky Mountains sites
(SS) and the Turkey lLakes site in Ontario (TL), leaching losses far exceed
annual atmospheric N input rates, while at Whiteface (WF) N leaching is
substantially Tower than in the Smokies sites despite similar high N
inputs. Net N retention is also observed for most of the other IFS sites,
except for the red alder (RA) site in Washington (Fig. 1).

This suggests that although the N input regime may contribute to N
saturation and NO3 leaching, additional sources and sinks within the
ecosystems must certainly be considered. There are several features that
characterize the sites that rank high on the NO3 leaching scale: First of
all, they all have larger amounts of N accumulated in the forest floor and
mineral soil in contrast to the sites at the Jower end of the N output
scale (Fig. 3). In the case of alder (RA), this N accumulation has occurred
over a fairly short time period and is the result of large N inputs from
the atmosphere via N-fixation (in the order of 50-100 kg/ha). For the
other "N-saturated" sites, the N accumulation Tlikely took place more
slowly, and over a longer geological time period.

Associated with the higher total N contents are higher N
mineralization and nitrification rates. For most of the sites, data from
the field incubation experiments are now available for at least one full
year, either from quarterly or monthly measurements. Although the buried
bag technique has its limitations in terms of providing a real measure of
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mineralization rates occuring in the field, and spatial variability was
often very high, the numbers obtained were nevertheless usefull for
comparison between sites. The IFS sites represent a wide array of soil
mineralization and nitrification rates, but once again sites with the
highest NO3 leaching rates generally rank the highest in terms of
calculated annual nitrification rates in the upper soil and forest floor

(Fig 4). At Whiteface (WF) only forest floor mineralization and
nitrification rates from nearby sites were available from an earlier
observation period. They indicated low nitrification potential in the

forest floor, despite elevated forest floor N levels and mineralization
rates in the order of those calculated for the spruce sites in the Smokies
(SS and ST). Even though no N transformation processes were directly
measured in the soil, low nitrification rates are also expected in the
mineral soil,

In spite of the many similarities between the spruce forests at
Whiteface (WF) and in the Smoky Mountains (ST and SS), especially in terms
of N input regime and total N contents (Fig. 1 and 3), itree N uptake rates
are significantly higher at Whiteface (Fig. 5). These higher N demands by
the vegetation at the latter site could help to explain Tower nitrification
potential and NO3 leaching rates, compared to the Smokies sites where the
lTowest N uptake among the IFS sites are observed (Fig. 5). Nitrogen uptake
rates greater than or equal to annual mineralization estimates at, for
example, the North Carolina sites (CP, CH, DL) coupled with relatively low
total soil N contents are indicative of systems still at the stage of
active N accumulation and illustrate the potential role of N uptake in
curtailing NO3 leaching. Conversely, the Turkey Lakes results illustrate
that those same N uptake rates may be insufficient to effectively limit NOj3
leaching from systems which have large amounts of N already accumulated in
the soil, and now release part of these large pools through mineralization.

At this point, it is not entirely clear why the Huntington forest site
(HF), which bears many similarities with the Turkey Lakes site (e.g., N
input, total N content, high N mineralization and nitrification rates in
excess of tree N uptake) is not showing larger NO3 leaching losses,
especially in view of the lower N uptake rates.

Integrating the above information on N dynamics, the IFS sites can
basically be divided into three categories according to total (past) N
accumulation and the potential for N inputs to cause N saturation and
accelerated NO3 leaching (Fig. 6). The first category consists of forest
systems at the lower end of total ecosystem N content (either because soils
are still relatively young, or because organic C and N pools have been
reduced through prior disturbances) and which are still actively
immobilizing N in the soil, forest floor and biomass. Nitrification is
generally limited in such systems mainly due to N substrate limitation.
Such systems can be called relatively stable, in that no or Jittle NOj
leaching takes place and N inputs are unlikely to N cause accelerated NO3
leaching losses. A whole array of IFS sites belong to this category as
indicated in figure 6. At the other end of the spectrum are those
ecosystems characterized by large past accumulation of organic matter and
N, either over a long period without significant reduction of the organic C
and N pool through disturbances, or relatively rapidly through the presence
of N-fixers. Such systems are N saturated in function of their current C
content, and N immobilization in organic matter has reached its upper
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limit. Consequently, competition for N among the organisms is Tlow,
mineralization and nitrification rates are high, and NO3 leaches out of the
system. Nitrogen inputs are no longer completely retained, and atmospheric
N deposition may add significantly to N saturation and NO3 leaching. Stand
age and vigor also play a critical role in the regulation of NO3 leaching:
In young stands N uptake for biomass increment will be able to curtail NOj3
leaching losses somewhat, but in stands at the end of their natural life
cycle N uptake is generally insignificant, and stand disturbance with tree
mortality may actually further accelerate N release via mineralization.
The site in the Smoky Mountains and at Turkey Lakes, and the red alder
forest in Washington belong to this category.

Finally, there are those sites which occupy an intermediate position from
the standpoint of N capital, N input rates and forest growth. Ecosystems
are at a transition with respect to N saturation when N accumulation is
approaching its upper Timit but NO3 leaching rates are still significantly
lower than annual N input rates. In such systems, a change in N retention
via tree uptake (e.g., through aging of the stand) and/or a change in the
atmospheric N deposition regime can be critical in that it may cause the
system to become N saturated and leach excess NO3-N. Both the Huntington
Forest and the spruce forest on Whiteface Mountain can be considered in
this category.

In the next analysis step we can then look at the effect of N
saturation as expressed by the following questions:

(4) To what extent does NO3 leaching change soil and solution properties?

(5) Will these changes affect ecosystem productivity?

(6) Are these changes reversible, will the system recover, and if so, over
what time period?

The potential effects of nitrification and NO3 Tleaching on soil and
solution properties that need to be considered are:

- A decrease in soil solution pH caused by the proton release during
nitrification

- An increase in the ionic strength of the soil solution during periods
of peak nitrification and NO3 leaching

- An increase in solution Al activity associated with the increase in
ionic strength and displacement reactions from the cation exchange
complex of acid forest soils

- An increase in exchange acidity and a decrease in soil base saturation
due to cation displacement by H' produced during nitrification
followed by cation leaching through the soil profile in association
with mobile NO3.

- A decrease in soil pH due to the changes in the exchange complex
listed above

- Change in nutrient availability (e.g., P) due to changes in soil and
solution pH listed above

Some of these projected changes were indeed observed in the alder (RA)
site in Washington which has been receiving large amounts of atmospheric N
over a 50-year-period via N-fixation and where the highest nitrification
and NO3 leaching rates among the IFS sites have been measured. As to
possible recovery from N saturation and nitric acid input, results from the
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alder forest conversion experiments 1in Washington have shown that a
reduction in N input (in this case through the removal of the symbiotic N-
fixers) has caused a significant decrease in NO3 solution concentration at
all collection levels, and a concommittent decline in base cation leaching
which has persisted for at least four years. However, no significant
changes 1in solution pH or Al concentrations have been observed sofar and
soil properties have not yet been remeasured. Such results indicate that
recovery is indeed possible, but that the recovery of some properties
clearly takes longer than others. On the other hand, the repercussions of
nitrification and NO3 leaching on nutrient availability and eventually on
site productivity are not entirely clear yet and are currently still under
investigation.
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TOTAL N INPUT AND OUTPUT FLUXES
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Figure 1. Two-year average total N input (wet + dry deposition) and N
?utpu} via leaching of NHq + NO3 at the EPRI-IFS sites (kmol ha~
yr 4.
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SOIL AND FOREST FLOOR N CONTENT
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Figure 3. Total soil and forest floor nitrogen content (kg ha"l) for the
EPRI-IFS sites ranked by annual N leaching output.
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NITRIFICATION (KG/HA/YR)
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Calculated annual nitrification rates (kg ha~1 yr'l) in the
upper 10 cm of the mineral soil and the forest floor of the
EPRI-IFS sites ranked by annual N leaching output.
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N RELEASE AND RETENTION FLUXES
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Figure 5. Calculated annual nitrification in the upper 10 cm of the

mineral soil compared to N uptake by the overstory vegetation in
the EPRI-IFS sites ranked by annual N leaching output.
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accumulation, N saturation, and the potential impact of
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4,3 HYDROGEN ION

4.3.1
ANNUAL HY ION DEPOSITION AND

CANOPY EXCHANGE - IFS SITES 1987/88
by
Kenneth R. Knoerr and Paul S. Conklin

Duke University

Annual HY ion precipitation wet deposition ranged from a low value of about
250 eq/ha/yr at the pacific northwest DF/RA sites to nearly 740 eq/ha/yr at
the DL and NS sites (Fig. 1). While there was a wide variation in this
deposition, there was only a small variation in the amount of precipitation
in which it was received. Thus, there was a poor correlation between nt
wet deposition and the amount of precipitation (Fig. 2), while there was a
good correlation between HY wet deposition and the H'Y ion concentration of

the precipitation.

For some of the sites the precipitation ratio of H+/(SO/+== + NOé‘) was close
to 1, indicating a near balance between the acidity and the sulfate and
nitrate ions (Fig. 3). However, for other sites, this ratio was
considerably less than 1. In these cases the precipitation acidity was
partially neutralized by base aerosols or some of the sulfate and nitrate
ions were from non-acidic sources. For most of the sites the sulfate
source was about one and one-half to three times the nitrate source of H'

ions (Fig. 3).

H™ dry deposition was dominated by the two gaseous components, SO, and HNO,
(Fig. 4). Fine particles generally contributed an insignificant amount of
acidic deposition. The largest amount of dry deposition occurred at the
southeastern sites which have frequent air mass source trajectories from

the Ohio Valley (Fig. 4).
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For many of the sites total ut deposition was about equally divided between
wet deposition and dxy deposition (Fig. 5). Exceptions were the DF/RA, NS
and WF sites where dry deposition was somewhat less than wet deposition.
At the two high elevation WF and ST sites, HY cloud water deposition

accounted for about half of the total H' wet deposition (Fig. 5).

Canopy exchange generally depleted HY ious. Thus, the precipitation
reaching the forest floor as throughfall and stemflow had less HY ions than
the total deposition (Fig. 6). The exceptions were the DF and §T sites
where there was almost no net canopy exchange. The canopy exchange
(depletion) of HY ions was not related to either total wet H' deposition

(Fig. 7) or the HY ion concentration of precipitation (Fig. 8).
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4.3.2

IFS Ht Budgets
Summary for April, 1989
Dan Binkley

The pH and ion concentrations in soil solutions are determined by the equilibrium between
the readily exchangeable pools of ions in the soil and the soil solution. Changes in the soil
solution are driven either by changes in the ionic strength of the solution (due to
atmospheric deposition, soil respiration, nitrification, or other processes) or to changes in
the exchange complex. Two general changes may occur in the chemistry of the exchange
complex: quantitative replacement of one ion (such as Ca?*) by another (such as A>*), and
qualitative changes in the affinity of the exchange sites for different ions. Such qualitative
changes result from either changes in soil pH (which protonates or deprotonates exchange
sites) or the quality of organic exchange sites. In both cases, the selectivity of the residual
exchange complex would appear to shift by the protonation or change in selectivity of the
sites.

As with any accounting framework, the line items in a H* budget vary with the perpsective
of the accountant and the objective of the exercise. In this summary, the focus of the H”
budgets is on the exchange complex. The net H* value calculated for each site represents
the charge of "basic" cations that must be either weathered (since this is currently unknown
for the sites) or stripped from the exchange complex. A net H* value of 1 kmol/ha annually
would mean that maintenance of overall electroneutrality in the ecosystem would require
that 1 kmol /ha of "basic" cations be weathered or stripped from the exchange complex.
Futhermore, if the net H* budget value were 1.0 kmol /ha, but only 0.5 kmol /ha of "basic”
cations were observed to leach, then an overall mass and charge balance error of 0.5
kmol_/ha would be indicated.

The net accounting system used for these H* budgets is:

H* input - H* output

Ammonium input - ammonium output
Aluminum input - aluminum output
Cation increment in biomass

Nitrate output - nitrate input

Sulfate output - sulfate input
Bicarbonate output

If H* input exceeds output, there would be a net increase in the load of H* in the ecosystem
from this portion of the H* budget. Similarly, if inputs of ammonium exceeded outputs, the
storage of ammonium would involve a loading of H*. Aluminum input is essentially 0 for
all sites; APt leaving the ecosystem represents the removal of H*. The increment of
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cations in biomass results in an efflux of H* into the soil. If the nutrient cation had come
from decomposing organic matter, this H* efflux would merely neutralize the H* consumed
in decomposition. If the nutrient cation came from the exchange complex, the efflux of H”

would acidify the exchange complex (unless neutralized by some other component of the

H* budget).

If the output of nitrate exceeded the input, the net production of nitrate within the
ecosystem would be accompanied by net production of H?; if the ecosystem received more
nitrate than was leached from the soil, a net consumption of H* occured. The same pattern
holds for sulfate and bicarbonate (bicarbonate inputs are negligible in all sites).

The input and output of "basic" cations is not included, as their charge effects are already
accounted for by the differences between the anion budgets and the acid cation budgets
(including them would represent double counting).

Figure 1 shows that only the Smokey spruce sites leached substantial quantities of H*; for
most of the others, the deposition of H* was not substantially balanced by H* output in soil
leachate. Ammonium was also strongly retained in all sites (Figure 2). The increment of
cations in biomass (from the current woody increment values in Spreadsheet #7 from each
site) graphed in Figure 3 assumes all cations were removed from the exchange complex,
with no recycling from the decomposition of soil organic matter (see discussion later). The
value for Turkey Lake looks like an an overestimate; the woody increment rate of over
10,000 kg/ha annually may have been too high? This anomaly carries through the H'
budget for Turkey Lake. The output of aluminum was substantial at the spruce sites in the
Smokies and on Whiteface (Figure 4), representing a removal (or consumption) of up to
0.8 keq/ha from the Smokies sites. While this represents a reduction in the net H™ load of
these ecosytems, it also represents a substantial H* load into downstream ecosystems.

The net retention of deposited nitrate varied greatly among sites (Figure 5). The Smokies

Tower site lost about the same quantity of nitrate in soil leachate as it received in

deposition, and therefore made little coatribution to the net loading of H* on the

ecosystem. The loss of nitrate from the red alder site greatly exceeded inputs from the

atmosphere, resulting in a net H* load on the forest of over 3 keq/ha annually. Net sulfate
retention also varied greatly across sites (Figure 6); most sites experienced a marginal net

consumption of H* associated with a net retention of sulfate. The most acidic sites had no

net production of H* from carbonic acid (Figure 7), as their solutions were too acidic to

promote dissociation into H* and HCO; . Less acidic sites experienced about 0.1 to 0.2

keq/ha annual loading of H* due to dissociation of carbonic acid.

With the exception of the red alder (high nitrification) site, H* deposition represented
roughly half of the total H* load experienced by each ecosystem (Figure 8). The processing
of the nitrate and sulfate anions in acid deposition consumed part of the deposited H* in
all ecosystems except the high-elevation sites and the red alder site (Figure 9). The net
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retention of sulfate and nitrate essentially neutralized all the H* deposited at the Norway
spruce, Douglas-fir, and Coweeta sites. Note that the net retention of these ions may be
reversible in the future, re-releasing the H* currently being consumed.

After accounting for all the net production and consumption of H*, the net H* load ranged
from about 0.3 keq/ha annually in the Douglas-fir site (Figure 10) to over S keq/ha for the
red alder site. This net H* load must be balanced by the leaching of "basic" cations, which
would be derived from either stripping of the exchange complex or mineral weathering.
The base cation output bars in Figure 10 show close agreement with the net H* load in
some sites, but not in others. Figure 11 graphs the difference between these two as the
"residual” or error associated with the ecosystem budgets. Sites such as the Huntington
Forest appear to have perfectly balanced budgets of ions in the ecosystem; other sites (such
as Findley Lake and Red Alder) are substantially unbalanced. Where the residuals are
positive, an excess production of H* is indicated. Possible causes of the excess H* include:

1. Assuming all cation increment in biomass came from the exchange complex rather than
from recycled soil organic matter. The 7 sites with the greatest H" production due to
cation increment in biomass are also the 7 with the largest positive residuals. This could
account for about 0.5 to 0.8 keq/ha annually for these 7 sites.

2. An overestimation of the output of nitrate, sulfate and bicarbonate.
3. Anunderestimate of the leaching loss rates of "basic" cations.

Note than an overestimate of the rate of deposition of nitric acid or sulfuric acid (and

allied chemicals) could not account for the excess H* residual; if the rate of H* input from
nitric acid were reduced, the input of nitrate would be reduced, cancelling the effect of
lowered H" input.

Only the Findley Lake site showed a substantial deficit in H*. Most of the H* budget
components for Findley Lake were small relative to the other sites; the only explanation 1

could find is the charge imbalance in the B horizon (40 cm depth) leachate. The leaching

rate of cations was 0.6 kmol_/ha greater than anions; the H" budget deficit indicates that
sufficient H* were not generated in the other budget components to account for this excess
leaching of cations. If the charge balance of the soil leachate were adjusted to

electroneutrality, the H* deficit would drop down to only 0.2 to 0.3 kmol /ha annually.
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H+ input/output budget

1.9 -S
1.8
1.7 R
1.6 g
1.5 ~
1.4

s
N
Ll
23
2L 773
SONSNNNN N

1.2
1.1 7

o

0.8 —
0.7 -

keqg/ha annually
o
O -t
{ 1
N
NN
e
N
Z
o

N

L7

SN
S0,

0.5
0.4 ~

W 1] E
0.3
0.2

e el

0.1 4

¥ t T 1 U 1
ST S SB WF P CP CH HF DL DF RA FL NS TL

o

1]

|
L L
o
VIIIINING

S SN NN
AN
L
AN
ANNANNNY
AN

AN
AN

H+ dep H+ out H+ net

Figure 1. Atmospheric deposition of H+; leaching loss of H+; and net H+ input remaining from atmospheric
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Woody biomass cation increment
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Nitrate input/output budget
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Bicarbonate output
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4.4 BASE CATIONS
4.4.1 Deposition and Throughfall Fluxes of Base Cations

H. L. Ragsdale
Emory University

Dry deposition of the "base" cations; K, Na, Ca, and Mg; consists of
coarse and fine particle fractions. The base cation positive charge input of
dry particles to the IFS forest sites ranged from about 70 to greater than 510
eq/ha/yr (Fig. 1). The lowest values, 74 and 82 eq/ha/yr were reported for the
White Face (WF) and Georgia Loblolly (GL) sites. The highest dry deposition,
510 eq/ha/yr, was recorded for the eastern Smokies Tower (ST) site. Dry
deposition of base cation charge for the eastern sites (excluding (5T); Oak
Ridge (LP), Georgia Loblolly (GL), Coweeta (CP), Huntington Forest (HF), and
Duke (DL); ranged from about 100 to 300 eg/ha/yr. Dry charge deposition at the
western Douglas Fir (DF) and Red Alder (RA) sites was about 180 eg/ha/yr, quite
similar to dry deposition at the eastern IFS sites. The Norway Spruce (NS)
site had dry deposition of 126 eq/ha/yr, a value comparable to the eastern GL,
CP, and HF sites. :

Coarse particle deposition is the dominant form of cation deposition for
the forested IFS sites (Fig. 1). Among most sites, coarse particle deposition
represented about 95% or more of the base cation charge deposition with a
narrow range of 1 - 17% of the total dry deposition attributed to fine particle
deposition. Whiteface (WF) was the exceptional site with coarse and fine
particle deposition each contributing 50% to the total dry deposition.

Total wet deposition (precipitation and cloud) of base cation charge was
generally greater in magnitude than total dry deposition (Figs. 1 and 2).
Total wet deposition was 60 to 75% of total atmospheric deposition for 7 sites
(DL, GL, DF, NS, RA, WF and ST). Total wet deposition was 42 to 46% at LP, CP,
and HF. The high elevation Smokies Tower (ST) site had a base cation wet
deposition of 860 eq/ha/yr, about 6.5 times greater than occurred in the other
eastern sites. The remaining eastern sites; LP, GL, CP, and HF; <clustered
around a value of 130 eg/ha/yr except for the DL site which had 445 eq/ha/yr
total wet deposition. The remaining sites generally had higher wet deposition
than the eastern sites with 540 eg/ha/yr for the western sites, DL and RA, and
248 eq/ha/yr for the Norway Spruce site.

Most of the wet deposition came in the form of precipitation. Cloud
deposition occurred at the Oak Ridge (LP) site but it was not recorded for any
other low elevation site in the eastern or western U.S. (Fig. 2). Wet deposi-
tion from clouds accounted for 12% of the total wet deposition at the LP site.
Cloud deposition occurred at both high elevation sites. Cloud deposition was
the dominant wet deposition process for the high eievation Smokies Tower (ST)
site where over three-quarters of the :total wet deposition occurred as cloud

deposition. About one-fourth of the total wet deposition at WF was deposited
by cloud.

The IFS sites were quite similar in the ratio of base cation charge
deposition for wet and dry deposition, with about 60% of the total coming as
wet deposition. Coarse particle deposition accounted for most (about 95%) of
the dry deposition of base cation charge. Precipitation was the dominant wet
deposition process for most IFS sites except at the high elevation Smokies
Tower site where cloud deposition was the dominant wet deposition process.
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Deposition of base cations to the forest floor occurs as the
precipitation moves over the leaf surfaces and the bark of tree stems.
Previously deposited dry deposition, scavenged from leaf and bark surfaces, and
additional cations directly from the vegetation and bark are added to the
incident precipitation. The sum of throughfall and stemflow fluxes is the
total base cation flux to the organic layer of the forest floor. The total
TF+SF fluxes ranged from about 600 to 1000 eq/ha/yr for most sites (Fig. 3).
The total throughfall for the high elevation Smokies Tower site, 1750 eq/ha/yr,
was about twice that at the other IFS sites.

The stemflow component of total throughfall was small to non-existent for
most sites (Figure 3). At three sites (GL, CP and HF), however, the stemfliow
was a significant faction, 12 - 29%, of the total throughfall. The
significance of the stemflow component depends on the number of stems per unit
area. The trees at the Georgia site (GL) are planted on 6 by 8 foot spacings
and stemflow is 12% of the total throughfall. The loblolly pines at the Duke
site have twice the spacing of the GL site and stemflow is only 2 % of the
total throughfall. At Oak Ridge, the loblolly pines are widely spaced and
stemflow is essentially unmeasureable.

The Net Canopy Effect (Fig. 4) is the difference between total atmospheric
deposition and total throughfall (Wet + Dry - (TF +SF)). Approximately one-half
of the total throughfall (stemflow + throughfall, Fig 3.) base cation charge is
contributed by the trees (Figure 4). Among IFS sites the Net Canopy Effect was
similar, varying between 230 and 480 eq/ha/yr. The low site at 151 eg/ha/yr was
DF while CP had the highest Net Canopy Effect, 650 eq/ha/yr. There was
relatively little difference, about a factor of 2, among the IFS sites for
base cation charge contributed to total throughfall by the forest vegetation.

Ion Composition of Base Cation Fluxes

Ion specific analysis of the "base" cation charge flux shows the
importance of Ca, Na, Mg and K for each of the base cation charge fluxes
(Figures 5,6,7 and 8). Either Ca or Na dominate the coarse particle dry flux
at the IFS sites (Figure 5). Sodium is the dominant base cation in coarse
particle flux at the DF, RA, DL and NS sites, each of which has a strong
coastal influence. Calcium is the dominant cation, 50% + of the total base
cation charge flux, at the ST, LP, and CP sites. The high calcium contribution
at ST, LP and CP is explained by the high soil calcium concentrations
characteristic of this limestone region. While the Coweeta site (CP) is not on
a limestone derived soil, significant dry calcium could be carried to Coweeta
through the westerly winds blowing across Tennessee to Coweeta.

The contribution of Ca, Na, Mg, and K to the precipitation charge flux
differs somewhat from that for the coarse particle dry flux (Fig. 6). Sodium
is the dominant cation in precipitation at the DF, RA, NS and GL sites. This
is due to the proximity of these sites to their respective coast lines.
Calcium is the dominant cation in the precipitation flux at the ST, LP and CP
sites. This is similar to the results for the coarse particle deposition at
these sites (above).
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The dominant cations in total throughfall (TF+SF) charge flux are Ca
and K which together account for 50% or more of the total throughfall charge
flux for all sites (Fig. 7). At the DF and RA sites, Na and Ca dominate the
total throughfall charge flux. This results from the fact that dry flux is
relatively insignificant at the DF and RA sites while Na is the dominant cation
in precipitation charge flux at these two sites (Figures 5,6, and 7).

Unlike the DF and RA sites, Na accounts for very little of the total
throughfall charge flux at the remaining IFS sites (Figure 7). The
contribution of Mg to the charge flux is similar to that for Na, although the
charge contributed by Mg is usually greater than for Na.

The considerable contribution of K to total throughfall charge flux
(Figure 7) at the IFS sites is almost wholly due to K flux from the forest
vegetation (Figure 8). The relative balance of K and Ca in dominating the
total throughfall flux of the IFS sites is, as well, a result of Ca
contributions from the forest canopy. Potassium charge dominates the net
canopy flux of most IFS sites (Figure 8). Either Ca or Mg is second to K in
accounting for the total cation charge flux and in most cases there is Tittle
difference in the charge contributed by either Ca or Mg. Sodium contributed
very little charge to net canopy charge flux. Sodium is not a reguired element
for forest trees and the balance of Na deposition and loss through the forest
canopy is expected to be near zero.
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4.4,2. Cation Cycling Synthesis

The Integrated Forest Study
Cation Cycling Synthesis

Dale W. Johnson
March 1989

Introduction

One of the major driving forces (if not the major driving force) behind the
Integrated Forest Study (IFS) is to determine the extent to which acid deposition
is causing cation losses and soil acidification in the sites under study. With the
aid of the IFS Nutrient Cycling Model (NUCM), it is our intention to extrapolate
the data collected from these sites in time and space {0 gain a more general
understanding of how forest ecosystems respond to acid inputs, both
anthropogenic and natural. As we near final stage of IFS, some patterns in
cation distribution and flux are beginning to emerge that can be further explored
through an analysis of the cation cycles, the H+ budget analysis by Dan Binkley,
and the NUCM model.

Ecosystem Cation Distribution

As a general rule, soils from the low-elevation and southern sites within the
project are richer in exchangeable base cations and are less acid than soils
from the high-elevation and southern sites. Figures 1 and 2 illustrate this with
base saturation data from the B horizons and ecosystem Ca distribution data for
most of the IFS sites. Soils from glaciated sites (whether high-elevation/northern
or low-elevation) tend to have higher total cation contents, reflecting greater
reserves of weatherable minerals (see report by Bob Newton). It is noteworthy
that none of the sites has a substantial proportion of Ca in biomass, as has
been noted in some eastern deciduous forests (Cole and Rapp, 1981; Johnson
et al 1988).

Cation Fluxes

There is no particular pattern of base cation loss that relates to site location
(Figure 3). Three sites (both beech sites in the Smokies, SB1 and SB2) and the
Douglas-fir site in Washington (DF) show a net base cation gain from
atmospheric deposition, the Smokies red spruce sites (SS1, SS2, ST1, §T2)
are approximately in balance, and the others show a net loss. It is interesting to
note that the greatest net losses occur in the relatively less poliuted red alder
(RA) and Turkey Lakes (TL) sites. In these sites, nitrate production within the soil
plays a major role in soil leaching (See the Nitrogen Synthesis report by Cole
and Van Miegroet). A somewhat different pattern emerges when looking at
ecosystem balances for individual cations. About an equal number of sites
show a net gain of Ca as show a net loss of Ca from atmospheric deposition
(Figure 4), whereas all sites show a net loss of Mg (Figure 5).

79



There is a clear pattern of Al leaching in relation to base saturation and,
therefore, site location. The more acid high-elevation/northern sites release a
greater amount of Al when subjected to inputs of mineral acid anions (Figure 8).
This is to be expected and is consistent with soil chemical equilibria (Reuss and
Johnson, 1986). It should be recognized that extremely acid soils (such as
those that occur in high-elevation and northern sites) will not in themselves
necessarily cause high soil solution Al concentrations; a combination of
extremely acid soils and mineral acid anion inputs are necessary. Thus,
extremely acid soils, which can be produced naturally such as at the Findley
Lake site, are a necessary but not sufficient condition for the mobilization of Al.
The mobilization of Al in the Smokies red spruce sites may be of special
significance in that soil solution Al levels are approaching levels found to be
toxic to red spruce seedlings in solution culture studies (see the ORNL site
report).

Cation Fluxes and Soil Reserves

In order to evaluate the degree to which these cation budgets might affect
soil reserves, the fraction of soil exchangeable and total cations lost via
leaching are shown in Figures 6 and 7. It is clear that Mg is the cation whose
soil reserves are most likely to be affected by leaching in most cases; the export
of Mg equals 5-10% of exchangeable Mg reserves in the Turkey Lakes (TL),
Smokies Becking and Tower (SS AND ST), Whiteface (WF), Norway (NS), and
red alder (RA) sites (Figure 8). The exports of Ca and K equal less then 5% of
exchangeable reserves in all cases except Ca in the Turkey Lakes site. In
contrast, net export as a fraction of soil total cation reserves is greatest in the
case of Ca at the Duke (DL) and Oak Ridge Loblolly (LP1 and 2) sites. Even in
these cases, however, depletion of soil total reserves is not likely to occur in the
near future; net Ca export equals only 0.1-0.2% of total soil reserves, and the
effects of deep rooting and recycling by vegetation is not accounted for.

Cation Cycles

Cation cycles for some of the IFS sites have now been constructed from the
data tables as a prelude to modeling activities. Figure 8 illustrates the Ca cycles
for the Duke Loblolly and Douglas-fir sites to provide a comparison of Ca cycles
in ecosystems under differing pollutant loads (the Duke site being more
polluted). The Duke site has greater soil solution Ca concentrations and greater
Ca leaching rates than the Douglas-fir site, a direct result of greater inputs and
leaching of sulfate in the Duke site. Both Ca uptake and accumulation of Ca in
woody tissues are also greater at the Duke site, which is a young, vigorously
growing stand. The net result is that the total export of Ca from the soil
(Leaching + Wood Increment - Deposition) at the Duke site (31 kg/ha/yr) is over
three times greater than that from the Douglas-fir soil (9 kg/ha/yr). It is
noteworthy that wood increment is a substantial fraction of this total export in
both sites. The potential for change in the Duke soil, while rather small in itself,
is greater than in the Douglas-fir soil for two reasons. First, the net export from
the soil is a greater fraction of exchangeable Ca at the Duke site (1.5%) than at
the Douglas-fir site (0.8%), and secondly, weathering studies by Bob Newton
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and Rich April indicate that there is a very low supply of weatherable minerals in
the Duke soil whereas the supply of weatherable minerals in the Douglas-fir soil
is relatively large. This is reflected by the differences in soil total Ca content in
Figure 8. The cycles of Mg and K for these two sites (not shown) show essential
similar patterns, except that wood increment is less significant relative to
leaching in the case of Mg.

Conclusions
1. Soils from high-elevation/northern sites are generally more acid and have
lower exchangeable base cation reserves than soils from low-
elevation/southern sites.
2. Glaciated soils generally have the greatest soil total cation reserves

3. Soil solution Al concentrations may be approaching toxicity levels in the
Smokies red spruce sites.

4. Extremely acid soils are a necessary but not sufficient condition for Al
mobilization into soil solution. (Mineral acid anions must also be present.)

5. Many sites (especially high-elevation/northern) accumulate one or more base
cations from atmospheric deposition.

6. The greatest potential for soil change is in the case of Mg (highest net
export/exchangeable ratio).

7. Analysis of selected cation cycies indicates that uptake usually exceeds
feaching, and wood increment can equal or exceed leaching.
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Figure 7.

Figure 8.

Base saturation (NH4CI extraction) in B horizon soils from the IFS
sites. HF=Huntington Forest, NY; TL=Turkey Lakes, Ontario;
ST=Smokies Tower, NC; MS=Howland site, ME; SS=Smokies
Becking, NC; SB=Smokies Beech, NC; FL=Findley lLake, WA;
WF=Whiteface Mt. NY; DF=Douglas-fir, Thompson site, WA,;
NS=Aamii site, Norway; GA=B.F. Grant Site, GA; CP=White pine site,
Coweeta, NC; CH=hardwood site at Coweeta, NC; CB=Camp
Branch site, TN; FS=slash pine site, FL; FT=Fullerton site, Walker
Branch, TN; DL=Duke loblolly site, NC; TK=Tarklin site, Walker
Branch, TN; RA=red alder site, Thompson site, WA; LP=Loblolly pine
site, Oak Ridge, TN. Duplicate abbreviations indicate separate or
duplicate plots.

Calcium distributions from the IFS sites. See Figure 1 legend for
code.

Base cation budgets for the IFS sites. See Figure 1 legend for code.
Calcium budgets for the IFS sites. See Figure 1 legend for code.
Magnesium budgets for the IFS sites. See Figure 1 legend for code.
Fraction of soil exchangeable Ca, Mg, and K lost annually by
leaching ([Leaching-Deposition)/Exchangeable]) in the IFS sites.
See Figure 1 legend for code.

Fraction of soil total Ca, Mg, and K lost annually by leaching
([Leaching-Deposition}/Exchangeable]) in the IFS sites. See Figure 1
legend for code.

Calcium cycles for the Duke Lobiolly and Douglas-fir sites.
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Figure 1. Base saturation (NH4Cl extraction) in B horizon soils from the IFS sites. HF=Huntington Forest,
NY: TL=Turkey Lakes, Ontario; ST=Smokies Tower, NC; MS=Howland site, ME; SS=Smokies Becking,
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DL=Duke Loblolly site, NC; TK=Tarkin site, Walker Branch, TN; RA=red alder site, Thompson site, WA,
LP=loblolly pine site, Oak Ridge, TN. Duplicate abbreviations indicate separate or duplicate plots.
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SECTION 5. EXPERIMENTAL TASK SUMMARY REPORTS

5,1 ATMOSPHERIC DEPOSITION TASKS
5.1.1

Integrated Forest Study
1989 Annual Report

Task A2 Submicron Aerosol Deposition

E. A. Bondietti
Environmental Science Division
Oak Ridge National Laboratory

March 1989

Directly measuring the flux of submicron aerosol sulfate to forest
canopies is impossible because aerodynamic factors (foliage surfaces,
micrometerology, etc.) dominate the uncertainty in deposition. Ambient sulfate
aerosols are "tagged" with natural radioactivity, ?*?Pb and “Be. These tracers
allow empirical measurements of submicron aerosol deposition to be made to
complex surfaces like vegetation. In humid climates 7Be cannot be used as a
particle tracer since rainfall is the dominant deposition mechanism.
Measurements in dry summer climates have been made to evaluate submicron
aerosol deposition, however. Lead-212 is very useful in humid climates but
suffers from being associated with aerosols that are a factor of 3 to 6 smaller
in median diameter than sulfate. However by doing intercomparison studies with
the isotopes it is possible to derive an air-to-vegetation transfer rate (AVIR)
which is useful in deriving sulfate flux estimates.

1. For average daily wind speeds of 1 to 2 m s~ empirical AVIRs for
conifers are between 1 to 2 x 10-? m® kg-'*s-*. For deciduous species the
estimate is 2 to 4 x 10-> m® kg-'*s-'. The range represents judgment based on
various measurements. If the air concentration of sulfate (mg m~?) is
multiplied by the foliage biomass density (kg m-?) and AVIR, the product is the
deposition flux of sulfate (mg m~”* s-%).

2. For canopies with windspeeds less than 1 m s-! (average) the AVIR is
lower. Two studies, one with field-grown white pine and *'?Pb and cne with
Loblolly pine saplings and 7Be in the greenhouse indicate that at windspeeds
below 0.5 m s* the empirical deposition velocity of both isotopes is about 50%
of the values referenced above, or 0.5 to 1 x 10-? m® kg-**s-'.

3. Windspeeds higher than several m s-' pose problems because the best
empirical tracer in humid climates. *'2Pb, is on the small side of the aerosol
size spectrum. This means that AVIRs derived using *'?*Pb are biased towards
diffusion-driven depositional processes, whereas impaction will dominate
aerosol deposition at wind speeds such as are found on mountains. Thus an AVIR
for spruce is impractical.
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5.1.2

DRY DEPOSITION VELOCITIES AND SURFACE-TO-CANOPY SCALING
FACTORS FOR AEROSOL CALCIUM FROM FOREST CANOPY THROUGHFALL™

S. E. Lindberg, G. M. LovettT, D. A. Schaefer, and M. Bredemeiert
Environmental Sciences Division, Oak Ridge National Laboratory
Oak Ridge, TN 37831-6038

Introduction Important problems in quantifying dry deposition to plant canopies
include spatial and temporal representativeness of modeled fluxes and scaling from
point measurements to the landscape. Micrometeorological approaches are limited to
simple terrain and short intervals and are not applicable to coarse particles.
Quantifying dry deposition of aerosols in the coarse mode, such as Ca and Mg in soil
dust, is necessary to predict the effects of acidic deposition on lake acidification
and forest nutrition. Although inert or surrogate surfaces can be used to measure
particle fluxes, they do not reproduce foliage.

Analysis of throughfall (TF) beneath forests addresses these problems. TF is
the water which drips from plant canopies following interception of rain and includes
ions in the incoming rain, those leached from plant tissue, and those washed from
plant surfaces as accumulated dry deposition. Net TF, defined as the flux in TF flux
minus the flux in rain, consists of foliar leaching and dry deposition washoff. We
previously developed a model to separate net TF into its component parts using rain
event samples from a limited data set at a single forest (Lovett and Lindberg, 1984).
The model has now been applied at several forests at different sites and elevations.
The model was applied to examine spatial variability in dry deposition fluxes of
aerosol Ca®?" within and between forest stands and to develop factors to scale up to
tree canopies the fluxes of coarse aerosols measured to inert surfaces.

Methodology The model is based on an understanding of the general behavior of ions
in plant canopies during rain events (Lovett and Lindberg, 1984). The approach
involves a linear regression of measured net TF fluxes of an ion on these variables:
antecedent period (ANT = duration of dry period prior to each rain event) and rain
duration (DUR = duration of the rain event) (Eqn. 1). The coefficient of the
parameter ANT (A) represents the mean dry deposition rate and that of the parameter
DUR (B) represents the mean leaching rate from the canopy for a given ion. Term C

Net TF flux = TF flux - rain flux = A+ (ANT) + B«(DUR) + C (1)
is the intercept (not generally significant and not reported here). The model
requires that samples be collected on an event basis so that ANT and DUR can be
quantified. Data from at least 15 events are necessary to produce significant

regression coefficients. TF measurements include only that material which is washed
from the canopy by rainfall. Dry deposition that is irreversibly sorbed by the canopy
or deposited to areas of the canopy not reached by rain is not measured. Hence, the
model results are most reliable for water-soluble components of aerosols. The
assumptions of the model are discussed in detail in Lovett and Lindberg (1984).

We report here model results from the following sites: an oak forest (Quercus
prinus) in Tennessee sampled from 1981-1983, a low-elevation (300-m) loblolly pine
(Pinus taeda) stand and a high-elevation (1730-m) red spruce (Picea rubens) stand in
Tennessee, and a low-elevation (430-m) Norway spruce (Picea abies) stand in West
Germany (all sampled during 1986-1988). Automatic collectors were used to collect
precipitation in forest clearings and TF beneath the canopies as wetfall-only (Lovett
and Lindberg, 1984). Replicate TF collectors were used in each forest (N = 6 for
pine, N = 2 for oak and red spruce, and N = 9 for Norway spruce). Grids of 10-20
collectors were used for selected events to establish the representativeness of the

*Research sponsored by the Electric Power Research Institute Integrated Forest Study
(RP2621) and the U.S. Department of Energy under contract DE-AC05-840R21400 with
Martin Marietta Energy Systems, Inc. Environmental Sciences Division Publication
No. 3158, ORNL.

tInstitute of Ecosystem Studies, Millbrook, NY.
¥The University of Géttingen, Gottingen, West Germany.
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permanent sampling points and were used continuously for measurements of hydrologic
fluxes. Aerosols and dry-deposited coarse particles were collected from towers above
the canopies (30-45 m above the ground) using Teflon filters and polycarbonate
deposition plates (Lindberg and Lovett, 1985).

Results and Discussion The results of the TF regression model are summarized in
Table 1. This simple model accounted for 54 to 87% of the variance in the mean net
TF fluxes of Ca®" at these sites and resulted in significant dry deposition
coefficients for each forest (P < 0.05), suggesting that the model originally
developed for the cak stand may be more generally applicable.

Table 1. Dry deposition rates of aerosol Ca? determined from a regression
model applied to rain and throughfall event data from four forests, and a
summary of the regression statistics for each site. The upper portion of
the table includes results based on mean throughfall fluxes calculated from
all replicate samplers used at each site. The lower portion describes
results for each replicate collector in the pine forest for year 1. All of
the regressions and resulting coefficients are significant at P < 0.05.

Mean dry deposition

rate
Site N* Model r? (pg 2 bl st
All forests
Pine (year 1) 38 0.72 46 6
Pine (year 2) 35 0.83 L& 4
Red spruce 20 0.54 110 30
Dak 21 0.87 86 12
Norway spruce 15 0.78 68 10
Pine forest (year 1)

Pine replicate 1 38 0.68 28 4
Pine replicate 2 38 0.38 54 16
Pine replicate 3 38 0.66 24 4
Pine replicate & 37 0.56 88 20
Pine replicate 5 38 0.82 36 4
Pine replicate 6 38 0.85 58 6
Mean and SE for 6 pine replicates: 48 8

*N = number of rain events used in regression model.
TsE represents the standard error of the mean dry deposition rate
determined from the regression model.

The mean dry deposition rates of Ca®* were highest at the high-elevation spruce
stand, reflecting elevational effects on deposition despite generally lower
concentrations of airbornme Ca®** (Table 2). The spruce site differs from the nearby
pine site in significant ways. The mean wind speed exceeds that at the pine site by
a factor of 2.5, and the leaf area index (LAI) exceeds that at the pine site by a
factor of 2-3. The fact that the spruce stand is located on a steep, exposed slope
in the mountains creates an edge effect further enhancing dry deposition rates
(Lindberg et al., 1988). It is likely that net throughfall Ca** is also enhanced at
the mountain site by cloud water interception, which would lead to overestimates of
dry deposition rates by the TF model. The data from 2 consecutive years at the pine
site suggest comparable dry deposition of Ca®’' during each year, providing confidence
in the reproducibility of the approach.

93



Table 2. Summary of mean values for airborne concentrations, dry depesition
rates measured to inert surfaces and resulting dry deposition velocities. The
standard errnrs are indicated in parentheses.

ca?" dry V4 for

Airborne deposition inert
Ca?* rate surface

Site N (pg/m*) (ng m2 v (cu/s)
Pine (year 1) 37 0.50 (0.05) 34 (2) 1.8 (0.1)
Pine (year 2) 38 0.55 (0.06) 35 (5) 1.8 (0.2)
Red spruce 22 0.26 (0.04) 22 (3) 3.2 (0.6)
Oak 26 0.92 (0.13) 31 (4) 1.1 (0.1)

Norway spruce 10 1.40 (0.22) --- ---

The model yields two measures of uncertainty when it is applied to sites with
replicate collectors. The first is the standard error (SE) of the regression
coefficient for dry deposition. This value indicates uncertainty in the mean dry
deposition rate due to the temporal variability of the events used in the model.
The second is the SE of the mean dry deposition rate for a site, determined by
averaging the results from each replicate sampler. This value indicates uncertainty
due to the spatial variability. These results are shown for the pine data in the
lower portion of Table 1 (Pine #1, etc.). The SE's of the vregression coefficients
(right-hand column) range from 11 to 30% of the means, and the SE of the overall site
mean (bottom line) is 17% of the mean. Together, these values indicate uncertainties
of -40-60% (+2 SE's) in seasonal or annual mean dry deposition rates of Ca?* due to
actual variability in canopy cover and meteorologic conditions within a forest stand.

Expressing the mean dry deposition rates in Table 1 relative to the mean aerosol
concentrations (Table 2) yields average dry deposition velocities (V) for aerosol
Ca®* for each canopy. These values are 1.4 cm/s for the Norway spruce, 2.4 cm/s for
the pine, and 2.6 ecm/s for the oak stand, and exceed the deposition velocities of Ca®*
measured to inert surfaces above each canopy (Table 2). An accurate value for the
red spruce stand cannot be determined until the influence of cloud water on TF fluxes
has been quantified. The V4's for the canopies are high relative to theoretical
results, but are consistent with other field observations for both Ca®' and coarse
aerosols in general (Davidson and Wu, in press).

The results of the TF model applied to the Ca®* data from these forests provide
information on the dry deposition of coarse particles in general. Aerosol Ca®' is a
useful tracer of coarse particle behavior in atmosphere/canopy interactions. Impactor
samples collected over 2 years near the oak and pine sites indicate that aerosol ca®t
exhibits a mass median diameter generally >2 pm (mean = 2.7, SE = 0.9, N = 7; Lindberg
et al., 1986). The importance of coarse particle dry deposition has been established,
even for ions such as 50, that are typically associated with submicron aerosols
(Davidson et _al., 1985). Although the TF model can be used directly for soﬁ',
uncertainty in the behavior of dry-deposited 50, suggests that an unambiguous coarse
particle tracer may be more useful.

Inert surfaces have been widely used to measure the dry deposition of various
ions in different environments (Davidson and Wu, in press); however, the need to scale
these measurements to the plant canopy is a major research need. The scaling factors
needed to address this problem can be derived by comparing the Ca?* dry deposition
estimates from the TF model with those from inert surface measurements. The ratio
of the mean dry deposition rate of Ca?" to the forest canopy determined from the TF
regression model (Table 1) divided by the measured deposition of Ca?" to polycarbonate
surfaces (Table 2) yields a useful scaling factor for coarse particles. The scaling
factors (canopy/plate) for these forests range from 1.3 to 2.8 to 5.0 at the pine,
oak, and red spruce stands, respectively. The similarity in the factors for the
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pine stand for years 1 and 2 (1.3 and 1.4) is encouraging, as one would expect such
scaling factors to be relatively constant over time in mature forests.

It is also expected that such scaling factors would be influenced by the surface
area of the associated canopy and would be smaller than the canopy LAI. LAI which
expresses canopy surface area on a ground-area basis, has often been considered an
estimate for scaling from individual surfaces to full canopies, assuming all surfaces
behave similarly. However, overlapping and shading of some surfaces, reduced
turbulence in the subcanopy layers, and differences between leaf and flat plate
capture characteristics suggest that these scaling factors should be lower than the
full LAI of the canopy.

The LAI of these stands increase in the same order as the scaling factors, from
3.6 to 5.1 to 9 for pine, oak, and spruce, respectively. These three scaling factors
and those determined for four other forests in the Integrated Forest Study are
strongly related to canopy LAI (r? = 0.90), as illustrated in Fig. 1. These
relationships establish confidence in the model and its assumptions, because the
scaling factors should be physically bounded between 1 and the canopy LAI and should
generally increase with canopy area. Such factors improve models for scaling point
measurements of aerosol dry deposition to forest canopies.
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Fig. 1. Relationship between canopy leaf area index (LAI) and scaling factor for
coarse aerosol dry deposition. Squares represent data from this paper; pluses
represent data from other low-elevation forests in the Integrated Forest Study
(Lindberg et al., 1988).
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5.1.3

Deposition of Reactive Nitrogen Gases to Landscape Surfaces
(Experimental Task A4)

P. J. Hanson, G. E. Taylor Jr.. S. E. Lindberg, Oak Ridge National Laboratory; and G,
M. Lovett, Institute for Ecosystem Studies.

The objective of this experimental task was to characterize the role of environmental
and physiological factors governing the deposition of nitric acid vapor (HNO;) and
nitrogen dioxide (NO,) to vegetative surfaces in terrestrial landscapes. Nitrogen dioxide
is the dominant form of atmospheric oxides of nitrogen (NO,), whereas HNO; is the
principal chemical sink for removal of NO,. The deposition data are needed in the IFS
to estimate the atmospheric inputs of gaseous nitrogen to each of the forest sites.

Measurements of HNO; and NO, deposition were conducted in an open gas exchange
system operating at the whole-plant level. The system simultaneously monitored CO,,
H,O, and pollutant gas exchange under controlled conditions of temperature, light,
vapor pressure, and soil water availability. Deposition rates (nmol m™ s) were
calculated as the product of flow rate and the inlet/outlet concentration differential
normalized for surface area and corrected for losses to chamber walls. Shoot
conductance to a reactive nitrogen gas, a leaf level measurement analogous to the
"deposition velocity" presented in cm s', was determined by dividing the rate of
deposition by the ambient concentration of the gas being measured. Measurements of
HNO; and NO, deposition to foliage shoots were conducted under light and dark
conditions to establish patterns of diurnal variability, and rates of NO, deposition were
explored relative to shoot conductance to water vapor (mol m™ s”'; the reciprocal of
diffusive conductance).

NO, deposition

Under daylight conditions and a mean concentration of 33 nl I (63 ug m™), NO,
deposition to foliage of forest tree species varied by more than an order of magnitude,
ranging from 0.35 (loblolly pine) to 5.75 nmol m™ s (sycamore), and the flux to most
broadleaf species was greater than deposition to conifers. The broadleat species
exhibiting the highest rates of NO, deposition had greater shoot conductance to water
vapor (Fig. 1) suggesting that interspecific variation in shoot conductance to NO,
reflects variation in stomatal frequencies and stomatal apertures. The contrasting light-
dark measurements of NO, deposition indicated that the principal foliar site of NO,
deposition was the leaf interior, comprising typically greater than 90 % of total
deposition to individual leaves.
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Fig. 1. Linear relationship between NO, deposition and shoot conductance to water vapor. The symbols represent
individual measurements for 5 broadleaf (main graph) and 3 conifer species (inset). The data for broadieal species
is expressed on a projected leaf area basis, and that for conifers on a total area basis. Mean NO, concentration was
33 nl I (63 pg m?).

Deposition of NO, varied among forest elements measured. Foliar, bark and forest
floor surfaces showed greater conductance to NO, than distilled water alone, and forest
floor surfaces showed a disproportionately high conductance when compared to bark
or foliage (Fig. 2). The average conductance to NO, of the materials measured ranged
from -0.0045 to 0.48 cm s'. As expected, conductance to NO, of Teflon was virtually
zero. Conductance to NO, of dry bark was similar to that of conifer shoots (0.047 and
0.049 cm s, respectively), and conductance to NO, of wet bark was similar to values
for broadleaf shoots (0.093 and 0.093 c¢m s, respectively). Conductance to NO, was
not influenced by species of bark.

HNO, deposition

Comparisons of HNO, and NO, deposition showed little deposition of either gas to
Teflon surfaces and much greater deposition of HNQO; versus NO, to hardwood shoots,
conifer shoots, and tree bark (Fig. 3). This dissimilarity between the two trace gases
is consistent with field observations which employ micrometeorological techniques.
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Because the HNO, deposition measurements were necessarily limited to conditions of
low humidity and therefore low shoot conductance to water vapor, comparisons of
deposition between HNO; and NO, were restricted to those NO, measurements with
correspondingly low water vapor conductances. Although variability was great,
precluding rigorous quantification, our data indicated a small component of HNO,
deposition to the leaf interior coincident with a large component of surface deposition.
This observation is not consistent with the assumption of zero internal deposition used
by current "stand-level" deposition models. However, modeling errors caused by this
assumption should be small (i.e., <10%).

Modeling Deposition to Leaves

Ta support our experimental observations concerning the location and extent of
deposition of HNO, to leaves, we developed a model based on pollutant gas
diffusivities in air and their Henry’s Law coefficients that addresses gas-surface
interactions at the "leaf" scale of resolution. For a 3 nl 1" (5.7 ug m™) concentration
gradient, the model predicts initial pollutant tluxes to leaf interiors to be similar for
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Fig. 3. Depaosition of HNO, and NO, to tree bark and seedling shoots.

HNO,, NO, O,;, and SO,. However, diffusion flux is predicted to decline rapidly
over time for NO and O,, at a slower rate for SO,, and very little for HNO,. The rate
of change in flux corresponds to the gas’ water solubility; gases of low solubility saturate
the leaf interior faster. Flux of HNO, vapor to the leaf was predicted to be 4 to 7
orders of magnitude higher than for the less soluble gases (a prediction that agrees with
the observed data; Fig. 3). Although this model focuses on deposition at the "leaf”
level of resolution, its principles can be used to generate reasonable estimates of
variables for use in whole-plant or stand level models of pollutant deposition {e.g. big-
leaf or stratified layer stand models).

Estimates of NO, Deposition to Forest Canopies

Laboratory data for several forest species were extrapolated to stand-level rates of NO,
deposition using leaf area index as a scaling factor. Based on appropriate NO,
concentrations, NO, deposition was calculated to provide annual nitrogen inputs
between 0.08 and 1.9 kg ha’ y' of NO,-derived nitrogen (NO,-N) for natural forests
(Table 1). These rates of N deposition are similar to inputs expected from
nonsymbiotic nitrogen fixing bacteria (0-3 kg NO,-N ha' y') in temperate forest
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ecosystems. In or near urban environments where NO, concentrations can easily
exceed 30-50 nl. L* (57-95 pug m™) deposition of NO,-N could easily reach 12 kg
NOz‘N ha-l y-l.

Table 1. Estimates of NO,-N deposition to IFS forests

NO2 NO,N Total dry N
Stand conc. deposition deposition

nl 1" kg ha' y! kg ha' y
WF 2 0.08 6.5 (1)
ST 2 0.2 13.8 (1)
NS 1 0.09 3.2 (3)
LP 8 0.6 4.3 (13)
DL 5 0.8 9.1 (9)
Cp 2 0.7 4.4 (16)
DF 1 0.4 0.8 (49)
HF 2 0.4 4.4 (8)
WB 8 1.9 4.8 (39)

Numbers in parentheses are NO,-N deposition expressed as a percent of total dry N
deposition. Multiply nL. L by 1.91 to get ug m™.

Conclusions
* Deposition occurs along pathways leading to foliage, bark, and forest floor surfaces.
* NO, deposition to broadleaf species exceeds that to conifers.

* Deposition of HNO,; > NO.,.

NO, deposition occurs mainly to leaf interior spaces and is controlled by stomatal
aperture.

HNO,; vapor exhibits significant deposition to leaf cuticular surfaces, but a finite
amount of internal deposition probably occurs.

Nitrogen dioxide’s contribution to total dry N deposition may be more important
than previously recognized, especially in or near urban or polluted areas.
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5.1.4

Ozone Patterns in Forested Landscapes: Spatial and Temporal
Characteristics

G. E. Taylor, Jr., B. M. Ross-Todd, and IFS Site Representatives

Ozone (O3) measuremenis are being made at all of the IFS sites in conjunction with the atmospheric
deposition and mineral cycling research. The intent is to provide a record of O3 concenirations at all
sites and to compare patterns of O3 across sites. This highlight presents a preliminary summary of
the O3 data for 1988, focusing specifically on the second (April, May, and June) and third (July,
August, and September) quarters using 1-h means as the base statistics from which to aggregate over
lime. The objective is to characterize the variability among and within sites as a function of (1) time
(e.g.. diurnal, seasonal, annual) and (2) space (e.g., elevation, latitude). Figure 1 summarizes O3
concentrations as a function of time of day in both the low and high elevation IFS sites for solely the
third quarter of 1988. :

in the lower elevation IFS sites, O3 concentrations exhibited the characteristic pattern of a
photochemically-driven pollutant (i.e., predawn minimum and middle to late afternoon maximum).
independent of the site, the predawn value approached 20 ppb (+ 10 ppb), whereas the late afternoon
maxima were more variable (30 to 70 ppb) and the max:min ratio ranged from 2 {Norway) to 7 (Oak
Ridge). Unlike urban landscapes, the daytime maxima showed a broad shoulder, lasting from 1 to §
hours and oftentimes extending into the evening hours (1800-2200 h). On the average, the O3
concentrations in the low elevation IFS sites were 10-20% higher in 1988 than in 1987 and were
greater in the second rather than the third quarter.

A contrasting O3 pattern was recorded in the three higher elevation sites (Smokies, Coweeta,
Whiteface). In particular, the diurnal variability was substantially muted, with each 1-h mean being
t+ S ppb of the 24-h mean. There was no evidence of a mid-afternoon ‘o evening peak in O3
concentration. One unique feature of the high elevation sites, particularly those in the more southern
latitudes, was the pronounced early morning (0600 to 1100 h) drop in O3 concentration, attributed
to the thermal upweiling of O3 depleted air from lower elevations. In comparison to the lower
elevation sites, the 24-h means were generaily 20-40% higher.

The salient feature of these patterns in O3 concentrations is the necessity of data summaries that do

not mask the rather pronounced temporal and spatial variability among forested sites. Because of this

variability, the final summary of the O3 concentrations across sites will focus on methodologies that .
attempt to describe patterns that are physiologically and ecologically important.
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5.1.5

Effects of Ozone Exposure, Acid Deposition, and
Nutrient Supply on Foliar Leaching

Gary M. Lovett
Institute of Ecosystem Studies
The New York Botanical Garden

Mary Flagler Cary Arboretum
Box AB, Millbrook, NY 12545

Acid Deposition, Ozone Exposure, and Foliar Leaching

The purpose of this project was to examine whether foliar
leaching of ions is affected by acidic deposition or ozone
exposure. Both of these pollutants have been suggested by others
to increase foliar leaching of base cations (K, Ca, and Mg in
particular) from trees, but the proposed mechanisms are
different. For acid deposition, the mechanism is identified as
cation exchange between deposited H' and foliar base cations on
exchange sites on or in the leaf (Tukey 1980). However, experi-
mental studies have not shown statistically significant effects
of acidity on foliar leaching until acidity was raised to pH 3.3
or below (Wood and Bormann 1975, Scherbatskoy and Klein 1983,
Schier 1987). For ozone, the proposed mechanism is damage to
leaf cellular membranes, causing leakage of cell contents which
are then leached by subsequent rainfall (Krause et al. 1982).
Krause et al. reported this effect on Norway spruce (Picea abies)
seedlings, but without statistical analysis of the data.
Skeffington and Roberts (1985) could not demonstrate this effect
on Scots pine (Pinus sylvestris).

We used a branch chamber apparatus, described in previous
reports and by Hubbell and Lovett (1988), to expose canopy
branches of mature trees of white pine (Pinus strobus) and sugar
maple (Acer saccharum) to ozone and acid mist and determine the
leaching response. Treatments included a 5h ozone exposure at
25, 70, or 140 ppb, followed by a 1h leaching with mist acidified
to pH 5.0 or 3.8. Thus the treatment sequence mimicked a typical
summer day, with elevated ozone concentrations in the afternoon
followed by a brief rainshower.

The results of the experiments were very similar for both
white pine and sugar maple. In both cases, the 5h ozone
exposures had no effect on leaching of any ions. Increasing mist
acidity from pH 5.0 to 3.8 more than doubled the leaching of Ca
and Mg from both species (a highly statistically significant
effect), but had no effect on leaching of K. For both species,
H' was released in the pH 5.0 treatment and absorbed in the pH
3.8 treatment, indicating a buffering of the incident precipita-
tion acidity by the foliage. Figure 1 shows the treatment means
for sugar maple for Ca, Mg, K and HY.
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Figqure 1. Treatment mean (+ standard error) values for sugar
maple canopy exchange, in ug/m? of foliage surface. Individual
bars represent ozone treatments (20, 70, or 140 ppb) grouped by
acid mist treatment (pH 3.8 or 5.0).

Table 1 compares the sugar maple and white pine results for
all ions in the two pH treatments. The loss of both cations and
anions was higher from sugar maple than from white pine. The
anion deficit in Table 1 indicates that in some cases, unmeasured
anicns were released into the leachate solution. These are most
probably organic acid anions, which represent part of the pH-
buffering capacity of these canopies. In all cases except the
white pine pH 3.8 treatment, these organic anions provide a major
portion of the leached negative charge.

We conclude from these experiments that short-term ozone
exposure, in the absence of visible leaf damage, does not affect
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Table 1. Mean amounts of canopy release (positive numbers) or
uptake (negative numbers) from white pine and sugar maple
branches at two different pH levels. Data expressed as micro-
equivalents per square meter of foliar surface area (one-sided)
for 1h misting treatments.

White Pine Sugar Maple

pH 3.8 5.0 3.8 5.0
Ca 19 8 117 60
Mg 8 3 26 13
K 14 11 62 51
Na 8 5 6 7
NH 4t 8 3 -3 -8
Ht -17 41 -21 63
Cation Sum 40 71 187 186
S04°7 21 21 57 75
NO,~ 15 11 52 53
c1L” 7 4 1 3
Anion Sum 43 36 110 131
Anion Deficit ~3 35 77 55

foliar leaching. However, acid wet deposition, at acidity
levels commonly experienced in the eastern U.S. and Europe, can
have a strong effect on canopy exchange of Ca, Mg, and H".

Foliar Leaching and Compensatory Root Uptake

The strong effects of acid mist on foliar leaching of Ca and
Mg prompted us to ask whether increased root uptake can compen-
sate for losses of nutrients from the foliage. The question is
relevant from two points of view. From the perspective of the
plant, lack of compensatory uptake could result in a decline in
the foliar nutrient pool and thus affect the nutrition of the
leaf cells. From the ecosystem perspective, lack of compensatory
uptake would indicate an acidification of the foliage, and
subsequently the litterfall, in effect creating a delay in the
deposition of the acidity to the soil. At the same time, Ca and
Mg return would be increased in throughfall solution and
decreased in litterfall. If compensatory uptake did occur,
increased hydrogen ion expulsion from the roots would balance the
increased cation uptake, in effect resulting in a shunting of the
acid deposition from the canopy to the rooting zone, and
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decreasing the potential for neutralization of the acidity in the
litter layer of the forest floor.

Testing for a decrease in foliar nutrients after exposure to
acid deposition would probably not answer this question, because
the total foliar pool of cations is large relative to the
exchangeable pool, which is located in the foliar apoplasm and
provides the nutrients for cell growth. We know of no way to
measure this apoplastic pool, zo0o our appreoach was to examine the
relative magnitude of nutrient inputs (uptake) and outputs
(foliar leaching) in whole plants under different foliar leaching
and cation availability treatments.

In a greenhouse, we grew white pine seedlings in sand
culture, and calculated their nutrient uptake from measurements
of inputs and outputs (in drainage water) from the sand-filled
pots. Twenty-four plants were divided into four treatment
groups, which received either high or low cation concentrations
in nutrient solution (Table 2) and either 3 h/wk of foliar

Table 2. Concentrations (mg/L) of N, K, Ca, and Mg in the two
nutrient sclutions supplied to white pine seedlings. Nitrogen
was supplied 60% as NH,Y and 40% as NO;™.

High Cations Low Caticns
N 150 i50
K 72 12
Ca 8.0 1.2
My 8.2 1.3

leaching or no leaching at all. Six sand-filled pots without
plants were used as controls. The nitrogen content of the
nutrient solution was high and identical for both nutrient
solutions. The nitrogen:cation ratios in the high-catien
treatment were optimal for pines (Ingestad 1979), whereas in the
low~cation treatment, the ratios were approximately 1/6 the
optimal ratio (Table 2). The results were analyzed
statistically using an analysis of variance procedure.

Our results included the following:
1. Plants in the high-nutrient treatment took up more Ca, Mg,
and K than those in the low-nutrient treatment, and the

cation uptake was linearly proportional to N uptake,
indicating incorporation of the cations into tissue.
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2. Cation leaching was small relative to cation uptake (e.qg.,

Figure 2). Uptake/leaching rates were generally 10 or
greater.
3. The leached plants did not take up significantly more

cations than the unleached plants, probably because the
leaching rates were small compared to the uptake rates.

Our overall impression from these results is that nutrient
availability controlled the uptake, and that there was no tight
linkage between leaching and uptake. We plan to further inves-
tigate this linkage under the conditions of low nutrient availa-
bility and high foliar leaching "intensity" characteristic of
high-elevation forests.

MAGNESIUM UPTAKE VS LEACHING
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Figure 2. Amounts of Mg leached from foliage and taken up by
roots of white pine seedling during the period 6-~27 August.
Points showing zero leaching represent the unleached plants.
Qualitatively similar results were obtained for K and Ca.
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5.1.6
Integrated Forest Study Experimental Task Report:

Canopy_ Acid Balance and Foliar Cation Exchange

D. A. Schaefer, Department of Civil Engineering, Syracuse University,
Syracuse NY, S. E. Lindberg, Oak Ridge National Laboratory, Oak Ridge, TN
and G. M. Lovett, Institute of Ecosystem Studies, Millbrook, NY.

One experimental task of the Integrated Forest Study (IFS) is to explore
the extent to which atmospheric deposition of acidity can increase cation
losses from foliage. In this study, we compared net canopy cation
exchange with fluxes of free and undissociated acidity in net TF to
interpret the mechanism of acidity consumption across several IFS

canopies.

The presumptive mechanism of cation exchange for protons involves fixed
exchange sites at or near foliar surfaces (Mecklenburg et al. 1966).
However, this cation exchange per se is not the the only mechanism which
could lead to to the coupled appearance of cations, and the disappearance
of free acidity from throughfall (TF), as indicated in Figure 1. Panel A
shows the cation exchange mechanism, with free acidity consumed as
cations are released. Panel B illustrates inorganic cation release coupled
with organic acid anions (which become protonated in TF). Both processes
release cations from foliage and decrease the free acidity of water
descending the canopy as TF (Cronan and Reiners 1983), but only in the
former will the increased deposition of acidity necessarily increase cation

release from foliage (Lovett et al. 1985).

Because both of these processes increase inorganic cation concentrations in

TF and raise the pH of TF, they are difficult to distinguish. Net canopy
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cation exchange in TF (based on the canopy charge balance described

below) can be used to estimate of cation exchange at fixed sites (Lovett et
al. 1985). This estimate is conservative because it assumes that all organic
acid anions lost from foliage are accompanied by cations other than H+, so
those cations in net TF do not arise from fixed cation exchange sites in the

canopy.

Net TF fluxes of undissociated acidity were determined from Gran's plot
titrations (undissociated acidity equals Gran's total acidity minus free
acidity from pH; Lindberg et al. 1984) of TF and rain, multiplied by the
hydrologic fluxes of TF and rain (Schacfer et al. 1989). Net TF fluxes of all
major inorganic anions and cations were determined from TF minus rain
and estimated dry deposition fluxes (IFS Technical Highlight #12). Net TF
cation exchange was determined as net canopy cation retention minus
anion retention (Lovett et al. 1985). Samples titrated from the Smoky
Mtns. red spruce (ST), the Oak Ridge loblolly pine (LP), the Washington
Douglas fir (DF), red alder (RA) and the Norway spruce (NS) sites
represented essentially complete annual fluxes. Samples representing less
than 50% of the annual fluxes were titrated from the other sites. Lovett et
al. (1985) performed this analysis ‘for three deciduous forests in Tennessee

and found that all three exhibited net canopy cation exchange.

This analysis showed that all sites exhibited net canopy cation losses, but
not all cation exchange per se (Figure 2). At the ST, LP, DF and RA sites,
net canopy anion retention (primarily from dry-deposited nitrate)

exceeded cation retention (primarily the protonation of weak organic acid

anions). Therefore fixed foliar cation exchange sites need not be invoked
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there, and increased acidic deposition would not necessarily increase

canopy cation losses from the ST, LP, DF and RA forests.

However, at the Coweeta white pine (CP), the Whiteface Mtn. red
spruce/balsam fir (WF), the Huntington Forest beech/maple (HF) sites and
NS, canopy cation retention exceeded anion retention. At those four sites,
we concluded that cation exchange in the canopy did occur, and that

increased acidic deposition would increase cation losses from those forests.

The ST and DF sites were at opposite extremes of acidic inputs among IFS
sites, and neither showed canopy cation exchange. This argued against an
acidic deposition effect across sites, but experimental evidence from other
IFS studies (Schaefer and Lovett, in prep.) has clearly shown the effect of
acidity on cation exchange for several tree species. The presence of cation
exchange in both NS and CP showed that coniferous as well as deciduous

canopies could exhibit cation exchange.

The preceeding analysis was based on the conservative assumption that all
organic acid ‘anions lost from foliage were accompanied by cations other
than H+. With the more liberal assumption that some organic acids were
protonated when released from foliage, calculated canopy proton retention
increased and canopy cation exchange was observed at all sites except ST
and DF (Figure 3). The absence of cation exchange at ST and the lack of a
consistent pattern across the other sites (shown in Figure 3 along a
gradient of decreasing acidic deposition) again failed to support an acidic

deposition effect on cation exchange.
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The IFS sites measure total acid inputs and outputs. Free and
undissociated acid fluxes in canopy inputs (assuming that dry deposition
fluxes of undissociated acidity are negligible; Schaefer et al. 1989) and
outputs can be used to construct a total canopy acid balance (Figure 4). In
such an acid balance, organic acids in TF water that released cations and
became protonated would be detected by titration, and canopy outputs of
acidity would equal the inputs. However, cation exchange at fixed sites in
the canopy would result in proton retention in the canopy, and canopy acid
inputs would exceed the outputs. By this method, the WF, NS, CP, HF and
RA sites showed reduced total acidity in canopy outputs compared to the
inputs. This shows that cation exchange took place in those canopies to at

least a limited extent.

Both charge balance estimates indicated that cation exchange was less than
the net canopy release of cations, regardless of whether the organic acids
were presumed to be released with protons or with other cations. Nitrate
retention in the canopy was a major term in the charge balance, suggesting
the possibility that the acidity delivered to the canopy as HNOj; could also
be retained. To explore this possibility, we compared total acid inputs to
the sums of total acid outputs plus nitrate retention and both low and high
estimates of cation exchange (Figure 5). Linear regressions (excluding ST)
based on the low and high estimates of cation exchange are both
significant, and neither slope differs significantly from unity. Thus both
cation exchange and HNOsj uptake appear to interact in the canopy total
acid balance. The total acidity increase of ST was unusual among IFS sites,

and may have resulted from organic acids released from decomposition or
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from living canopy tissue. If these acids exhibited pK,; lower than the pH

of TF, their dissociation would lower the pH of TF.

In summary, a subset of both the deciduous and coniferous canopies in the
IFS have been shown to release cations to TF in exchange for free acidity.
We anticipate that at these sites, increased acidic deposition would lead to
additional canopy cation losses. This process may occur in the other
canopies as well, but when assessed by charge balance, can be masked by
the presence of undissociated acidity in TF. Both deciduous and coniferous
canopies showed release of undissociated acids and (at least) the potential
for cation exchange in the canopy. This suggests that the widely-reported
differences in "pH neutralization” between deciduous and coniferous
canopies may result from dry-deposited acidity or the pK, of the
‘undissociated acids released, not solely from the presence or absence of

cation exchange in the canopy.
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5.2 SOILS AND CYCLING TASKS

5.2.1

EFFECTS OF ATMOSPHERIC DEPOSITION ON CATION EXCHANGE REACTIONS
IN ACID FOREST SOILS

D.D. Richter and K.H. Dai
School of Forestry and Environmental Studies
Duke University
Durham, North Carolina

Over time, the most insidious problem resulting from acid deposition is
likely to be the "erosion" of soil cations caused by the displaacement of
exchangeable cations into solution and accelerated leaching of cations from
soil solutions into drainage waters. Despite its biological significance,
cation exchange is not well documented in acid forested soils with solutions
of low ionic strength. Cation exchange reactions are significant to soil
ecosystems because cation exchange not only retains cations within the soil
profile, but these reactions help control the plant-availability of nutrients
and the chemistry of drainage waters.

In addition to the atmosphere, natural processes such as the
mineralization of organic matter, chemical weathering, rainfall,
evapotranspiration, and leaching control ionic concentrations of the soil
solution and affect cation exchange. Increasing concentrations of ions in
solution (i.e., ionic strength) can increase exchange of polyvalent cations
into soil solutions, and consequently there is considerable concern that
atmospheric deposition elevates aluminum, calcium, and magnesium in soil
solution and increases their export to drainage waters.

A major objective of this research is to evaluate the susceptibility of
various soils to release exchangeable polyvalent cations into soil solutions.
Three questions are central to understanding how soils respond to atmospheric
additions of electrolytes: (1) Are soil cation exchange reactions affected by
relatively small changes in ionic strength of the soil solution? (2) Do soils
have a critical Al saturation of cation exchange capacity (CEC) above which
exchangeable Al is readily released into soil solution? (3) Can such changes
in cations in soil solution be predicted, based on cation exchange reactions?
Much progress has been made in addressing these questions about cation
exchange reactions that occur in dilute soil solutions.

Experiments with the Becking and Fullerton soils (from the Smoky
Mountains and the Ridge and Valley, respectively) illustrate how increasing
concentration of ions in solution affects the species of cations that exchange
from soil exchange sites (Fig. 1B and 1C, respectively). The Becking soil is
far more acidic than the Fullerton soil: 95% vs 79% Al saturated,
respectively. In both soils, however, small increases in ionic concentration
in solution greatly favors the exchange of polyvalent cations, Mg and Al over
that of monovalent cations, K and Na. 1In general, divalent Mg is readily
exchanged by relatively small increases in ionic strength in nearly all soils
of the IFS study. In contrast, trivalent Al tends to be retaimned by soil
exchangers more strongly than Mg. 1In extremely acid soils such as the
Becking, Al is released readily by small increases in ionic strength of soil
solution (Fig. 1B). In moderately acid soils such as the Fullerton B horizon,
exchangeable Al is strongly adsorbed to exchange sites even when the ionic
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strength of solution is relatively high (Fig. 10).

The difference among soils in Al exchangeability suggests that soils have
a critical Al saturation above which exchangeable Al is readily displaced into
the soil solution. Thirty-three IFS socils, that represented a range of
exchange conditions, were tested to evaluate the relationship between Al
saturation of CEC and the exchangeability of soil Al. Figure 2 demonstrates
that exchangeable Al saturation is directly related to the Al that is released
by addition of only 0.5 mMc/L (meq/L), a low concentration typical of soil
solutions in field conditions. 1In very acid soils that have exchangeable Al
saturations of >80% of CECe (effective CEC), increasing ionic strength of soil
solution by only 0.5 mMc/L causes Al to become a major soluble cation. The
extremely acid soils that release exchangeable Al to solution in the
laboratory include those from the Becking, Tower, and Beech sites in the Smoky
Mountains, and soils at Whiteface Mountain in New York and Findley Lake in
Washington. Moreover, the soils that exchange Al in the laboratory tend to bhe
the same soils that have relatively high soluble Al in soil solutions in the
field. Provided solutions of these soils have elevated ionic strength due to
atmospheric deposition or other causes, Al is released to solution. Extreme
soil acidity is not a sufficient condition but is a necessary condition to
releasing Al to soil solutions.

Exchange reactions among Al, Ca, Mg, K, and Na have been quantified and
reactions are predictable in extremely acid soils with low ionic strength
solutions. Even for soils with mixtures of cations and with different types
of cation exchange charge, Schofield's activity raties and the Gapon selection
coefficients were remarkably independent of ionic strength (Fig. 3, 4A, 5A).
Such activity ratios or selection coefficients ranged widely among IFS soils
due to widely different populations of exchangeable cations. For individual
soils, activity ratios and Gapon selection coefficients were markedly constant
despite widely wvariable ionic strength.

Relatively constant activity ratios and Gapon coefficients suggest that
they are suitable expressions for predicting exchange reactions in soil
solutions in response to variable but low ionic strength of soil solutions.
In contrast, Figure 4B and 5B illustrate that exchange of Al-Mg or Al-K could
not be described by Gaines-Thomas formulations of the same solid-solution data
as those in Figures 3, 44, and 5A. We attribute these differences to
different numerical formulations of the solid and solution data.

Recently we have documented markedly strong relationships between
exchangeable Al saturation of CECe (i.e., the reciprocal of "base saturation”
in traditicnal soil science terminology) and a soil’s Gapon selection
coefficients. In other words, we can make relatively good predictions of Gapon
coefficients for Al-divalent cation exchange based solely on a soil’s Al
saturation of CECe for the wide range of soils within the IFS study. This
relationship is being further tested with Spodosols from the Norwegian site
which have been experimentally acidified in the field (in cooperation with Dr.
A. Stuanes), and with Ultisols (that resemble soils of the Duke and the
Georgia sites) that have been naturally acidified by a rapidly aggradeing pine
plantation. These soils will provide excellent tests for elaborating exchange
relationships developed from the IFS soils.
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Figurei . Effect of jonic strength on displacement of Al*® (dark), Mg*? (striped),

and K* plus Na* (light) in six soils. Figure 2A to 2F represented soils
#7,11, 25, 20, 28, 33, respectively.
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5.2.2
IFS _Project
Apnual Summary _Report
Colgate University
March, 1989

MINERALOGY AND CHEMISTRY
OF SOILS AND RHIZOSPHERE

R. April
Introduction

This report contains a brief summary of the IFS research carried out at
Colgate University, with emphasis on the resuits obtained in 1988. The two
primary objectives of our work are: (1) to characterize the mineralogy and
chemistry of the forest soils in each of the IFS sites, and (2) to characterize in
detail the mineralogy and chemistry of the rhizosphere in selected IFS sites.
Also, we are working closely with Bob Newton at Smith College to determine
weathering rates in the soils by providing mineral chemistries for
formulating stoichiometric equations of mineral weathering. Completion of
these tasks is necessary in any attempt to understand and model processes
related to cation release and uptake, mineral weathering and the importance
of rhizosphere processes in forest soils.

Characterization of the Soils

To date, we have received and analyzed 103 soil samples from all 18 sites
(and sub-sites) included within the IFS study. Because most of the data from
these analyses were presented previously (in the1987 annual report), we have
included here only the summary tables of the clay mineralogy and bulk soil
chemisiry. Results of these analyses, togeiher with the grain size and heavy
minera! analyses (conducted at Smith College), will be presented at the Atlanta

review meeting in April.
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Liagyvrercentages/iro

Semi-quantitative ranking of clay mineral species present in the less than 2 micron fraction

{error of + or - 20 percent)

Location Site Code | Vermiculite* | Mica** | Kaolinite | Gibbsite | Chlorite | Smectite {Mixed-layer M/V
ThompsonDF DF 70 5 10 0 ) tr 0
ThompsonRA RA 65 5 20 0 ) 5 0
FindleyLake FL 65 0 15 0 10 10 0

Huntington HF 90 0 10 0 0 0 0

Maine MS 70 10 10 G 0 10 0
Norway NS 35 20 20 0 10 0 15
Turkey Lakes TL 60 5 20 0 15 0 0

whiteface Wk 80 ) 15 0] 0 0 0
Camp Branch CB 55 5 30 S 5 0 0
CoweetiwS?2 CH 40 20 20 10 0 0 10
CoweetiwS1 cp 40 15 25 15 0 0 5

Duke DL 30 ¢ 65 S 0 0 0
Florida FS 15 0 80 S 0 0 0
Georgia GL 15 0 85 tr 0 0 0

Oak Ridge LP 30 20 40 10 0 0 tr
Srnoky Mtn 5B 58 35 20 10 10 0 0 25
Smoky Mtn 35 5SS 25 10 20 20 G tr 25
Smoky Mtn 5T ST 30 15 20 15 0 0 20

walker Branch FT FT 65 0 25 ) 0 5 0
walker Branch TK TK 70 0 25 S 0 tr 0

*hydroxy-interiayeredvermiculitepresentin many samples

®»*includesbothmuscoviteandbiotite
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—IFS Bulk Sofl Chemistry / Wt % Oxides

Site Code Forest Code * Horizon JFe203 | Mn0_ | Ti02 | Ce0 | K20 | P20S [ 5102 [ A1203 | MgO | Na20 | Total | LOI
6L B.F. Grant A 297 0.14 0.91 017 1.66 0.06 8534 875 0.01 0.28 100.29 1.35
gL B.F. Grant E 262 0.09 0.57 0.08 1.54 0.04 8482 11.30 0.0t Q.3¢ 101.38 4.50
6L B.f. Grant BE 3.73 0.24 1.30 0.05 0.75 0.06 85.03 8.74 0.0t 0.08 99 99 450
6L B.F.Grant Bt 855 0.09 1.22 0.04 0.69 0.05 70.48 1792 .17 0.22 99 43 7.09
GL B.F. Brant BC 9.94 004 0.98 0.01 0.71 0.06 62.80 2507 022 Q.16 39 39 8.77
oL B.F. Grant AYERAOE* 5.56 012 1.00 0.07 1.07 0.05 77.69 14.36 0.08 0.2% 100.22 6.44
c8 Camgp Branch 34550 g-1§ 202 0.03 116 010 0.72 0.03 9047 5852 0.01 006 100.00 S13
cB Camp Branch 34551 15-30 2.46 0.02 1.16 0.10 0.80 0.03 88.31 7.2% 0.01 0.0t 10G.00 362
c8 Camp Branch 34552 30 - 60 313 0.02 1.18 0.10 0.72 0.04 8683 7.91 0.01 0.01 99.84 3.36
c8 Cemp Branch 34559 60 - 100 6.54 0.01 1.21 0.10 0.61 0.05 78.06 13.21 0.01 0.05 99,74 5.40
¥ Camp Branch AVERAGE 3.54 0.02 1.18 0.10 0.7 0.04 8592 8.46 0.01 0.03 99.90 4.38
CH Coweets 34522 A 1145 010 1.99 0.10 1.97 005 6385 18.95 1.40 0.24 100.00 9.42
CH Cowesta 34523 BA 1223  0.09 2.10 0.10 2.06 005 6397 18.38 1.44 0.54 100.86 6.31
CH Coweeta 34524 Bt 1259 00%. 1.96 0.10 2.22 0.1 60.62 21.19 108 0.16 100.00 6.47
CH Cowesta 34525 B8C {299 009 2.00 0.10 2.59 0.05 60.50 21.62 1.84 0.24 101.91 5.97
CH Coweeta AVERAGE 1232 0.09 2.01 0.10 2.21 0.07 62.24 20.04 1.43 0.30 100.69 7.04
cP Coweeta 34526 A 11.79  0.08 1.68 0.10 3.68 G.10 5751 2319 201 0.01 100.00 6.66
cp Cowests 34527 BC 11.02 0.1} §.98 0.10 3.64 6.07 60.69 20.28 1.84 0.38 100.00 10.20
ce Coweeta 34528 B4 10.96 0.06 1.82 0.10 3.75 0.09 60.6t 20.83 1.34 0.54 100.00 6.38
cp Cowests 34540 Bt 11.57 0.07 1.67 0.10 3.76 0.10 58.06 2367 t.46 0.04 100.40 8.17
cpP Coweeta AYERAGE 11.33 .08 1.79 0.10 3.71 0.09 59,22 21.98 1.66 Q.24 100.10 7.85
DL Duke 34544 0-20 0.48 0.03 0.48 0.10 0.16 0.10 9593 276 0.0 0.01 99.96 1.54
bt Duke 34545 20 - 35 325 0.02 0.79 0.10 0.37 0.02 86.24 9.32 0.01 0.0t 100.00 367
DL Duks 34546 35 - 60 10.29 0.02 1.10 0.10 0.68 .02 64.13 2377 00} 0.0} 100.00 8.86
oL Dukse 34547 60 - 80 10.82 0.02 1.01 Q.10 0.75 0.02 6052 2728 004 [4X 43} 100.46 967
DL Duke AVERAGE 6.21 0.02 .85 0.10 0.49 0.04 76.71 15,76 0.02 G.01 10011 5.94
FL Findlay 34509 AZ 5.08 0.09 0.76 5.47 1.02 0.07 6268 17.79 281 425 160.00 6.20
FL Findley 34510 B82hir 555 0.06 1.15 .23 0.98 0.11 67.45 16.80 1.77 2.90 100.00 12.12
FL Findley 345t B3 865 0.11 0.88 0.61 1.34 G.17 61.67 22.31 369 218 101.61 11.61
FiL Fingigy AYERAGE 6.43 .09 0.93 310 [IRR! 0.12 6393 18.97 276 311 100.54 9.98
FS Florida A 0.10 0.0 G.33 0.02 0.01 0.02 99.91 0.66 0.01 0.0} 101.08 2.14
FS Fiorida £ 0.07 Q.01 0.30 0.01 0.01 $.02 96.62 070 0.01 0.2 37.96 0.37
FS Florida [ 4] 0.09 g0l 0.36 0.01 0.0! 0.04 10030 092 0.01 0.18 101.93 0.34
FS Florids Bh 0.13 0.0t 0.34 0.01 0.01 0.02 99.95 1.22 0.01 0.10 101.80 1.99
£S Florida Bt 0.12 001 0.32 0.05 0.01 0.02 98.17 1,22 0.0t 0.08 100.01 3
FS Fiorida [ 0.36 .01 0.70 0.05 0.01 £.05 92,45 830 0.01 0.20 100.04 2.17
FS Florida AVERAGE 015 .0t 0.39 0.03 0.01 0.03 97.90 1.82 0.0 013 100.47 1.69
HF Huntington 34549 Bst 7.80 0.09 1.53 3.21 4.4 0.15 64.52 15.14 1.56 1.90 100.00 7.87
HF Huntington 34516 Bs2 7.12 0.08 1.44 3.19 .88 0.20 6446 15.41 1.75 2.47 100.00 .70
HF Huntington 34517 8s3 7.1 0.08 1.40 3.68 4.03 0.19 64.90 14.76 1.65 2.20 1060.00 3.4%
HF Huntingion 34518 C 6.93 0.08 1.46 4.14 4.04 0.15 65.12 13.45 1.88 2.75 100.00 1.12
HF Huntington AVERAGE 7.05 0.08 1.43 367 3.98 0.18 64.83 1454 1.76 2.47 100.00 3.42
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—IFS Bulk Soll Chemistry / Wt & Oxides

Site Code Forest Code # Hor izon Fo203 [ MnO [ Ti02 | Ca0 | K20 [ P20S [ Si02 [AI203 [ Mg0 | Na20 | Totel | LOI
MS Maine £ 1.00 0.02 0.9¢9 0.28 1.25 0.02 9042 572 0.06 0.83 100.59 243
MS Maine 8 5.64 0.03 0.78 0.84 2.06 0.06 7502 1297 070 1.90 100.00 10.40
MS Maing Bs{(2cm) 8.11 0.03 0.88 0.81 1.94 007 7322 1260 061 1.71% 99.98 1354
MS Maine Bs{5cm) 6.96 0.03 0.78 0.89 1.98 0.11 7140 1358 073 1.54 98.00 12.34
MS Maine AYERAGE 6.90 0.03 0.81 0.85 1.99 0.08 7321 1305 0.68 1.72 99.33 12.09
NS Norway A283S11 8s 3.94 0.08 0.58 1.23 .81 0.29 7913 G983 0.87 1.43 99.19 4.07
NS Nor way A253511 BC 387 0.04 0.58 1.55 220 0.30 7656 10.80 1.46 1.75 101,11 2.56
NS Norway A283511 C 4.11 0.05 0.59 1.53 2.34 030 7645 1095 155 1.82 99.73 217
NS Norway A254510 E 1.89 0.04 0.58 1.10 1.62 0.33 8258 845 0.59 1.49 98.67 7.83
NS Norway A254510 Bs 3.67 0.09 0.52 1.04 1.85 0.33 81.16 988 0.82 1.43 100.79 375
NS Norway A254510 BC 3.58 0.03 0.49 1.24 213 029 7924 1039 1.23 1.88 100.50 2.29
NS Norway A254510 C 3.43 0.03 0.45 1.08 2.26 029 7877 10.04 133 1.42 99.10 2.02
NS Norway A4R1G1IG2 E 2.40 0.03 0.59 1.22 1.73 0.39 8253 880 0.84 1.48 100.01 9.87
NS Norway A4R16162 Bs 3.64 0.12 0.56 1.24 1.87 0.38 79.74 1002 .13 1.32 100.02 4.39
NS Norway A4R1G1G2 BC 3.49 0.03 0.48 1.21 2.07 0.30 7864 1011 1.40 1.76 99.49 2.82
NS Norway AVERAGE 3.40 0.05 0.54 1.24 1.99 032 79.68 993 1.12 1.58 99.86 4.18
LP Oak Ridge 3601 Ap 8.82 0.16 1.00 0.03 2.95 0.2 6990 16.14 0.63 0.15 99.99 6.60
Ltp Oak Ridge 3602 B1 9.49 0.07 1.08 0.06 3.57 0.18 6527 1937 0488 0.24 100.18 6.08
LP Oak Ridge 3603 B 9.92 0.02 1.14 0.09 4.04 0.16 61.27 2240 088 0.10 100.02 6.76
LP Oak Ridge 3604 Ap 3.87 0.24 0.99 0.14 113 0.15 8393 6.93 0.15 0.19 97.72 4.05
LpP Oak Ridga 3605 A 4.03 0.22 0.98 0.10 1.12 0.17 8879 726 0.04 0.24 102.85 3.36
LP Oak Ridge 3606 B 3.17 0.11 1.09 0.11 1.14 0.09 8414 816 0.18 0.09 98.28 3.32
LP Oak Ridge AYERAGE 6.55 0.14 1.05 0.09 2.33 C.16 7555 1338 0.46 6.16 99.84 5.03
53 SM Becking 3609 A 6.67 0.06 1.32 0.10 2.40 0.2¢ 7432 1633 036 1.19 10294 28.68
53 SM Becking 3610 8 6.71 0.06 1.20 0.10 255 0.17 7300 1489 049 0.94 100.01 10.86
$S St Becking 3611 c 5.95 0.12 1.01 0.10 3.02 0.13 7266 1597 1.02 1.23 10111 4.83
SS SM Becking 3615 A 5.17 0.04 1.31 0.10 2.85 0.21 76.46 13.89 0.27 1.38 101.28 16.09
SS SM Beacking 3616 8 4.17 0.04 0.97 0.10 2.22 0.12 7877 1058 022 1.68 98.77 5.03
S5 SM Becking 3617 c 5.44 0.08 1.08 0.10 2.65 0.12 7462 1386 069 1.45 99.99 512
S5 SM Becking 3618 8.48 0.1t 1.22 0.10 5.14 0.15 6247 20.21 1.56 0.46 99.80 5.64
58 St Becking AYERAGE 6.08 0.07 1.16 €.10 2.93 0.17 7319 1510  0.66 1.19 100.56 10.89
SB Sit Beach 3619 A 9.09 0.48 115 0.190 3.40 0.44 6704 175} 052 0.69 99.96 16.98
SB SM Beach 3620 8 9.02 0.40 1.16 0.10 3.22 0.31 67.31 1744 053 0.62 100.01 9.10
S8 St1 Beech 3621 8C 8.93 0.38 1.12 0.10 3.20 0.24 6566 1737 0.87 0.73 98.50 7.59
SB SM Beech 3622 A 8.02 0.28 1.19 0.10 2.56 049 7174 1665 054 0.61 101,08 26.76
S8 SM Beech 3623 81 793 0.27 1.16 0.10 2.60 0.29 6957 1513 048 0.65 98.09 11.03
SB SM Besch 3624 B 8.23 0.23 1,15 0.10 2.63 025 6850 1637 0.82 0.62 98.80 8.45
SB SM Besch AVERAGE 8.54 0.34 1.16 0.10 2.94 034 6830 1658 063 0.65 99.41 13.32
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— IFS Bulk Sel Chemistry / Wt % Oxides

Site Code Forest Code * Hertzen Fe203 | Mn0 | TI0Z | Ca0 | K20 | P205 | 5102 JAI203 | Mg0 | Ma2D | total | LO
5T SM Tower 3627 Att 6.75 0.07 1147 0.10 2.43 0.15 7126 1409 0.78 1.38 98.09 15.75
ST SM Tower 3628 Al2 727 0.07 1.18 0.10 296 0.18 7231 1604 073 1.32 10202 1492
ST St Tower 3629 81 6.80 0.07 1.06 .10 294 6.15 7101 1545 069 1.28 99.45 11.24
5t St Tower 3630 B2 6.52 0.10 1.04 0.10 3.00 0.12 7283 1824 L.17 1.22 102.25 6.53
ST 5™ Tower 3634 Al 3.09 0.05 117 0.10 247 0.16 79.35 1279 015 1.08 100.00 2574
51 Sit Tower 3635 AB 3.73 0.05 117 0.10 2.19 0.07 7846 1203 007 090 98.67 8.33
St SM Tower 3636 A2 6.11 0.06 1.14 0.10 2.20 0.1 7377 1281Y 022 1.33 97.75 10.29
ST SM Tower 3637 B1 6.21 0.06 V.07 0.10 2.23 0.16 7451 1401 068 1.13 100.00 8.97
ST SM Tower 3638 B2 6.24 0.10 1.06 0.10 2.41 0.08 7228 1516 1.0% 114 99.48 6.82
ST St Tower 3639 B 350 0.08 0.96 0.10 .74 06.tf 815t 1251 043 0.53 101.77 4.27
ST S Tower AYERAGE 5.66 .07 110 0.10 2.43 012 7473 141t 0%9 113 99.95 11.29
Df Thompson DF 34501 Al 5.64 0.24 0.97 3.23 1.12 0.32 6950 1435 189 274 100.00 18.63
DF Thompson DF 34503 B2t 6.46 0.15 0.92 3.00 1.14 0.23 67.98 1753 220 296 102.59 7.73
DF Thompson DF 34504 B22 6.14 0.10 0.89 2.69 111 0.14 6655 t7.44 239 255 100.00 6.14
DF Thompson DF AVERAGE 5.08 0.16 0.93 2.97 1.2 023 680! 1644 216 275 100.86 10.83
RA Thompson RA 34505 At 6.78 0.25 0.99 2.97 116 0.28 6605 1803 228 2.62 101.41 27.96
RA Thompson RA 34506 A2 6.10 0.23 0.96 3.13 1.02 032 67.82 1584 226 232 100.00 12.27
RA Thompson RA 34507 B2t 6.80 0.19 0.97 2.88 .14 0.20 6S.01 1847 260 256 100.82 14.80
RA Thompson RA 24508 B22 6.46 0.14 0.94 3.02 115 0.16 6802 17.35 254 253 102.31 10.63
RA Thompson RA AVERAGE 6.54 0.20 0.97 3.00 1.12 0.24 6673 1742 242 2.51 101,14 16.39
TL Turkey Lake 34519 Bft 1 7.66 0.07 0.81% 3.1 1.91 0.13 67.43 13384 175 3.13 100.00 11.80
L Turkey Leke 34520 B2 5.38 0.07 .63 3.20 1.76 0.07 6966 1546 199 3.6t 101.83 3.30
TL Turkey take 34521 B 5.26 0.07 0.65 3.39 .83 0.08 70.15 1519 233 3.9% 102.90 673
TL Turkey Lake 34548 Bf 4.34 0.07 0.55 3.45 1.83 0.08 70.81 1441 1.99 3.54 101.06 3.02
Tt Turkey Lake AYERAGE 5.66 0.07 0.66 3.29 1.83 003 6953 1475 202 3.56 101.45 7.7
FT Waiker Branch 34553 A2 1.67 0.04 0.89 0.01 0.25 0.31 9257 387 0.01 0.42 100.02 2.48
T Watker Branch 34554 B 267 0.03 0.92 0.10 0.38 0.02 9097 502 0.01 0.01 100.00 2.41
FT Watker Branch 34855 B22t 351 0.03 0.90 0.10 0.44 0.04 8773 734 0.0V 0.01 100.00 3.12
TK Watker Branch 34556 Ap 1.54 0.10 1.08 0.10 0.47 0.03 917t 452 0.0t .01 99.51 3.93
119 Waiker Branch 34857 B1 1.68 0.06 1.67 C.10 0.48 0.0t 91.88 469 0.0t o1z 100.00 3.09
1K Walker Branch 34558 B2 2.81 0.04 1.09 0.10 0.52 0.02 8954 596 Q.01 0.01 100.00 2.92
1K Walker Branch AVERAGE 231 0.05 0.99 0.09 0.42 008 9073 523 0.01 0.10 99.92 2,99
WwF Whitefecs 34529 fF 4.65 0.15 1,05 5.25 2.55 118 6989 1215 174 139 100.00 8459
wr Whitsfece 34530 Bup 5.94 0.05 1.19 4.10 223 0.13 6929 1352 190 1.65 100.00 14.81
\il1 Whitefacs 34531 Blo 5.56 0.06 1.62 4.69 2.13 0.14 67.37 1483 220 203 100.00 10.15
WF Whitefsce 345832 Bup 5.27 0.06 1.20 3.78 2.45 0.19 7253 1335 152 1.9t 102.26 17.36
wF Whiteface 34534 8lo 5.68 0.08 1.20 4.97 2.24 0.14 6769 1384 238 1.77 100.00 8.27
WwF Whiteface 34535 c 4.66 0.06 0.95 5.70 232 010 67.76 1446 271 2.24 100.95 3.52
WF Whiteface 34837 Bup 4.27 0.05 1o S.ti 2.14 048 63.36 19.19 174 254 93.98 24.34
wF Whitefecs 34538 Blo 5.48 0.08 1.06 5.53 212 0.21 6457 17.57 249 2.38 101.50 13.31
WF Whiteface 34539 ¢ 5.94 0.07 1.24 5.80 2.14 0.12 65.82 1413 300 2.0t 100.27 4.93
Wt Whitsfece AYERABE $.27 0.07 [RR 4.99 2.26 030 6759 1478 219 1.9% 10055 20.14

*averages ars unweighted for sotl hor fzon thicknesses




Summary of Rhizosphere Studies

The mineralogy and chemistry of forest soils from six IFS sites in the
northeastern and southeastern United States were determined using X-ray
diffraction, X-ray fluorescence, and scanning eleciron microscopy with
energy dispersive spectrometric capabilities. Special attentiion in this study
was given to the nature of rhizosphere soils whose proximity to root surfaces
exposes them to unique biotic influences.

Results of the chemical and mineralogical analyses showed that
southern soils are more extensively weathered than northern soils and
contain greater amounts of clay material and significantly greater guantites
of advanced weathering products such as gibbsite and kaolinite. Additionally,
iotal base cation concenirations in southern soils are approzimately half those
recorded for northern soils. These regicnal differences in soil characteristics
that exist between northern and southern sites are primarily determined by
differences in climate, parent material, and glacial history .

Examination of the rhizosphere soils revealed that mineral grains
within this area of soil are affected mechanically, chemically and
mineralogically by the invading root bodies. In SEM/EDS analyses,
phylosilicate grains contiguous to roots commonly align with their long axis
tangential to the root surface. Numerous mineral grains were also observed
for which the edge abuiting a root surface is significantly more fractured
than the rest of the grain. Both the alignment and fracturing of mineral
grains by growing roots influence pedogenic processes within the
rhizosphere by exposing greater quantities of mineral surface area 10
weathering processes operating in the root-zone microenvironment.
Chemical interactions between roots and rhizosphere minerals include
possible preferential dissolution of mineral grains adjacent to root bodies, and
biomineralization of amorphous aluminum oxide /hydroxides, opaline and
amorphous silica, and calcium oxzalate within the cells of mature roots.
Mineralogical analyses using X-ray diffraction techniques, indicate that
kaolinite in the rhizosphere has a higher thermal stability and is better
crystallized than kaolinite in the bulk forest soil. In addition, XRD analyses of

clay minerals from one of the southern sites showed a sharp 10A peak for
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TAT FT1H P o
ANALYSES
IN PROGRESS
SITE AT AMP OR _COMPLETED
Coweeta CP Summer 1987 yes
Coweeta CH Summer 1987 yes
Duke LP Summer 1987 yes
Oak Ridge Summer 1987 yes
Smoky Mtins. SB Summer 1987 YES
Smoky Mtns. ST Summer 1987 YES
Huntington HF Fall 1987 yes
Whiteface WF Fall 1987 , yes
Findley Lake FL Summer 1988
Thompson DF Summer 1988
Thompson RA Summer 1988 1989
Turkey lLakes TL Summer 1988 [
Norway NS Fall 1988 |

\_ | /
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micas adhering to root surfaces indicating that these micas are well
crystallized and, therefore, contain sufficient structural potassium. By
contrast, diffuse 10A mica peaks, characteristic of weathered, potassium-poor
illites, were noted for rhizosphere and bulk forest soil clays from the same site.
Pnyllosilicate weathering studies focused on biotite because of its
abundance in these soils and its propensity toward chemical alteration.
SEM/EDS analyses using quantitative analvsis programs showed biotites in all
sites to weather along grain boundaries and cleavage surfaces by potassium
loss and increases in (octahedrally-coordinated) aluminum, structural water
and hydroxyl ions. In addition, altered biotites in southern soils are depleted
in magnesium. Biociite weathering schemes in northern soils proceeded
through mixed-layer biotite/vermiculite to vermiculite and ultimately to
smectite in some upper soil horizons. By contrast, biotite alteration in
southern soils progressed through vermiculite to kaolinite and finally, to a
gibbsite precipitate, Biotite was also observed to change direcily to kaolinite

in some southern soil samples.

Rhizosphere Studies - Conclusions to Date

To date, studies of the mineralogy and chemistry of bulk forest soils and
rhizosphere soils from six of the IFS watersheds in the eastern United States

have led to the following conclusions:

1) Significant differences exist between northern and southern soil
mineralogy and chemistry which primarily reflect differences in parent
material, climate, and glacial history.
a) Bulk mineralogy principally reflects the composition of
parent materials, both bedrock and glacial detritus.
b) Clay mineralogy is largely indicative of the extent of
weathering that has occurred. Clay analyses from this
study reveal that southern soils are distinctly more
weathered than northern soils.
¢) Bulk soil chemistry reflects both the parent material
conient and the extent of soil weathering, and
complemenis the mineralogical findings.

132



2) Root-soil interactions change the character of the mineralogy

(especially clay mineralogy) in the rhizosphere, suggesting that
pedogenic processes differ in the root zone from those operating
in the bulk forest soil.

a) Mechanical effects of the root on adjacent mineral grains

are thought to expose greater amounts of fresh, mineral

material to the weathering regime of the rhizosphere.

1) Fracturing of mineral grains was commonliy

2)

observed in areas of the grain that abutted root
bodies.
Tangential alignment and bending of phyllosilicate

minerals was noted [requently.

b) Chemical effects

1) Dissolution of a few mineral grains was suggesied by

2)

3)

replication of the shape of the root surface by an
adjacent grain edge that faced it.

Biomineralization of amorphous aluminum
oxides/hydroxides, opaline and amorphous silica, and
calcium oxalate was common in the cells of mature
root bodies.

No chemical gradients with respect to proximity to root
surfaces were observed by the analytical methods
employed in this study.

c) Effects on rhizosphere mineralogy

1)

Greater thermal stability of rhizosphere kaolinite
compared to bulk soil kaolinites indicates that the
former was better crystallized. Mechanisms

suggested for this enhanced crystallinity include:

1) recrystailization due to a more intensive weathering
environment within the rhizosphere, and

2) interference by organic ligands causing more
aluminum to remain in a form that is available for
kaolinite f{ormation.
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2) Weathered micas (i.e., illites) within the rhizoplane
were polassium-saturated in conirast to those within
rhizosphere and bulk forest soils. Interference by

polyvalent cations, especially aluminum, is favored as
the causal mechanism because aluminum compounds
are found precipitated within the peridermal
cells of these roots and because transpiration
raies, in this region, are not expected 1o be greater
than potassium uptake rates throughout the
majority of the year,
3) Biotites weather more rapidly than muscovites in these soils
and are, therefore, a more important source of potassium for
plant nutrition,

4) Biotites weather by the following reactions:
Northern Soils

biotite — (mixed- layer biotite/vermiculite) - vermiculite
Southern Soils
biotite = mixed-layer biotit /vermiculite —
-+ vermiculite — kaolinite —+ gibbsite
or

biotite — kaolinite ~+ gibbsite
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5.2.3

Mineral Weathering at the IFS Sites

A Progress Report

February, 1989

Robert M. Newton
Department of Geology
Smith College, Northampton MA 01063

INTRODUCTION

Mineral weathering is being evaluated at
the IFS sites using two different approaches.
The first involves the physical characterization
of the soils. In this part of the study important
variables such as grain-size distribution, the
abundance and composition of the heavy
mineral, light mineral, and clay mineral frac-
tions are being determined. These variables
are a measure of the overall weathering poten-
tial of the soil. In addition, the chemistry of
the weatherable minerals together with the
chemistry and mineralogy of the secondary
weathering products (clay minerals) provides
the stoichiometry of the weathering reactions.

An experimental approach is being used
to estimate the actual weathering rates at each
of the IFS sites. Soil samples are being
leached with a series of acidic solutions to
determine the relative release rates of base
cations and silica. The results of these experi-
ments will be used together with the stoi-
chiometry of the weathering reactions deter-
mined in the characterization work to calculate
the weathering rates of the various minerals in
the soil. The hydrogen ion dependency of
these reactions will also be determined. Itis
planned that the results of these experiments
will be integrated with D. Richters work in
order to determine the relative importance of
weatherning and cation exchange in neutraliz-
ing acidic inputs.

Mineral Weathering Page 1

Site
[#5]
[V

PHYSICAL CHARACTERIZATION

Grain-size distributions have been deter-
mined for samples from all the IFS sites. The
sites fall within two basic categories; the
glaciated soils, which are generally rich in sand
and poor in clay, and the non-glaciated soils,
which generally have higher concentrations of
clay-sized material (Figure 1). In contrast, the
percentage of heavy minerals in glaciated soils
is generally much higher than those in non-
glaciated soils (Figure 1). Sites located on
steep slopes are exceptions to this rule. In
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Figure 1. The glaciated sites tend to have more heavy
minerals and less clay than the non-glaciated sites. This
reflects the immaturity of the glaciated soils,
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Figure 2. The relative concentration of heavy minerals,
orthoclase feldspar, plagioclase feldspar and quartz at
some of the IFS sites. Note the difference between
glaciated and nonglaciated sites.

Coweeta, for example, one of the sites has an
average of more than 16 percent heavy miner-
als.

The low concentration of clay-sized
material at the glaciated sites reflects the
immaturity of these soils. The recent retreat of
Pleistocene glaciers approximately 15,000
years ago means that there has not been suffi-
cient time for mineral weathering reactions to
have produced a lot of secondary clay miner-
als. The relatively high concentrations of
heavy minerals in these soils also reflects there
immaturity. Although not all heavy minerals
are weatherable, the vast majority weather
more rapidly than the more abundant light
minerals. In contrast, the unglaciated southern
soils have developed over a much longer
period of time, thus, the weatherable heavy
minerals have been removed leaving behind
abundant secondary clay mineral weathering.

The light mineral fraction of many of the
IES sites has been examined by scanning

Mineral Weathering Page 2

electron microscopy (SEM) coupled with an
energy dispersive x-ray spectrometer (EDS).
The relative abundance of quartz, plagioclase
feldspar, and potassium feldspar has been
determined (Figure 2). In addition the average
chemical composition of the plagioclase
feldspar has been measured. The chemical
composition of the abundant heavy minerals is
currently being measured using these tech-
niques. Many times it is possible to see evi-
dence of weathering of different minerals by
observing their surface morphology under the
SEM.

This data can be combined with the miner-
alogy and chemistry of the clay mineral frac-
tion collected by R. April to produce a series of
stoichiometrically correct mineral weathering
reactions for the important minerals at each of
the IFS sites. The relative importance of
mineral weathering in producing base cations
can then be determined for each site.
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Figure 3. Column leachate chemistry from the Douglas Fir site at Thompson Forest as a
function of time. Note the very high flux rates at the beginning of the experiment.

Experimental Studies

A series of column experiments are being
run in order to quantify the release rate of base
cations due to primary and secondary mineral
weathering. The columns are 3.5 ¢m in diame-
ter, approximately 25 cm long, and are filled
with B horizon soil. Each column goes
through a sequential leaching with deionized
water, pH 4 and pH 3.44 sulfuric acid solu-
tions. Approximately 5 liters of each solution
is passed through the columns over a period of
25 days. The leachate is analyzed for; pH, Ca,
Mg, Na, K, SiQ,, SO,, and NO,.

Figure 3 shows the characteristic trends of
base cation and silica flux as a function of time
for the Thompson Forest column. Initially the
columns leach very high amounts of base
cations and silica, presumably produced by
weathering which occurred within the soil
since the last flushing event. The flux contin-
Mineral Weathering Page 3
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Figure 4, The close corralation between silica and
calcium in the Thompson Forest column indicates that
most of the calcium comes from weathering.



Important Weathering Reactions at Thompson Forest

Feldspar

Ca Na (S1,,Al )O, + 1.32H + 1.32H,0 — 0.32 Ca” + 0.68Na- + 1.32A1(OH), +
2.68Si0,,

Epidote

Ca,ALSi,0,(OH) + 4H: + 2H,0 ——» 2 Ca* + 3AI(OH), + 38i0,

Hornblende
Na K ,CaMg Fe “Fe~Si Al,O,(OH), + 16H-
Fe? + 6Si0,, . T 2AlI0H), + 6H O

ues to decrease into the pH 4 treatment. The
pH 4 treatment did not appear to stimulate
much additional weathering, perhaps because
there was very little change in soil water pH.
With the application of the pH 3.44 solution
there was some increase in the Ca and SiO,
flux, but the other base cations remained
unchanged.

Preliminary interpretation of these results
suggests a relatively high weathering rate in
the glaciated soils. This is particularly true for
the Douglas Fir site at Thompson Forest,
Washington. Considerable amounts of base
cations were released from this soil. Based on
the remarkably good correlation between base
cations and silica (Table 1), it appears that
virtually all these base cations came from
mineral weathering (Figure 4). The mineral
characterization work reveals three potential
source minerals for the bulk of the base cations
at this site. These minerals are; plagioclase
feldspar, epidote, and hornblende. The stoi-
chiometry of these three weathering reactions
can be used to predict the ratio of base cations
to silica released by weathering and these
values can be compared with the observed
values. A series of simultaneous equations can
be written relating the release of base cations
to the weathering of each mineral. The
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» 0.5Na- + 0.5K+ + 2Ca* + 2Mg= + 2Fe* +

Table 1
Relationships Between Base Cations
and Silica

Thompson Forest (DF)

Mg = -2.86 + 0.22Si0, rr= 0.78
Ca=0.616 + 0.38Si0, rr = 0.80
K =-1.64 + 0.22Si0, rr = 0.84
Na =0.114 + 0.058Si0, rr =0.62
Whiteface Mountain
Mg = 0.115 + 0038Si0, rr= 0.087
Ca=1.03 + 0.535i10, = 0.65
K =0.371 + 0.035Si0, 12 = 0.48
Na = 0.810 + 0.064Si0, rr = 049
Smoky Mountains
Mg =1.92 + 0.11Si0, rr= 0.28
Ca =241 + 0.38Si0, rr = 0.94°
K =3.55 + 0.26Si0, rr = 0.45
Na = -0.41 + 0.20Si0O, 2 = 0.92°

* These samples were leveraged by a single data point
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solution of these equations gives the amount
each mineral contributes base cations from
weathering. For Thompson Forest, epidote
weathering is most important with hornblende
and plagioclase feldspar secondary in impor-
tance.

Summary

The mineral characterization work shows
that the glaciated sites are distinctly different
from the nonglaciated sites both in their grain-
size distribution and in their mineral composi-
tion. In general, soils in the glaciated sites are

Mineral Weathering Page 5

sandy and contain abundant weatherable
minerals, while the non-glaciated sites are
clay-rich and in many cases lack any signifi-
cant amounts of weatherable minerals. On this
basis alone it can be concluded that for at least
some of these sites (the Florida site for ex-
ample) there are no base cations contributed by
mineral weathering from the B horizons. In
contrast, some of the glaciated sites appear to
have very high mineral weathering rates.
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5.2.4
Final Report Rob Harrison, Dale Johnson, and Don Todd.

Task B2: Sulfate Adsorption and Desorption Reversibility Studies.

ABSTRACT Subsurface soil samples were collected from 20 forest sites of differing soil and cover type, atmospheric deposition history and
physiographic location. Samples were analyzed for § pools, sulfate adsorption capacity, desorplion reversibility and associated soil properties
inorder to compare therelative 8 chemistry and sulfate retention capacities of the sites. Sulfate adsorption capacity was determined by sequential
equilibration of air-dried soil samples with a percolating solution of 0.25 mM CaSO,, and desorption reversibility by leaching both sulfate
saturated and untreated soil samples with deionized water. Phosphate extractable sulfate was measured at the end of each series of equilibrations
as a means of estimating irreversibly adsorbed sulfate.

INTRODUCTION The input of certain anions (notably sulfate and nitrate) and associated acidity from the atmosphere has been hypothesized
to increase cation leaching from soils to ground and surface waters in some forest ecosystems. Many factors may influence ecosystem response
to acid inputs, including vegetation and soil factors, topographic factors, and natural and man-caused factors such as land use and fire. The
mobility of sulfate has received considerable attention because net sulfate retention by soils can result in reductions in cation leaching. Where
an equivalent displacement of OH- or other anion does not occur during the sulfate retention process, cations are coadsorbed with sulfate. The
generic term "sulfate adsorption” has been given to the variery of inorganic processes whereby sulfate is retained by soil from a solution, whether
this retention results in a stoichiometric displacement of another anion or not.

Soils that exhibit a substantial amount of sulfate adsorption are considered to be resistant to accelerated cation leaching, whereas soils
that do not adsorb sulfate are more susceptible. Sulfate adsorptionis concentration dependent; that is, when the ambient concentration of sulfate
in water equilibrating with soil is increased, the amount of sulfate a given soil will adsorb also increases . Many forest ecosystems, particularly
in the Northeastern U.S. and some parts of Canada, are presently subjected 1o much higher sulfate loading compared to pre-industrial levels,
and considerable effort has been made to evaluate the potential sulfate adsorption properties of these soils. Results have shown that many forest
ecosystems retain additional sulfate with elevated sulfate input levels and ambient solution concentrations, though the variety of methodology
utilized has made comparisons between studies difficult.

The net effects of increased sulfate inputs on soil solution chemistry for sulfate adsorbing and nonadsorbing soils is shown in Fig. 1. In
sulfate adsorbing soils the increase of soil solution sulfate (and associated cations)
is reduced over time until the soil becomes saturated; whereas in the nonadsorbing

osdsrmion inpuds m ouputs soil the sulfate concentration increases immediately.
“revorsibla®

Air pollution reductions in many regions have resulted in a decrease in
sulfate inputs, and the effect of decreasing sulfate depositionlevels on soil solution

&
g

5 \ ,’2";;'3,";—* “;”mm chemistry is largely unknown. The degree to which sulfate adsorption is

fg reversible is animportant consideration in projecting recovery of acidified surface

® — waters and acidified soils to pre-acidified levels following decreases in

compleely ievordla atmospheric deposition. Reductions in ambient sulfate concentrations of

asa comass solutions in forest ecosystems would be prolonged considerably if sulfate (along

R with an equivalent quantity of acidic and basic cations) desorbs from acidified

Fig.L. Paths of soil solution sulfate concentration with and without soils once atmospheric inputs decrease, whereas large decreases in sulfate

adsartion following deposition increascs, and showing a varicty of concentrations could be virmally instantaneous if sulfate does not desorb, or

sulfate reversibility responses following deposition decreases. desorbs very slowly. The neteffects of varying degrees of reversiblity of sulfate

adsorption following a reduction in inputs is shown in Fig. 1.

PROCEDURES Sulfate adsorption, desorption and desorption reversibility was
measured by use of a constant-rate vacuum extractor. Two leaching sequences

were followed with an influent rate of 1.4 cm hr' (25 g soil loosely packed in a 4 ﬂ
cylinder 2.5 cm in diameter). Each sequence was followed in order: the sulfate from 1] e FiodleyLaks B
a soil sample (with 3 replications) was desorbed with deionized water (procedure 5] o D ay _J

"1a") and then exiracted with phosphate solution ("1b"). il ‘ﬁ%ﬁm

1

]
1 1 g 200
f. Solusion concamranion (nM sulate)

A separate soil sample (with 3 replications) was treated first with 0.25 mM 0

CaSOs (procedure "2a™) until saturated, then sulfate was desorbed with deionized

udsarbed sulfste (mmolk g)
—mE— cesorbed - wdsorbed e
o

1
water ("2b"), and finally extracted with phosphate solution ("2c"). A measure of 2 2774 fopu concentration
the reversibility of sulfate adsorption is calculated by making two comparisons: 1) "% ‘[ " 025 mMnilie
by the difference in phosphate extractable fractions, and 2) by comparing the 41
desorpuon of sulfate following the adsorption treatment with sulfate desorplion ‘\N
from the untreated soil. Comparisons are as follows: n \ﬂl
Irreversibly adsorbed sulfate = "2¢" - "1b" 1] Rt T
= "2a" - ("2b" - "13") 2] Fig.2: Sulfate adsorption, desorptivn, and extraction sequences for

Findley Lake Bs and Duke Bt soil horizons.

Thus, an overall evaluation of the conservation of sulfate during the
sequences of these equilibrations can be made by comparing irreversibly adsorbed
sulfate calculated by the use of Eq. [1] with that calculated by Eq. [2].
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RESULTS A total of 31 out of 36 soil horizons studied adsorbed some sulfate. The Findley Lake Bs soil, for instance, adsorbed 5.0 mmol
fkg (Fig. 2; Tab. 1). Levels of soluble sulfate in the Findley soil were very low; it did not support a solution concentration above 0.025 mM.
Native insoluble sulfate was alsorelatively low (0.7 mmol/kg). The Duke Bt1 soil horizon had much higher levels of native soluble sulfate (3.53
mmol/kg), and native insoluble adsorbed sulfate (7.6 mmol/kg), but still adsorbed 1.8 mmol/kg from solution.

Tab. 1—Selected soil properties and sulfate adsorption data for the sites.
ol sofl total oxalate e ads0rption studies ceeeeeee e
Site Vegetation  horizon pH (o Al 2a b1 2 1a 1h
mmolkg

Onk Ridge Loblolly pire: B1 52 182 67 42 246 335 986 o7
Osk Ridge Chestnut Osk BI 4.7 13 36 37 145 169 118 25
'} Oak Ridge Chestmat Oak B2 48 13 37 s 1.26 182 .50 194
Osk Ridge Yeliow Poplar B1 5 23 41 ~15 40 08 A 11
Osk Ridge Yeliow Poplar B2 5 23 41 03 62 82 92 42
Camp Branch  White Oak B 4.7 - 59 S0 116 54 a9 30
Camnp Branch  White Qak i 4.9 - 48 138 134 182 67 1.14
Cxop Branch.~ White Ok <2 k) - &7 7.22 5.08 510 10 302
Smoky Mus. Red Spruce 1 B 41 3017 170 31 88 32 1.08 20
Staoky Mis.  Red Spruee 1 C 47 07 145 A7 97 7 49 15
Smoky Mis. Red Spruce 2 Bl 43 2853 182 030 224 58 260 89
Swoky Mis. American Beech A 4 5290 133 -76 86 37 1.62 27
Semoky Mts. Armerican Beech B 4.6 2190 170 28 121 S4 1.20 44
Smaoky Mits. American Beech  BC 438 1404 US 84 330 595 2.26 5.90
Cowecta Oak-hickory Bt 53 - 37 134 190 192 135 1.07
Coweeta ‘White Pine Bt 56 375 59 267 256 270 56 191
Cowoeta White Pine BC 58 167 41 389 233 3.0 10 146
Duke Forest Loblolly pire B1l 48 214 63 178 379 9.29 3.58 762
Duke Forest Loblolly pina C 48 114 67 278 531 11.90 362 1030
BF. Gract Loblolly pine Bt 52 263 47 3.09 222 3.98 00 3.00
B.F. Geant Loblolly pine BC 52 75 51 6.39 4.65 549 o0 369
Fleride Siash pinc Bt 46 180 51 1.00 80 Ny 31 58
Plocida Slazh pinc C 42 102 32 93 70 37 .00 34
Maing Rod spruce Bs 42 - 803 1.05 a7 222 .00 215
Coudar River Red Alder 821 51 6524 778 231 219 36 29 14
Cedar River Red Alder B22 52 4033 826 193 1.A5 67 A4 39
Codar River Douglas-fir B21 56 2159 730 3.18 240 331 87 147
Cadar River Douglas-fir B22 55 1191 83 242 353 268 79 1.19
Fodley Lake P, Silver fir Bs 46 5402 1012 497 317 268 00 o4
Whiteface Mt Red Spruce Bap 48 5436 663 b4 1.16 49 62 43
Hootington For.  Sugar muagple Bal 49 2787 693 154 189 123 £3 a0
Turkey Lakes  Suger mapie BfL.1 4.6 4291 26 124 158 62 63 29
Turkey Lakes  Sugsr mmpie B2 49 3281 493 82 134 41 49 33
Turkey Lakes  Suger maple BI 49 245 400 s 9 39 23 37
Neway Norway Spruce Bs 48 15 128 -4 13 36 193 83
Norway Norwey Sprace BC -] 78 123 -28 94 178 132 1.66

Several soil properties appeared to be correlated with observed sulfate
adsorption. The concentration of oxalate extractable Al was most closely
correlated with sulfate adsorption for Spodosols and Inceptisols. This observation
has been seen in several previous studies. For instance, Fig. 3 shows the
relationship between sulfate adsorption and oxalate extractable Al. Very
noticeable in this figure is the lack of high levels of oxalate Al in the weathered
Ultisols despite a wide range of sulfate adsorption. The observed sulfate
adsorption vs Al relationship for Inceptisols and Spodosols are plotted together in
the figure (1% = 0.68).

No clear relationship between sulfate adsorbed and total C was seen in this
study. As in the comparison of sulfate adsorbed vs Al above, there was a sharp
distinction between Ultisols and the other soils analyzed in the study. A highly
variable positive relationship between sulfate adsorption and pH was seen, which
is in contrast to what has been seen in several other studies.

T T
0.0 0.1 02 0.3 04 0S5
lab column sulfate

Fig. 4. Comparison of average lysimeter concentration of
sulfate with laboratory control concentration.

limited.
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Subsoil horizons showed sulfate adsorption
ranging from-0.4 10 7.2 mmol/kg (Tab.1). There wereno
consistent pattems in observed sulfate adsorption
between soil horizons within the same site. In general,
native sulfate levels (soluble and insoluble) increased
with soildepth. There were large differences inobserved
sulfate adsorption and native sulfate levels in similar soil
horizons between sites in the same arca, though not as
great as the differences between soil horizons.

In the present study there are two measures of
sulfate adsorption reversibility. One is the increase in
phosphate-extractable sulfate (Eq. [1]) brought about by
sulfate adsorption from sclution during equilibration
"2a". The second measure of irreversibly adsorbed
sulfate is the difference between native water soluble
sulfate, sulfate adsorbed from procedure "2a”, and
sulfate desorbed after procedure "2a" (Eq. [2)).

A total of 29 out of 36 subsoils showed irreversible
adsorption based on increases in phosphate-extractable

sulfate (Eq. {1]) while 28 of 36 subsoils showed

irreversible adsorption based on the adsorption/
desorption criteria of Eq. [2]. Thus, most soil samples
showed relative conservation of added sulfate. In other
words, sulfate adsorbed from sclution was recovered
quantitatively by water or phosphate extraction, or:

"2 "1b" = 28" - (M2b" - "1bY) [3]
- T Spodascis sod Incepisols
r B Ubisok

Bulfae adeorind = [n}
-0.26 + 00073 oocalaie Al
rla083

o]

sutfate adsorbed {(mnwlky)
A3
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. T
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n
i
o
o
o
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e
o
o

] 20 400 X 80O 1000
oxalate Al (mmolkg)

fig. 3. Suvlfate adsorbed from 0.25 mM CaSO4 solution vs oxalate
extractable Al for subsoils from the IFS sites,

0.5 Sulfate desorbable after saturation was directly related to pH, indicating the soils
1 at Jow pH have more nartive soluble sulfate, possibly as a result of greater historical

é 0.4 deposition, but also have a greater tenacity o retain any additional sulfate.
? 04 Laboratory studies indicated that s0il chemistry has a strong control on the sulfate
é | concentration of percolating water, and due to the fact that field studies of the IFS
% 02 include monitoring soil solution chemical composition, a comparison between field and
P laboratory controls on sulfate concentration was possible. Fig. 4, for instance, includes
§ o1 l a direct comparison of sulfate concentrations for solutions collected by lysimeter and
- n ¥ initial percolates for equivalent soil horizons from several IFS sites. The imposed line
0.6 * T is a 1:1 relationship: soils that fall on the line have equivalent sulfate concentratons in

solution for ficld and laboratory studies. The relationship is direct, but exwemely
variable, indicating that the soil is important in controlling solution sulfate
concentrations, but that our ability to estimate field results by laboratory studies is



5.2.5
Integrated Forest Study Annual Report for 1988

Task B2: Inorganic and Organic Sulfur Retention Processes

John W. Fitzgerald, Department of Microbiology,
University of Georgia

Work in years prier to 1988 has concentrated on field incubations to
determine to what extent laboratory determined potentials for organic
sulfur formation reflect naturally occurring rates. Very good agreement
was obtained at least for the Coweeta watersheds and a full length
manuscript dealing with this was published in Soil Science Soc. of
Americe, Journal. Other work has concerned an evaluation of surface
samples from most IFS sites for various forms of organic S. Sites have
been ranked in terms of existing levels of each form.

As first reported in an IFS technical highlight, we are now evaluat-
ing the relative importance of inorganic and crganic sulfur accumulation
by assaying scil samples taken by horizon for sulfate adsorption and
organic S formatior potentiais. This work is aimed at evaluating a major
hypothesis of the overall IFS project nenely "all ecosystems are unsatu-
ratec with respect to higher rates of sulfur deposition". Briefly,
assays for adserption and orgenic S formation are made on the same
samples at progressively increasing amounts of added sulfate. We have
completec work on sampies collected from all sites except Turkey Lakes,
iuntington, and Maine. Work at these sites will be completed by Septem-
ber 1989.

Although it may be premature at this stage to draw conclusicrns, some
geneval trends appear to be emerging as follows:

1) Irrespective of site, amounts of added sulfate required for
saturatior with respect to adsorption or organic S formation
increased with sample depth.

2) At saturating amounts of sulfate and irrespective of site,
sulfur retained by adsorption and by organic S formation
generally increaseac with sample depth.

Altheugh these results are rot surprising for the
adserption process in view of increasing Fe and Al oxides with
depth, these results were unexpected for organic S formation
implying that microbial activity is far areater in the deeper
soil herizons than previously anticipated. This realization
means that suifur retention by conversion to organic forms of S
cannot be totally evaluated unless all major soil horizons are
assayed.

3) Except for A horizon samples from a few sites, sulfur retention

by adsorption was at least 4-fold greater than retention by
organic S formation at saturating amounts of added sulfate.
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Much higher amounts of sulfate were required to saturate
samples collected from sites receiving lower amounts of S
deposition (eg. Washington State sites) as opposed to those
receiving high amcunts of deposition (eg. Oak Ridge sites).
Generally, this observation held true irrespective cof process
assayed for or soil horizon assayed.

Although some exceptions exist, samples from the less saturated
sites (with respect to either process) tended to exhibit much
higher potentials for organic S formation than those evident
for the most saturated sites. Thus for example, the mean
formation potential (all horizons corsidered) for the Douglas
Fir site (Washington) was about 10-fold areater than that for
the Loblolly Pine site (Oak Ridae). Although sulfate adsorp-
tion potentials followed this relationship in some cases, a
trend between degree of saturation and activity for this
process was less evident.

Anticipated Publications:

1)

2)

3)

Watwood, M, E. and Fitzgerald, J. W. 1988. Sulfur transforma-
tions in forest litter and soil: Results of Taboratory and
field incubations. Soil Sci. Soc. Am. J. 52:1478-1483.

Autry, A. R., Fitzgerald, J. W. and Caldwell, P, R. 1989.
Sulfur retentior mechanisms in forest soils. Can., J. For. Res.
(Submitted).

Autry, A. R. and Fitzaerald, J. W. 1989. Sulfonate-S: A major
Tinkage group of forest soil organic sulfur. Can. J. For. Res.
(Submitted).

Autry, A. R. and Fitzgerald, J. W, 1989. Sulfur saturation

potentials for forest soils. Scil Biol. Biochem. (In
preparation).
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5.2.6

Iinterim Report: Trees as Recorders of Changing Soil Solution Chemistry

Ernest A. Bondietti
Environmental Sciences Division
Oak Ridge National Laboratory

March 1989

Purpose: The purpose of this study funded largely by the Electric Power
Research Institute is to examine cation trends in annual rings of trees and
evaluate their use in reconstructing past changes in soil solution chemistry,
especially as related to perturbations in base cation nutrition (Bondietti et
al. 1989a). Stated differently, "If we had monitored the soil solution over
wood be consistent with those we would expect given the particular perturbation
and our understanding of how that perturbation affects plant uptake".

Objectives: The principal objectives are to develop a better understanding of
the factors influencing cation storage in wood, to develop empirical data on
wood responses to known chemical perturbations, and to expand the diversity of
existing data sets, especially by sampling the same species in different
environments. With respect to acidic deposition the objective is to determine
when acidic inputs into the forest floor began to alter cation availabilities.

Mechanistic ratiomale: The physiological rationale behind the approach is
simple: plant cell walls are ion exchangers and the composition of cations
bound in cell wall structures reflects the activities of ions in the aqueous
phase, either at the time of wall formation or subsequently as wall
constituents equilibrate with the bathing solution. In wood this is the
relationship between the cell wall of the tracheid or vessel and the sap. Only
native soil cations whose flux into the plant is largely or entirely influenced
by apoplastic processes are examined.

Tasks underway in the current Electric Power Research Institute work:

1. Empirical measurements to document responses to known
perturbations

2. Understanding cation binding in wood.

3. Increasing the data base on red spruce and other species which may
be good "recorders” of changing soil solution chemistry.

4. Evaluating the significance of the data from Task 3 in terms of natural
and anthropogenic acidification pressures.

5. Automating measurements on increment cores (not discussed here).

Results (referencing the task numbers above):
la. Empirical Tests: Four situations regarding soil perturbations have been
examined:
A. A 1971 calcium nitrate disposal experiment at a mixed oak-pine
forest at Oak Ridge.
B. A 19/1 liming-fertilization trial on red spruce in Maine.
C. A 1971 liming-fertilization trial on jack pine in Ontario.
D. Two decade-long (1960s) fertility trials in pecan orchards in
Georgia

We have also received cores from Sweden from three liming trials on Norway

spruce. We also hope to obtain stem sections or data from German liming
experiments where radial increment responses have been documented. We want to
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determine if the calcium levels in wood increased as well.

The results of the calcium nitrate disposal study were inconclusive; white
oak showed no response in wood to calcium applications. Shortleaf pine showed
(possibly) progressively increased calcium levels in the two highest
applications but the differences were not statistically significant, largely
because only one pine remained at the high treatment plots.

The red spruce liming trial results were also inconclusive. No
differences between cation trends in three trees each from limed and unlimed
plots were found that would reflect the liming response expected (increased
calcium, decreased manganese, decreased or constant magnesium, barium, etc.).

The pecan results were more than satisfactory. In the 1960s two orchards
were involved in a decade-long fertility trial. The Waycross, Georgia orchard
was limed with various materials; we chose the calcium carbonate treatment
based on the published foliar data collected during the experiment. The other
study, in Tifton, Georgia, involved variable fertilization rates; we chose the
highest rate, again based on foliar response data obtained at the time. In the
Waycross study the results of the tree core analyses reflected the foliar data
of two decades ago: higher calcium, and lower magnesium, manganese, and
aluminum when compared to the controls. In the Tifton cores, the results also
reflected the original foliar data. The high fertilization rates in the
poorly-buffered coastal plain soil depressed soil pH, increasing aluminum and
manganese in foliage (and in wood). The use of lime to counteract the
acidification also increased foliar calcium slightly by the end of the trial;
this was also detected in the wood.

The Jack pine results were also positive. Foliar measurements published
in 1988 by Neil Foster showed that after seventeen years calcium levels had
increased significantly in the highest lime application rate plots vs the
control plots, and that the base saturation and pH of the humus horizons had
been positively affected. Measurements on increment cores supplied by Neil
Foster confirmed this response, as calcium concentrations were significantly
higher, and magnesium and manganese concentrations significantly lower, than in
the controls. Aluminum concentrations were not different. Unpublished foliar
manganese data supplied by Neil Foster showed lower manganese after liming.
1b. Fallout Sr-90

Fallout ®“Sy distributions in seven species have been measured, including
three red spruce. Longleaf pine and probably shortleaf pine will be examined
in the next six months. The results of this work show that hickory and red
spruce are "good" species but that diffuse porous species like yellow-poplar
may not be useful. "Good" refers to the ®°Sr concentration profile in wood
formed prior to the fallout period; the narrower it is the better. Sapwood
functioning at the time of a perturbation will control the distribution of most
cations. Detecting changes in cation uptake at a time scale of 5- to 10-years
appears reasonable, although the amount of functioning sapwood will dominate
the uncertainty in the temporal resolution of any record of a perturbation in
divalent cation availability. Literature papers purporting to detect changes
in cations at yearly time scales are suspect. The conclusion (belcw) that base
cation mobilization occurred in the red spruce ecosystem in the 1940s and 1950s
is based on calibrating for the sapwood effect using ®“Sr.

2. Cation binding in wood.

A major effort has been underway to understand divalent cation binding in
red spruce and other species. We now understand why divalent cation
concentrations often decrease at breast height in conifers with increasing age.
This results from the fact that the concentration of pectic acid binding sites
decreases with increasing radius. If divalent cations increase in wood at some
date (as we have found in red spruce) it must be because either salt storage
increases (oxalates, etc.) or because base saturation of the wood increases.
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We have found that about 60% of the exchange sites in red spruce were saturated
with divalent cations before about 1940 (or thereabouts) but in the 1940s-1970s
this increased to about 80%. When aluminum, and especially iron, began
increasing in the 1960s (and later), the base saturation of wood decreased,
reflecting acidification of the transpiration stream. The timing of the change
differs by geographic location for reasons that are not entirely clear.

3a. General nature of cation trends in red spruce and other species growing in
low base-saturated environments.

Measurements of red spruce, eastern hemlock, Fraser fir, and yellow birch
indicate that in general divalent cations were more available in the 1940s and
1950s than before or since that time. The existing data set is summarized in
Table 1. Age seems to have little relationship to the measured trends.
Decreasing divalent cation uptake, which begins to occur from the 1960s on,
usually coincides with increasing aluminum and especially iron in wood.
Increasing aluminum concentrations are presumably due to aluminum mobilization
(Bondietti et al. 1989b) and acidification, or more specifically a decline in
the Ca:Al ratio in the Donnan free space of the root.

Increasing iron availability in virgin stands of spruce at first seemed
improbable and a physioclogical artifact was suspected. But based on all of the
available data (over 100 trees of various species, of various ages, and with
various site disturbance histories) the conclusion has been reached that
acidification of the root zone of conifers growing on low base-saturated sites
due to acidic deposition can account for the observed trends. Although the
trends in young stands could be due to growth acidification, this natural
mechanism cannot explain why the same trends occur in very old stands/trees.
The proposed mechanism is straightforward and is based on the following model:

Fe(OH)s¢camorp> + 3H® + e = Fe”™ + 3H-0,

Amorphous ferric oxides in the root zone of acid, organic rich soils supply
iron to solution in the divalent form. Small decreases in pH in the root zone,
either episodically or permanently, will increase ferrous ion concentrations
and thus plant uptake. A similar problem with iron toxicity was recognized 70
years ago when acid muck soils were first developed for agriculture.
Experiments with humus from Vermont and Maine spodosols, in which redox
potentials and Fe”* concentrations have been measured, have confirmed that
poorly crystalline ferric hyroxide controls ferric (and indirectly ferrous)
iron concentrations. More importantly, soluble Fe’* concentrations comparable
to typical Ca”* concentrations become increasingly probable when pHs drop
several tenths of a unit below 4.0 even under oxygen-saturated conditions
(pe+pH=13 in the laboratory). Organic complexes of Fe(II) were not found to be
important in the laboratory studies,

This condition, like Al®*, works to exclude other divalent cations from
the root apoplast. The problem is compounded because the selectivity of spruce
roots for Fe”* over Ca’* increases with decreasing pH below 4.0. Iron is much
more toxic than Al™* when present at similar activities in solution. Iron
toxicity is a very rare condition in agricultural soils but probably not in a
spruce-fir ecosystem being exposed to pH 3+ cloudwater for several decades.

This model and the evidence of increased iron uptake by trees is a
possible explanation for why spruce with the highest wood iron come from sites
with the highest mortalities. More importantly, it increases the importance of
the finding that low elevation sites in Maine are just now showing the wood
chemistry and radial increment declines that occurred at higher elevations
several decades ago.
3b. Other trees
The other large tree data set now in hand involves shortleaf pine. Most of the
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data was collected previously by Baes and McLaughlin and was supplemented by
sampling at the calcium nitrate disposal site. What is striking about this
data set, which is now about 60 trees, is the remarkable inverse correlation
between iron and radial increment, much like the red spruce data set. Unlike
the red spruce data set, however, we do not see the elevated divalent cations
in the 1950s, except possibly in very calcium-poor sites. Evidence of a
reduction in calcium uptake since the 1970s in Oak Ridge shortleaf pine appears
to exist but a definitive conclusion awaits additional measurements. We are in
the process of obtaining increment cores from shortleaf pine in Missouri to
look at trees in a low deposition environment. So far we have only a few trees
which are not showing a radial increment decline since the early 1970s; none
show elevated iron or aluminum. Unlike the red spruce data set, however, the
ma jority of these trees are less than 30 years of age and sc greater caution
must be exerted in assigning non-stand level causes to changing wood chemistry.
4. Relationships to acidic deposition

From the existing wood measurements, from similar measurements published
in the literature, and from related research on how acidic deposition affects
the humus horizons of forests, the available data indicate that the spruce-fir
ecosystem underwent significant changes in cation cycling starting in the
1940s. 1Initially the response was positive as bases were transferred at an
accelerated rate from the upper organic layers into the root zone and thus into
bole and foliage. However this effectively sped up the divalent cation cycle
beyond the capacity of the system to maintain a proper cation balance in the
root zone. By the 1960s, solution Al:Ca and Fe:Ca ratios appear to have become
detrimental to growth. Certainly calcium availability has declined since about
the 1960s in both New England and the Smokies, and aluminum and iron
availability is at a 250-y high.
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Table 1. Summary of Spruce-fir Ecosystem Tree Increment Chemical Data Set

Location Trees Sample type
Maine
Penobscot N.F.
Beddington
Kossuth
Saddleback Mt.
Vermont

Camels Hump

Mt. Abraham

New Hampshire

Crawford Notch

Virgina

Whitetop Mt.

Mt. Rogers
Tennessee/N. Carolina
GSMNP-1

GSMNP -2

New Brunswick RS

6 RS
2 RS
2 RS
4 RS

15 RS
1 RS

2 RS

2 RS

23 RS
17 EH
12 ¥F
5 RS
1 YB
2 EH
2 RS
2 YB

stem 1988
stem 1985
stem 1985
4-mm 1984 2 cores; 2 elevations

4-mm 1983 3 elevations

5-mm 1982 Matusiewicz and Barnes
(literature)

stem 1985

stem 1985

In progress
In progress

12-mm 1983 Baes and McLaughlin
12-mm 1983 Baes and Mclaughlin
12-mm 1983 Baes and McLaughlin
stem 1988 fallen trees: 1985-198/
stem 1988 fallen tree: 1986

stem 1988 fallen trees: 1985-198/
5-mm 1988 1 core/tree

5-mm 1988 1 core/tree

1986 Arp et al. (literature)

* RS=red spruce; EH= eastern hemlock; YB=
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Integrated Forest Study Task Report
March 1989

5.2.7
Task B3: Altering Natural Acid Inputs
Investigators: D.W, Cole, H. Van Miegroet, P.S. Homann, J.E. Compton, S. Brozek

The acidity generated through nitrification under N-fixing red alder is equivalent to 150 cm
of rainfall per year at pH 3.5 over the lifetime of a stand, This acidity and subsequent
cation leaching and decreased base saturation may affect the future growth of vegetation on
a site. By removing the red alder from a site, and therefore removing the source of acid
additions, soil recovery and future vegetation growth may be evaluated.

To determine the effects of acid generation on soils previously occupied by red alder,
overstories were removed from 1-ha areas of adjacent 55-year-old red alder and Douglas-fir
stands in September 1984 at the Thompson: Research Center., Each 1-ha area was divided
into two sections, one of which was replanted with red alder and the other with Douglas-fir.

Soil solutions are collected monthly from each plot and analyzed for chemical constituents.
Seedling heights are measured each year. In the fall of 1988, through destructive sampling,
regressions were derived for calculating seedling biomass from seedling height (Douglas-fir)
and seedling height and diameter (red alder). In the summer of 1988, the understory species
composition and biomass and forest floor biomass were measured.

By three years after harvesting the red alder, soil solution nitrate concentrations decreased to
<1% of what they were the first year after conversion (Figure 1).
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Figure 1. Nitrate concentration in soil solutions from A horizons in alder to fir and
alder to alder conversion plots for four years following conversion.
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This indicates that nitrate leaching is mediated by removal of the source of nitrogen. The
leaching may also be further reduced over time due to increased uptake by vegetation on the
plots. Cation concentrations have also continued to decrease since overstory removal (Figure

2), suggesting that the leaching was nitrate-driven, and once the source of the acid was
removed, cation depletion was ameliorated.
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Figure 2. Cation concentrations in soil solutions from A horizons in alder to fir and
alder to alder conversion plots for four years following conversion.

Soil profile cation/anion balances for the red alder control (nonharvested) plot and
conversion plots previously containing alder are presented in Figure 3. The nitrate
represents the largest anion charge in the control plot, whereas the nitrate concentrations in
the conversion plots are a small part of the total anion concentration. The large anion
deficits in the conversion plots suggest the presence of organic acids.
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Figure 4. Red alder and Douglas-fir seedling heights for
four years following stand conversion

Seedling heights each year after conversion are presented in Figure 4. The alder seedlings
growing on the site previously occupied by alder have produced much less height growth
and biomass accumulation than alder seedlings growing on soil previously occupied by
Douglas-fir. This growth difference is most likely due to some residual effect associated
with the acid generation under the red alder.

The Douglas-fir seedlings growing on soils previously occupied by red alder have produced
slightly more height growth than those on soil previously occupied by Douglas-fir.
Although this diffrence is less striking than that observed in the red alder seedling growth,
it is expected to increase with time, due to the potential higher availability of nitrogen in
the red alder soil.

Even as nitric acid-driven cation leaching has decreased over time after the removal of the
source of acidity, subsequent vegetation growth has been dramatically affected by the
previous 50 years of high nitrification rates. The decreased growth of alder on acidified
soils may result from nutrient cation depletion, decreased viability of the N-fixing
endophyte, and/or lowered phosphate or sulfate availability to the seedlings. There are also
striking differences in understory compositon between the two red alder seedling plots, and
this may have resulted in differences in competition for nutrients and/or light.
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5.2.8
WATER BUDGET ANALYSES

James M. Vose and Wayne T. Swank

Objective and Methods

The hydrologic subproject was not an original, planned task of the IFS
project. It was not until the Annual Meeting in Pinehurst, NC, in February
1988, that a decision was made to conduct hydrologic modeling across IFS sites.
Subsequently, EPRI provided supplemental funding to Coweeta scientists for
water budget analyses and the cooperative agreement was amended in July 1988.
Letters requesting the nature and format of input data needed for water budget
simulations were transmitted to site investigators in August and September
1988, Therefore, this progress report covers only about 6 months of research
effort.

The purpose of water budget analyses at IFS sites is to provide estimates
of soil water fluxes commensurate with seasonal and annual assessments of ion
concentrations in soil water collections and thereby provide a basis for
estimating the hydrologic component of nutrient losses. We approached this
need by selecting PROSPER, a phenomenoclogical model of atmosphere~soil-plant
water flow, to estimate water budgets for 12 forest stands at 9 IFS sites.
This model was selected because (1) it has previously been evaluated against
experimental watershed results for both conifers and hardwoods (Swift et al.,
1975), for long-term hydrologic response (Huff and Swank, 1985), and for
regional hydrologic studies (Troendle, 1979), and (2) input data required to

run the model are generally available at IFS sites.
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The model
A detailed description of PROSPER is given in Goldstein et al. (1974).

Briefly, PROSPER links atmosphere, vegetation, and soils through the use of
simultaneous equations that combine energy balance, mass transport, and soil
moisture dynamics. The evapotranspiration (Et) surface combines canopy and
litter, and Et is driven by an energy balance-aerodynamic equation. Network
equations balance evaporative demands and liquid water flow through the soil
and vegetation to the evaporating/transpiring surface. The soil is divided
into several layers and rooting characteristics, soil porosity, unsaturated
hydraulic conductivity, and saturated hydraulic conductivity, determine soil

moisture and flow. PROSPER runs on a daily time step.

Current Status and Results

The status of PROSPER simulations for the IFS project is summarized in
Table 1. Final results are available for the Coweeta mixed hardwood and white
pine stands; initial simualtions have been conducted for the Florida and
Huntington sites; and at least some input data has been received for all sites
except Turkey Lake, Duke, and the two Washington stands. To meet the
objectives and timetable for nutrient flux analyses, hydrologic simulations for
IFS sites will not be guaranteed if they have not provided all input data by
March 31, 1989.

The hardwood and pine IFS study sites at Coweeta are located on watersheds
where discharge has been measured with weirs for over 50 years. We evaluated
model performance by comparing simulated annual outflow with measured annual
discharge (Table 2). For the 1985 water year (May-April), simulated flow for
mixed hardwoods was identical to measured flow while for white pine, simulated
flow was 3 cm (6 percent) less than ghe measured value. Simulated annual
evapotranspiration for hardwoods and pine was 59.6 cm and 89.7 cm,

respectively; the 30 cm difference in Et obtained from the model compares
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Table 1. Status of PROSPER simulations for IFS sites (February 1989)

Data Received Simulation Status
IFS Site Climate Parameters Data Input Initial Runs Final Results
COWEETA
Pine X X X X X
Hardwood X X X X X
DUKE
FLORIDA X X X X
GEORGIA X
HUNTINGTON X X X X
NORWAY X X
OAK RIDGE
GSMNP X partial
Loblolly X partial X
TURKEY LAKE
WASINGTON
Douglas~-fir
Alder

Table 2. Simulated annual water fluxes (cm) and measured flow for twc Coweeta
forest ecosystems.

Simulated Flux Measured
Ecosystem Interception Transpiration Outflow Qutflow
Pine 4y .4 45.3 53.7 57.1
Hardwoods 19.4 40,2 74.3 74.2

favorably with the 27 cm difference in water yield estimated by the paired
watershed method of analysis for white pine on Watershed 1 (Swank, 1988).
Comparisons of simulated and measured flows during subsequent years of the IFS
study are not appropriate because of record drought conditions which began in
1986 and continues to the present time. PROSPER is an Et model and the
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boundary of outflow is the bottom of the B soil horizon or 80 cm depth at
Coweeta. In contrast, the regolith at Coweeta averages over 6 meters in depth
and is the source for sustained stream discharge during extended precipitation
deficits. Thus, during drought conditions some of the water flux from the B
horizon replenishes storage deficits of deeper soil layers and does not appear
as surface discharge.

Another level of model validation entails comparing ion fluxes based on
lysimeter chemistry and water flux simulations with stream chemistry export.
Assuming Cl is a conservative tracer, fluxes from the B horizon were
calculated over a 19-month period, normalized to annual values, and compared to
measured long-term export for both hardwood and pine-covered watersheds (Table
3). Calculated Cl  fluxes ranged from 13 to 30 percent of measured exports.
Stream export of base cations should be higher than calculated values, as
illustrated by K+ in Table 3, due to mineral weathering below the B horizon.
Concentrationg of NO, are low in both soil solutions and streams of both

3

ecosystems and fluxes are small.

Table 3. Comparison of calculated and measured export (kg/ha/yr) of select ions
for two Coweeta forest ecosystems.

+

c1 NO, -N K
3
Ecosystem Calculated Measured Calculated Measured Calculated Measured
Pine 5.1 4.5 0.02 0.20 2.0 3.4
Hardwood 4.3 6.2 .02 .02 1.6 4.7

These preliminary analyses indicate that reasonable estimates of both water
and nutrient losses can be obtained using PROSPER and lysimeter data.
Additional model evaluations will be possible for other IFS sites such as
Florida, Huntington Forest, and Turkey Lake where independent hydrologic and/or

nutrient flux estimates are available.
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INTEGRATED FOREST STUDY TECHNICAL HIGHLIGHT

JANUARY 1989
5.2.9

Task I1I: Development of Nutrient Cycling Model
S.A. Gherini, R.K. Munson, and S. Liu, Tetra Tech, Inc., Lafayette, CA 94549

To understand the cycling of nutrients in forested ecosystems, a mathematical
model is being developed by Tetra Tech for the IFS project. The model will be used
to simulate the response of forests to acid deposition and to various forest
management practices. The acid-base status of the forest soils will be computed
by the model to properly account for the interactions between soil pH and release
of nutrients (base cations) from the various soil layers. The nutrient pools
available in soil and vegetation components and the fluxes between them will be
tracked (Figure 1). The model includes routing of water from the incident
precipitation through the soil layers and includes evapotranspiration, deep
seepage, and Tlateral flow out of the forest plot. The forested ecosystem is
represented as a series of vegetation components (Figure 2) and soil layers. The
major processes to be included are listed below:

Vegetation Soil

Water Flux Water Flux
Dry Deposition Mineralization of Organic Matter
Foliar Leaching Cation Exchange (Ca, Mg, K, Na, NH H, Al)
Nutrient Uptake Anion Adsorption (S, P, Organlc an1ons)
Nutrient Translocation Mineral Weathering
Litterfall Aluminum Hydrolysis
Litter Decay Solid-liquid-gas Phase Equilibrium
Tree Biomass Increment Root Respiration

s @ l [ 7 TREE COMPOMENTS ¢ PROCESS

/‘//‘

CANCPY

Varcte Stochiomerry
Trenscection
Mefrent Fixcrion

ROCTS

Nulfier? Urioke
l“u’m Fixaion
ana G o #h
Rg:p raticn

Figure 1. PUTRENT CYC NG ~C0ZL -POC AND ELLY DIAGRAY

Mutrienr Pocie = cornd Fluxes 0 figure 2. Tree components and pracesses simulated in NuCM.
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Model output will also include total pool sizes, annual and month1y fluxes
between components, and the relative contribution or loss by process (Figure 3).
In addition, parameter versus time plots will be generated.

ANNUAL FOREST FLOOR POOL TRANSACTIONS :
FOREST |-

Element (EEPRN,  Pool Size ERXEEES . Sirdofion Dete IEZETEN FLOOR |

TOTAL POCL

TPUTS  Bamekr  OUTPUTS POCOL PIrAnGER oo
200 w00 woo 2000 eg/he SOLOTION Pa0T >'ﬂ e
Atmospheric Deposifien zool]) YEAR,
Net Foliar Leaching . 280 ]
Lerfal L I f ~—TITAL SUPPLY RATE
SUPPLY EPCTIO!
Minerdl Weghering Sle7s  I— SUPPLY | R AT e
L e OSE—
RAL WEATHERG
t 4 g ‘ s
Netrient Cphtke ecrhe m >‘Tl-’*1i,
e | I Yekks
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[Gan ; B8 Loss RATE o
el
N
WEALAT™G ///
Figure 3. Braphics depicting forest pools and fluxes.
\Tfl’tffo/w, LOSS RATE
L )

The model being developed has an interactive, menu-driven format for IBM-
compatible microcomputers. Function keys are being programmed to enable the user
to quickly move from one parameter or menu to another. Help menus to define the
variables and to provide typical ranges of parameters are being included. The
intent is to make the model easy to use with a variety of output options to
investigate scientific hypotheses regarding specific soil and vegetation processes
and to show the effects of deposition scenarios and forest management practices
(e.g., clear cutting, full and understory burns, and use of fertilizers).

To assist in conceptualizing the model, two workshops were held with the
group leaders from the IFS project. The Atmospheric Inputs Workshop, held at Oak
Ridge, covered wet and dry deposition, and canopy processes. The Soils Workshop,
held at Tetra Tech’s Lafayette office, reviewed hydrologic processes as well as
biogeochemical processes occurring in vegetation and soils. Of particular
importance was the interaction of soil acid-base behavior and nutrient cycling.
Additional information used to select processes to be included and modeling
approaches has been obtained from literature and existing models (e.g., OR-NATURE,
ILWAS, ENVSIM).
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SECTION 6. SITE OPERATION AND SITE SPECIFIC RESEARCH REPORTS

Integrated Forest Study Site Report
March 1989

6.1

Sites: Douglas~-fir (DF), Red Alder (RA), Findley Lake (FL)

Tasks: Atmospheric Deposition and Nutrient Cycling

Investigators: Dale W. Cole, Peter Homann, Gordon Wolfe, Jana Compton,
Helga Van Miegroet, Robert Edmonds, Bob Gonyea

November 1988 completed the field monitoring that will be included in the IFS Synthesis.
This yields two years of atmospheric deposition data for the red alder and Douglas-fir
stands, and more than two years of nutrient cycling data for all three stands, although only
the two most recent years will be included in the Synthesis. Limited monitoring is being
continued to better determine year to year variability,

Chemical deposition to the Douglas-fir stand is presented in Figure 1. Precipitation
contributes greater than 70% of the estimated total deposition of calcium, magnesium,
sodium, and chloride, and slightly less than this for the other species. Coarse particles are
estimated to contribute nearly all the dry deposition of potassium, sodium, calcium, and
magnesium, & majority of ammonium, and half of nitrate and sulfate, although there is
much uncertainty associated with the absolute values.

DOUGLAS-FIR DEPOSITION (EVENT)
300

200

mol{c)/ha/yr

100

0

H* Ca Mg K Na NH, NO, Cl SO,
| PRECIPITATION 7] DRY DEP.

Figure 1. Precipitation and dry deposition in the Douglas-fir stand,
Thompson Research Center, western Cascades, Washington.

The Douglas-fir canopy interacts considerably with the deposition and has a large effect on
the element flux (Figure 2). The net canopy effect (throughfall + stemflow - total
deposition) indicates a large uptake of hydrogen ion, ammeonium, and nitrate by the canopy,
a large release of potassium, and lesser interactions for the other elements. The red alder
canopy shows a similar general pattern, although both the hydrogen ion uptake and the’
potassium release are greater than for the Douglas-fir canopy.
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NET CANOPY EFFECT (EVENT)
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I
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|
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-100 l
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B DOUGLAS-FIR 7/} RED ALDER

Figure 2. Net canopy effect in Douglas-fir and red alder stands.

The completion of soil sulfur analyses allowed a comparison between the different stands
(Figure 3). Most of the soil sulfur is in the organic form. Of particular interest is
comparison between the Douglas-fir and red alder stands which developed on same soil that
presumably had the same properties 60 years ago. The effect of the nitrogen-fixing red
alder has been a build-up of nitrogen in the soil. This produced a parallel build-up of
organic sulfur (Figure 3), resulting in the maintenance of the nitrogen to organic sulfur ratio

in the soil (Figure 4)

SOIL S CONCENTRATIONS

ORGANIC S SULFATE
m) R

0 5 10 15 20 25
mmol S/kg

Figure 3. Soil sulfur concentrations in Douglas-fir, red alder, and Findley Lake stands.
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Figure 4. Organic-N/organic-S ratio {molar basis) throughout the
Douglas-fir and red alder ecosystems.

The nitrogen to organic sulfur ratio in the forest floor is also similar in the two stands,
inspite of the much higher ratio in the red alder litter that serves as a substrate for the
forest floor. This suggests that microbial mineralization of the organic matter may control
the relationship between organic sulfur and organic nitrogen in the forest floor and soil.
However, organic sulfur and organic nitrogen in percolating soil solutions (Figure 5) suggest
that leaching may also affect this relationship and the redistribution of organic sulfur and
organic nitrogen within the soil.

ORG. N & S AND ANION DEFICIT
mm Org. N umol/L Org. S umol/L# 10

~20 o 20 40 60 80
DF FF SRS
T
DF A SRR
A
DF B
-100 o 100 200 300 400

s An. Def. umol{c)/L

Figure 5. Organic-N, organic-S, and anion deficit of Douglas-fir soil solutions.
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6.2a

DEPOSITION RESEARCH AT THE SMOKIES TOWER SPRUCE (ST)
AND OAK RIDGE LOBLOLLY PINE (LP) IFS SITES

S. E. Lindberg, D. A. Schaefer, D. Silsbee,
J. G. Owens, and D. Nikoli

During 1988 several studies were performed at the ST and LP IFS sites to
test assumptions or address questions regarding application of various methods
within the IFS. These included 1) studies on the sources of ions in coarse
particles dry deposited to inert surfaces, 2) development of plate-to-canopy
scaling factors for coarse particles, 3) application of several methods for
estimating cloudwater interception, and 4) evaluating spatial variability of ion
fluxes in throughfall.

Sources of Dry Deposited Coarse Particles and Methods for Scaling to the Forest
Canopy

Coarse particles in dry deposition are collected on inert deposition plates
exposed on towers above the canopy at all IFS sites. There are two important
questions regarding this method: how can fluxes measured to plates be
extrapolated to the full canopy and what are the sources of coarse particles
measured with this method? To address the first, we developed a scaling factor
specific to each IFS forest canopy. The methods and results of this approach
have now been published (Lindberg et al, 1989a) and are summarized below in the
Experimental Task Reports.

Understanding the sources of dry deposited coarse particles involves two
problems: the extent to which these particles are derived from locally derived
resuspended dust (where local is defined as within the forest plot under study),
and the specific sources which contribute to coarse particle dry deposition.
Addressing the first question requires measurement of deposition or air
concentration profiles in and above the forest canopy. Previous studies have
shown that dry deposition to plates in open fields is dominated by local material
(Davidson and Elias, 1982). This is indicated by deposition profiles which show
an increasing deposition rate of ions as one moves closer to the ground-level
source. The opposite pattern (deposition rates increasing with height above the
ground) indicates that the primary source is the overlying air mass, and not soil
dust immediately adjacent to the sampling site.

We have measured relatively high dry deposition rates of coarse particles
at the ST site (Lindberg et al, 1988), although this site is distant from the
extensive agricultural fields and
gravel roads which act as sources of

coarse aerosols at the wvalley IFS PROFILES OF COARSE PARTICLE DEPOSITION
sites (LP, DL), suggesting local AT SMOKIES IFS SITE (11/2-11/3/88)
resuspension. The higher wind speeds HEIGHT (m)

at this mountain site can penetrate to &

the ground more effectively than at 0 - N *///)

the valley site due to the patchiness % r —

of the canopy, particularly near the 20 r

tower itself. We  measured a s -

deposition profile at this site for 48 0

hours to determine whether local 5

soils were contributing this material ° . . " . ” . .
(Fig. 1). The mean wind speed during ION FLUX (usg m™2a™")

these experiments was 6.2 m s!, and ——Cars  THKs T NOS<{*2) o 504
the wind direction was generally WSW

Fig. 1 Deposition profiles at 8T.

(upslope).
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The profile clearly shows that ground-level sources near the tower and in
the forest plot do not contribute significantly to these fluxes during this
experiment. The steep slope of the profiles for Caa'and.NOi'indicate that these
ions are efficiently scavenged by the upper canopy surfaces, more so than SOE"
We have measured numerous similar profiles in forests such as LP in the Oak Ridge
area (Lindberg and Lovett, 1985). In each case, the dry deposition rates of all
major ions, except K', consistently increase with increasing height above the
forest floor, indicating insignificant local resuspension. This 1is not
surprising given the rapid decay of the wind speed profile within these low-
elevation forests, and the absence of bare soll on the forest floor, due to
extensive litter cover.

The profiles for K' at both the ST and valley forests consistently exhibit
a bulge within the canopy, decreasing with proximity to both the ground and the
air, suggesting an in-canopy source, probably consisting of weathering products
of needle cuticle and other biological material. However, because the flux of
K" in these forests is dominated by foliar leaching in throughfall, this local
source of coarse particles is not an important bias in our estimates of K' fluxes
and behavior at these sites.

For the other base cations, the most logical sources of coarse particle
dry deposition are resuspended soil and road dust (Gatz et al, 1985), originating
outside of the forested areas. To estimate the relative Iimportance of each
source type at the LP site, we measured the major ion content of a limited number
of samples of road and soil dust collected in the Oak Ridge area, and compared
their composition as reflected in ion ratios with the average compogition of
suspended aerosols and particles collected in deposition plates over one year.
The same extraction method was used for all sample types.

The best source indicator was the ratio of Ca/Mg which was very stable
within any sample type, but differed by an order of magnitude between soil and
road dust (Table 1). Because the two source types exhibit such different ion
ratios, source apportionment methods can be wused to estimate source
contributions. Assuming that soil and road dust are the primary sources, and
that they form an internally mixed aerosol, and that these samples are
representative, it is apparent that soil dust dominates the composition of both

Table 1. Ratios of Ca/Mg in dry deposited particles, suspended aerosols, and two possible sources: soil and
road dust.

Samples: Mean ratio Standard Error Sources: Mean ratio Standard Error

Coarse Particles Road dust

LP-GS* 14 1 Sample 1 40 4

LP-DS 15 1 Sample 2 54 5

AVE 15 AVE 47

ST-GS 16 2

ST-DS 15 1 Soil dust

AVE 16 Sample 1 4.0 0.3
Sample 2 4.0 0.4

Aerosols AVE 4.0

LP-GS 9.1 0.9

LP-DS 10 1

AVE 10

ST-GS 9.4 1.2

ST-DS 9.9 1.4

AVE 10

*LP = Qak Ridge Loblolly Pine site, ST = Smoky Mountain Tower site

L]

*GS = samples collected during the growing season, DS = dormant season
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suspended aerosols and deposited particles, accounting for 72-88% of the
material. The contribution of road dust ranges from ~10-15% in aerosols and
~25-30% in deposited particles. The higher contribution of road dust to dry
deposited particles is a reflection of the generally larger particle size of
material in road dust and deposited particles compared with that in suspended
aerosols.

Estimates of Cloudwater Interception at ST Site

Quantifying deposition to mountain sites is more difficult than for low
elevation sites for several reasons. One reason is the potential importance of
cloudwater interception and the difficulty in accurately estimating its
magnitude. With two years of record at the ST site, we can begin to apply
several different methods for the estimate of annual cloudwater input. This
approach yields a range of possible fluxes, based on different assumptions, and
provides an indication of the level of uncertainty in annual ion fluxes by cloud

interception. The methods include variations of four different approaches:
modeling, direct measurements of canopy drip rates, throughfall hydrology, and
ion balances (Lovett, 1988). The first two approaches require knowledge of

annual in-cloud exposure duration. While this parameter is measured for events
sampled at the ST site, the remoteness of the site makes any long-term estimates
highly uncertain. Therefore, we have concentrated our efforts in development
of hydrologic flux data.

We established a randomly-spaced grid of 1 automatic and 14 manual rain
gages below the canopy at the ST site for continuous measurement of throughfall
hydrologic fluxes on an event basis. The automatic sampler is a recording,
weighing bucket rain gage allowing some analysis on a subevent basis. In
combination with a similar gage in the open, this has been useful in
distinguishing between cloud-drip-only and snow-melt events, and also serves as
the backup gage during infrequent periods when the manual gages overflowed or
became frozen. When the data from this network are expressed as net throughfall
(NTF = throughfall-precipitation), these gages provide useful information on the
spatial and temporal trends in cloud deposition.

Fig. 2 illustrates the
Variability in annual NTF within the SPAT |AL. VARTABILITY IN NYF HYDROLOGY:
ST forest plot. The annual hydrologic ST SITE FOR 1 YEAR (PPT=176cm)
flux varied considerably from -30 to o 17 Com

+ 60 cm of water, with 5 sites showing
a net water interception loss (NTF<0)
and 10 sites a net gain due to cloud 40

water deposition (NTF>0). Photographs m-mmwmt
of the canopy over each gage revealed 5]
that the sites with a net interception ol l

a0

o

- Intarcapt i L
loss were generally characterized by e

40 L ) L 1

either of the extremes of minimal T1 T2 T3 T4 TS TS T7 TE TY TAO0 T11 TA2 T13 T14 T15 ave
Canopy cover or Very dense cover THROUGHFALLLL NETWORK GAGE NIMEIER
located near a tree trunk. The sites W oy - TEopoT

with net cloudwater input were located
near the outer edges of individual
tree crowns or mnear gaps in the
canopy. A good example of this effect
is illustrated in the gradient in NTF from gages T7 - T1l0. Gage 10 is located
at the edge of a wintertime gap in the canopy created by deciduocus overstory and
gage 7 is several meters into the stand from the edge, with gages 8 and 9 between
the two.

Fig. 2. Trroughfall hyarologic fluxes.
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Fig. 3 illustrates the temporal HYDROLOGIC FLUXES IN NET TF AT ST

trend in the mean NTF from the AS A MEASURE OF CLOUD [NTERGEFT IGN
complete grid of gages. These data o 1T TG AL Com,

suggest a consistent seasonal pattern

in cloudwater interception at the ST “

site, with positive NTF values most 2
common during the fall/winter periods
of both years. Personal observations

at the site confirm that cloud base -2
moves down the mountain from the . “as ) e var ) e v
summit (2010 m) to the ST site (1740 a 20 “a 60 e o rem o

BVENT NMBER CFERIOD: 4/86-3/88)

m) during late summer/early fall, and
that in-cloud exposure during the
summer is minimal. Fig. 3, Temporal trencs in Cloud input,

The straight mean NTF across
this network (-14 cm y’', Fig. 2)
provides a rough estimate of cloudwater input, but includes the negative effect
of all of the interception losses during non-cloud periods. Summing only the
events with NTF>0 (Fig. 3) provides a better estimate of annual cloudwater
deposition at this site (~24 em), but does not account for interception losses
due to evaporation from the canopy following cloud deposition. This effect can
be estimated from the hydrologic behavior of the canopy during non-cloud periods
(Fig. 3). When added to the 24 cm yq, this correction yields the best estimate
of annual cloudwater input from the different hydrologic methods: =~32 cm y4.

All of the estimates for annual cloudwater input to the ST site are
summarized in Fig. 4. These estimates range nearly over a factor of 5, but the
lowest value (straight NTF) is understood
to be an underestimate, and 1is taken to
represent the lowest cloudwater input rate
that could occur, The model and drip rate
estimates are consistently low, suggesting
that our estimates of cloud immersion time

e NTF = TF-PPT

ESTIMATES OF CLOUDWATER INTERCEPTION
AT ST S SITE (4/88 - $/88)

METHOD
Mods!

Canopy vrig rae

(~800 h) are low, since each of these Collscanony grip

values is derived from either a modeled Buaight NTF

deposition or a measured drip rate, mnwéﬁxxz

multiplied by an annual immersion time. Ve bt

The ion balance values are in relatively ybon

good agreement and are close to the "best” viosn

NTF wvalue. These values are derived ”"“‘o T T,
assuming no net foliar leaching of these £L6UD DEP. fom y )

Fig. 4, Cloudwater deposition st 8T.

ions, wusing cloudwater to balance the
canopy input/output budgets for each ion.
The overall mean of all estimates is ~28
cm yq, but is an underestimate. We use as our best estimate the mean of the
"loss-corrected" NTF and ion balance methods: ~37 cm y*.

Variabilityv in jon Fluxes in Throughfall

Throughfall fluxes are a critical component of the nutrient cycling
measurements at IFS sites because the difference bhetween deposition and
throughfall is used to determine the fate of ions deposited to the canopy
(Lindberg et al, 1988). However, their inherent variability puts throughfall
fluxes among the most uncertain estimates made. Application of the dry
deposition regression model to IFS data requires collection of throughfall as
wetfall-only on an event basis, making large numbers of replicate collectors
impractical. Numbers of replicate automatic collectors used at IFS5 sites
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generally range from 2-6 (the WF site employs 20 manual event throughfall
collectors because of extreme canopy and terrain complexity). To quantify
variability at these sites, special studies have been performed on selected
events using replicate manual collectors in large networks.

At the ST (2 permanent collectors) and LP (6 permanent collectors) sites
we established temporary grids of 12-18 samplers to collect throughfall for 4
(LP) to 7 (ST) events. Two of the ST events were mixed rain/cloudwater, the
others rain only. Table 2 summarizes the results as relative standard errors
(RSE) of the spatial mean ion fluxes for each event at the ST site, and includes

Table 2. Relative standard errors (RSE=SE/mean) of mean ion fluxes in throughfall for events sampled as
wetfall-only at the Smokies Tower (ST) IFS site. The 1987 events were rain only, and were sampled with 17-18
replicate collectors. The 1988 events were mixed rain and cloudwater drip, and were sampled with 12 replicate
collectors. Position of the 12 primary collectors remained fixed throughout the study, and were occasionally
supplemented with 5-6 extra collectors

Event TF-cn® SO2  NOj N P S T A o
7/29/87 7% 5.5% B.5% 8.5% 5.8% 9.3%
8/14/87 16.0% 30.7%  39.3% 24, 6% 33.7% 37.4%
8/18/87 6.8%  9.6% 11.3% 12.3% 7.7% 10.4%
9/11/87 7.6%  8.8% 10.8% 9.2% 12.4% 9.0%
9/14/87  6.2% 13.0% 12.0% 12.3% 11.6% 14.9%
11/7/88  8.2%  8.5% 10.4%  9.9% 9.1% 9.4%  9.4% 10.4% B8.6% 11.8%
11/17/88 8.3% 10.3% 12.1% 10.5% 8.8% 14.9% 10.9% 11.9% 10.1% 13.2%

Means 8.3% 12.4% 15.0%  10.2% 12.1% 12.1%  13.6% 11.1% 14.2% 12.5%
Mean LP* 2.3% 3.9% 5.0% 6.1% 7.8% 18.0% 10.3% 7.7% 10.6% 9.2%
TF-cm is the throughfall amount in cm.

*LP is the low elevation Loblolly Pine site at Oak Ridge where throughfall was sampled
with 12 replicate collectors for 4 events.

the mean RSE for all events at the LP site for comparison. As expected from
canopy and terrain heterogeniety, the mean RSE values for ST events generally
exceeded those for events at the low elevation LP site. At the ST site the RSE
values were surprisingly similar for all ions, suggesting that canopy
characteristics influence the variability in throughfall fluxes of all ions
similarly.

An important use of these data

is in evaluation of the

representativenesg of the permanent SPATIAL VARIABILITY IN NET THROUGHFALL
sampler points at each site. Fig. 5 Total NTF Fluxes at ST for 7 Events
illustrates the spatial patterns in a6 TF Flux tmag n

the total fluxes of SOZ' and NO;  in
the 7 throughfall events sampled at
the ST site, where collectors ACM1 and

30r
a5
20r

ACM2 represent the permanent sites. 8

The spatial trends in total ®r /
throughfall fluxes for both ions are ©r
similar, and are generally comparable ol :

with the patterns seen for each OMMIACHE 1 12 13 M 15 16 7 18 19 10
individual event (eg. site t4- located REPLICATE SAMPLER

near the edge of a dense canopy- is W 504~ I 2-nO3-

consistently among the highest, and té6

Fig. 6. lon fiuxes In net throughfaill.
the lowest).
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Summing the fluxes over all 7 events, the 2 permanent ACM samplers measured
throughfall fluxes near the median value of the spatial replicates for SO?, but
somewhat below the median for NO,”. The mean fluxes at the permanent sampling
points are also less than the mean fluxes for the 12-site network for most of
the individual events, as shown in Fig. 6

for SOE'. For these 7 events, the UXES SAMPLING §
: FL AT REPLICATE TF PLIN ITES:
permanent samplers underestimated the S0 7 at ST With Small and Large Grids

s Musn of Al Slten (Nwt2-18)

total throughfall jion fluxes averaged
across the network by 10% for H', 13% for
S0Z°, 21% for K%, 22% for NO; , and 25% for
Caé+. Although the effect on annual ///////‘
throughfall fluxes cannot be quantified ar °

directly, these data (if representative) —
suggest that the permanent throughfall N o _/)V’://
collectors may be an important source of

bias for some ions at the ST site. The o

magnitude of this bias has been used to T T Ty T s T e T
estimate the uncertainty in fluxes Mean of Permenent Sampler Sites (Ne2)
measured at the ST site, as discussed Fig. & Reiationehin betwsan samplera.
elsewhere in this report.

At the LP site (with 1its flat
terrain, more uniform canopy, and 6 permanent samplers), the fluxes measured at
the smaller permanent and larger temporary grids consistently agreed to within
10% (all but NH; and K' were within 4%).

L
y ]
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6.2b
NUTRIENT CYCLING IN THE LOBLOLLY PINE AND SMOKIES SITES

D.W. Johnson, H. Van Miegroet, S.E. Lindberg, and D.E. Todd

March, 1989
Introduction

During 1988, we summarized two years of flux data (April 1986 - March 1988) and the
stand biomass and nutrient contents. This data allows us to begin to construct
nutrient cycles for the sites and assess the effects of acid deposition upon them. The
latter is currently underway, with significant progress having been made in
analyzing the nitrogen cycles and how our views of them must be modified when

large amounts of foliar uptake occur.

It is not possible to summarize all the available nutrient cycling data for these four
sites in this brief report. Instead, we will briefly review some of the highlights of
our findings. Specifically, we review the contrasts in nitrogen, sulfur and calcium

distributions and fluxes in these sites, and we will show recent temporal data on soil
solution NOj3~, SO42‘, and Al in the Tower red spruce site.

Distribution of Qrganic Matter, N, S, and Ca

The organic matter, N, S, and Ca distributions of the four sites vary considerably, as
expected. The Smokies sites have greater vegetation nutrient contents than the
Loblolly site; this is due to greater biomass in the Smokies sites and higher
concentrations in the Beech site. The red spruce sites have considerably greater
forest floor organic matter and nutrient contents than the Beech and Loblolly sites,
whereas the Beech and Tower sites have greater soil organic matter and N contents
than the Loblolly and Becking sites. Soil total S and Ca do not follow the same trends
as organic matter and N, reflecting the greater importance of inorganic forms in the
cases of S and Ca. Soil SO42‘ was greatest in the Beech plot and least in the two spruce
plots. Robb Harrison has noted previously the unusually high soil SO42- in the Beech
site; this may be related to the pyrite in the bedrock (Anakeesta formation) at this

site.
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The most striking difference among these sites is in exchangeable Ca2+: levels in the
Loblolly site are approximately two orders of magnitude greater than those in the Smokies
sites. Values in the Becking site are particularly low. Yet soil total Ca contents vary by onl
a factor of 3, reflecting the much greater proportion of soil Ca on exchange sites in the
Loblolly site (80%) than in the Smokies sites (0.4-4%).

Nitrogen, Sulfur, and Calcium Fluxes

Nitrogen, S, and Ca fluxes vary considerably among these sites as well (Table 1) . As is
typical of N-deficient forests, the Loblolly site accumulates over 90% of incoming N,
whereas the Smokiecs sites show either no accumulation or a net loss. The major form
of N in soil solutions in the Loblolly site is organic whereas the major form of N in

soil solutions from the Smokies sites is NO3 . These differences in leaching cannot be

attributed to total ecosystem N content, since the Becking site is relatively low in N
yet it shows a large net annual N loss. It is also unclear as to how much of the NO3y~
leaching is directly attributable to current levels of atmospheric N deposition. The
large forest floor and upper soil horizon N pools along with the lower (/N ratios in
upper horizons in the Smokies sites (7-8 in the Smokies sites vs 12 in the Loblolly
site) point strongly toward excessive net N mineralization (i.e., in excess of uptake) as
the major cause of higher NOj3~ leaching rates. This is confirmed by the results from
the field mineralization experiments which indeed indicate much higher
mineralization and nitrification rates in the Smokies forest floor and mineral soil
than in the Loblolly site. Atmospheric deposition certainly has contributed to the
current high levels of NO3z~ leaching in the Smokics sites in that the atmosphere is

the ultimate source of N for the ecosystem. The extent and duration which the
currently high rates of NO3~ leaching would be maintained under lower atmospheric

N inputs is unclear, however; this is a scenario that we are interested in testing with

the IFS nutrient cycling model.

Soil Solution Al in the Smokies Sites

Soil solution chemical cquilibrium equations dictate that A3+ concentrations will
increase with the introduction of mineral acid anions to an acid soil (Reuss and
Johnson, 1986). We have noted in earlier reports that soils from the red spruce

(Becking and Tower) Smokies sites are extremely acid (base saturations of 3-8%,
neutral salt CEC) and that concentrations of mineral acid anions (NO3~ followed
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closely by S042-) are rclatively high. Thus, it is not surprising that the cationic
component of soil solutions from these sites is dominated by H+ and A3+ (Johnson et
al in press). Thomtion et al (1987) find that red spruce roots begin to show

morphological effects of AI3% at concentrations of 200 uMol/L or more.

In the late winter/fearly spring of 1987-88, we noted soil solution total Al levels
approaching 200 uMol/L. associated with pulses of both NO3  and $042- in the A
horizon of the Tower Site (Figure 1). We did not analyze for monomeric Al in these
pariicular solutions, but analyses in other solutions have indicated that total Al was

>80% monomeric in solutions from this horizon.

The concentrations of both NOj3™ and 5042‘ vary with time, but the cooncentrations of
NO3" vary to a greater exteni, and NOgz~ was by far thec predominant anion during the
spring 1988 pulse (Figure 1). This NO3z /Al pulsc may well have been associated with
the drought of the previous summer, as has been shown for NO3z~ pulses at the Solling
Site in Germany (Ulrich 1987). Monitoring of soil solutions from the Tower site
(including more analyscs for monomeric Al) will continue through 1989, thanks to

funding from the Spruce-Fir Cooperative, and we will be watching carefully for
further NO3 /Al pulscs.

Johnson, D.W., Fricdiand, A.J., Van Miecgroct, H., Harrison, R.B., Miller, E., Lindberg,
S.E., Cole, D.W., Schacfer, D.A,, and Todd, D.E.: 1989, Nutricnt status of somc
contrasting high-elevation forests in the eastern and western United States,
IN: Proc., U.S.-German Resecarch 'Symposium Burlington, VT. Oct 18-23, 1987,

Reuss, J.O., and Johnson, D.W.: 1986. Acid deposition and the acidification

of soil and water. Springer-Verlag, New York.

Thoraton, F.C.; Schaedle, M.; Raynal, D.J. Effects of aluminum on red spruce

secdlings in solution culture. Environm. Expt. Bot. 27:489-495.
Ulrich, B. 1987. Stability, clasticity, and resilience of terrestrial ecosystems with

respect to matter balance. pp 11-49 IN: E.D. Schulz and H. Zwolfer (eds.).
Ecological Studics, Vol 61. Springer-Verlag, Berlin, Hcidelberg.
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Table 1. Organic Matter, Nitrogen, Sulfur, and Calciumn Distributions and Fluxes in the Oak Ridge Loblolly
pine, Smokies Beech, Becking Spruce, and Tower Spruce Sites

Ste
Component Loblolly Beech” Becking Tower
kg-halor kg-hal-yrt

Qrganic Matter

Vegetation 118100 190800 263900 273300
Forest Floor 9600 27300 166100 151100
Soil** 116340 142500 86400 206100

' Nitrogen

Distributi

Vegetation 190 560 390 520
Forest Floor 110 70 1920 2200
Soil 5260 9050 5360 9040
Elux

Deposition 9 7 11 26
Leaching 0.5 7 35 24
Suifur

Distribut]

Vegetation 85 100 160 162
Forest Floor 250 N.D. 240 305
Soil, Extr. 250 560 100 200
Soil, Total 1160 1870 1270 1490
Flux

Deposition 14 13 30 34
l.eaching 15 5 28 35
Calcium

Vegetation 160 400 510 470
Forest Floor 60 30 170 310
Soil, Exch. 6900 100 10 130
Soil, Total 8570 2560 2480 3240
Elux

Deposition 6 8 12 16
Leaching 14 5 15 10

*  The Beech site flux values are very tentative because of the predominance of
a large nitrate pulse from the fall of 1985 to the spring of 1287.

** Assumes soil organic matter is 44% carbon

N.D.: Data not available as of this writing.
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6.3
PROGRESS REPORT

COWEETA HYDROLOGIC LABORATORY

March 1989

Wayne T. Swank and Lee J. Reynolds

Overview

During the past year, routine sample collection was conducted following
established protocols. Sampling for the nutrient cycling tasks was concluded
in October 1988 and sampling for deposition tasks was terminated in March 1989.
Monitoring of ambient 03 has continued to present. A separate in situ study on
HNO3 uptake by white pine foliage was initiated (Vose et al., In Press),
forest floor and soils were assayed for nitrogen transformation, and several
small studies were conducted to assess uncertainty and variability for
components of nutrient flux estimates. Results from most of our research are
included in group leader and experimental task reports. Therefore, this site

report will only include findings from the small separate studies.

Throughfall Variability

Event-only throughfall was routinely sampled during the 1988 growing season
by three Aerochem Metrics {(Model 301) automatic wet/dry collectors. Four
storms during June and July 1988 were more intensively sampled to assess
spatial variability in throughfall, The additional collectors were white
plastic buckets mounted on stakes about 4 feet high~-the same type of bucket

and height as used in the Aerochem collectors. The buckets were opened
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manually, 4 hours or less before the onset of rain. The stakes were never
moved during the course of the study. Buckets were washed and soaked in
distilled water between storms, or after being left open for several hours in
anticipation of rain that did not materialize.

A comparison of throughfall and ion fluxes for each storm and for the total
period are shown in Table 1. Differences in throughfall amounts between
Aerochem and other throughfall collectors ranged from less than 1 percent to 12
percent for individual storms and averaged less than 1 percent for the total
volume of the four storms sampled. These results are consistent with a similar
study of throughfall variability conducted in 1987 in which 11 storms totaling
16 cm of precipitation showed an average difference in throughfall volumes of
only 4 percent between Aerochem and other collectors. Thus, the number and
location of Aerochem samplers appear to provide reliable, representative
estimates of plot throughfall volume. Examination of ion flux data in Table 1
indicate the same level of confidence in estimates of 804. Cl, Na, Ca, and Mg
fluxes., Comparison of other ion fluxes shows that Aerochem values for NO3
and H are 15 to 20 percent higher than the additional collectors while POH'
NHM' and K are lower. Thus, there appears to be no consistent bias across
ions represented in the Aerochem flux estimates. The standard error of
estimates for water and ion fluxes are 10 percent or less in most cases, even
though means are based on only four storms (Table 2). The low variability and
relatively high level of certainty obtained from the small sample sizes in this
forest stand is probably due to the complete, uniform canopy of a single

species.
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Precipitation Variability

We have two independent sources with which to compare the EPRI results for
temporal variability in event-only precipitation. (1) It is routinely
monitored at Coweeta Watershed 6 (WS 6), a site about 650 meters distant from
the pine and hardwood plots, and at a similar altitude. At the WS 6 site,
event-only precipitation is collected with an Aerochem Metrics wet/dry
sampler. Nearly all precipitation is analyzed for pH and major ions (but not
for TKN or TP) on site at Coweeta. Samples are normally collected once each
week, if there has been sufficient rainfall (approximately 2 mm). There were
85 such collections during the period of interest, 4/1/86 to 3/31/88. A few
weeks were not sampled due to equipment failure. These samples include much
precipitation that occurred in events of less than 0,35 cm, usually too small
to sample by the EPRI protocols since there is insufficient throughfall under
the white pine canopy for analysis. (2) There is also an NADP station located
at Coweeta about 600 meters from the EPRI plots. Event-only precipitation is
collected here and sent to the NADP laboratory for analysis. Bulk
precipitation chemistry is also measured weekly at the NADP sampling site and
is included for comparative purposes.

In the first year (4/86-3/87) of comparison, the WS 6 and NADP anion-cation
balance shows good agreement but the EPRI analysis shows a 12 ueg/l anion
deficit. Sulfate dominates the anion composition of Coweeta precipitation and
H dominates the cations. EPRI values for 804 are 4 to 5 ueq/1l lower than the
other station values and H is 2 to 5 ueq/l higher. For the second year of
comparison, WS 6 again shows good charge balance but the EPRI analysis gives a
12 ueq/1 anion deficit. Values of H ions are within 3 ueq/l but EPRI 804
values are about 12 ueq/l lower than WS 6. Differences in solute
concentrations between sites could be expected because the amount of

precipitation sampled varied substantially between sites; however, this does
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not explain a discrepancy in charge balance. Chemical analyses of paired
samples across laboratories currently underway may provide insight into reasons
for these differences. Otherwise, ion concentration data for precipitation
events during the year for the EPRI study indicates that values are

representative of the entire year.
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.....................................................................................................................
.....................................................................................................................

TABLE 1. Comparison of throughfall water and icn fluxes measured in

three Aerochenm Metrics wet/dry collectors and in six manually operated event-cnly
throughfall collectors {"VAR TE"}. Differences expressed as a percentage of the
flux peasured in the VAR TF collectors.

THROUGHZALL FLUY {ueq/m’2}

© Collector  ANOURLwemmmeeerecenscedmsescsssomunatsueamnsacosoem s ss s s s s s s s s neCSLsssrn s n s
Event} Type {em) 304= §03- ¢l-  PO§--- H+ HH44 K+ Na+ (s Hgt+
72 Rercches: 1.01 1383 353 244 51 473 133 1953 100 1157 620

72 VAR TR .98 1945 316 268 152 392 284 2176 101 1057 528
Percent Difference 31 1.9 11.7 -3,8  -58.3 20,7 -33.2  -10.2 -0 9.3 -1.2
73 DRerochen: 1.09 2294 711 229 96 1361 125 1313 17 1237 564

13 VAR TF: 1,08 2317 819 248 162 112 160 1635 7 1180 584
Percent Difference 2.5 -1.0 14.8 -1.1 -41.0 21.4 -22.0  -19.7 -1.8 4.8 -3.6
7% Aerochem: A2 724 41 99 n 304 45 465 48 362 g

75 VAR TF: 48 174 24 118 42 260 44 £17 54 09 2
Percent Difference  -12.0 -§.5 748 142 412 17.1 3.7 -6 -10.8 -1l -14.2
17 lerochem: .12 857 162 134 39 532 2 691 86 245

17T VAR T 1,13 837 144 155 52 455 W 895 §7 522 257
Percent Difference -5 2.4 7.0 -13.1 -25.1 4.6 =296 -22.8 -2.2 1 -8.2

TOTAL Aerochen: 3.64 5863 1275 708 208 2870 15§ 4423 291 3284 1628
TOTAL VAR TF: 3.6% 5878 1104 785 409 2237 362 5323 300 1
Percent Difference -] -3 15.5 -10.1 -49.1 19.3 =367 «16.9 -3.3 17 -4.9

.....................................................................................................................
......................................................................................................................

TABLE 2, Relative standard srrors in throughfall water and leon fluxes at nine sites
under the White Pine canopy, combining data from both Aerochen and sanually
aperated collectors., [{standard error/ mean) * 100]

PEACENT STANDARD ERROR IN THROUGHFALL FLUX

---------------------------------------------------------------------------------------------------

EVENT § Aount 804 NQ3- Cl-  P04--- H+ Y4 R4 Na+ Cast Mgtt
72 2.9 4.3 22,7 8.3 1.1 13.7 21.0 T 7.3 §.9 5.6
13 3.0 2.6 T4 13.7 3.3 10.0 1 13.7 13.3 8.7 16,3
7% 5.1 kI 2.4 7.0 30.1 10.3 3.2 9.6 3.0 7.3 7.5
177 2.5 4.8 1. 12.4 23.7 §.6 6.9 4.0 9.7 133 13.3
TOTAL (4 storms) 2.5 3.1 1.1 10.3 15,9 7.5 18.3 3.9 8.1 8.4 8.1
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”ABLE 3.

FIRST YEAR

34ENT ONLY PRECTPITATICN CONCENTRATIONS
PERIO &/1/86 to 3,31/87

TOTAL PRECIPITATION™..... 158.3 co

CONCENTRATION (ueq/liter)
Sampled  esemsemessmssseeessesesecicsiceissinecien oo iniannen Smmemmessessussecmsessemimssoisssoinnnonns
SOURCE  Amt ‘cm) p 504z KO3 Cl- PQ4--- Ht  NH4+ K+ Na+  Ca++  Mg++ Anions Cations

YADP 1480 .28 294 1.3 7 VYEVEN 6.1 47 32 2.8 1.2 14 i
3ULE
PRECIEX eS8y iy L b3 2 3153 8.8 1.9 3.7% §.3 19 52 38

SEOOND VEAR

ZVINT-ONLY PRECIPITATION CONCENTRAT
FERIOD 4UIJET to 3/1sk
TCTAL BRECIPITATIONY, . .. PRI
CONCENTRATION iueg/liter)
SEI0Ied 0 eeemmeeeeemceemmeceeiceeaciciene e CmmmemmemsessmemeescsAmSEEEeEEsAeseMsseemsascenana— -
r¢ s

SOURCE Amt ooz o 34 NG2- Ci- PC4--- H+ NHE+ K+ Na+ latt Mg++ Anlons Caticng
EPR: L 8y 5.8 A 3.0 18 33.7 10.1 .60 3.7 i1 ol 42 54
WS - 1ILLE §.43 £.: 173 2.0 20 367 9.3 1.7 7.3 5.0 2.2 €4 %

sage site as the NADP sampling.
i

1 and Raingage 20.
b was used to calculate Flixes,
aingege 70 than ab Climatic Station 20
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6.4a
INTEGRATED FOREST STUDY REPORT

B. F. GRANT FOREST, GEORGIA
(GL SITE)

Harvey L. Ragsdale and John M. Croom

Emory University

The B. F. Grant loblolly pine site which has operated continuously from
April, 1987 to the present, is an intensive measurement site in the IFS
program. Field collection of "Event" and "Bulk" samples at the B. F. Grant
site began approximately one year later than most other IFS Sites.

A major study on throughfall replicability is being conducted at the B. F.
Grant pine forest. The first study consisted of a direct comparison of the
similarity of precipitation collection results from seven, calibrated
Aerochemetric collectors. The "Aerochems" were placed in an open grassy area
for precipitation collection between October and December, 1986. Precipitation
was collected for each rainfall event and analyzed for volume(mm), pH, and the
concentration of K, Na, Ca, and Mg. Replicability of results was judged on the
basis of the relative standard error, RSE, the ratio of standard error to mean.

Variability was minimal for precipitation volume and pH (Table 1), ranging
from 0.1 to 0.7% for four events which represent the range of volumes collected
over ten events. These results, including one event with a 4% RSE for volume,
suggest that a single aerochem collector is adequate for measurements
representing precipitation input to the IFS forest plots.

The variability for base cation concentrations among the replicate
aerochem collectors was a factor of 10 or more greater than for pH and
precipitation measurements (Table 1). Sodium, Mg, and Ca had RSE’s of 1 to 5%
with an occasional value up to 10% out of the full set of ten events. Potassium
had RSE’s of 4 to 14% with some values as high as 20%. The potassium
concentrations were near detection 1imits which may explain the decreased
precision for the K measurements.

The aerochemetric wet-dry fall collectors, if properly calibrated, will
provide measurements of precipitation and pH with extremely low variability.
Although precision for cation concentrations was significantly higher, the
RSE*s were low (5 to 10%) indicating good replicability among the aerochemetric
collectors.

Variability of the annual throughfall flux of chemical elements was
assessed by chemical and volumetric measurements of throughfall solutions taken
from 6 aerochem collectors which were randomly located under a homogeneous
loblolly pine canopy. Storms were collected as discrete events for one year
from 4/1/87 to 5/1/88. The relative standard error is used as an index of
precision since the standard error is routinely reported for the IFS esvent
data.
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The annual volume-weighted throughfall flux for an element is calculated
by summing the total microequivalents over all storms, dividing this by the
hydrological flux for the storms to determine the weighted average
concentration, and finally multiplying the average concentration by the total
throughfall for the annual period. The error term appropriate for this annual
flux is obtained from the fluxes for each event. The standard error for the
mean event fluxes is scaled to an annual flux.

The throughfall results for the 1987-88 year suggest good to reasonable
variability for the throughfall measurements (Figure 1) with 24% being the
highest RSE calculated for the year. The RSE’s for throughfall at this uniform
Toblolly pine canopy ranged from 3 to 24%. The lowest variability, 3 to 12%,
was found for S04, C1, H, and Na. Variability was higher, 15 to 24%, for NO3,
Ca, Mg, and K. The results for phosphate and ammonium are questionable due to
a relatively small set of measurements.

These throughfall results represent a typical loblolly pine "monoculture"
of the southern Piedmont. There is, however, a hardwood component associated
with these pine forests. Deciduous plants may occur as occasional trees within
the pine canopies, as understory plants reaching 20 to 30 foot heights and as
climbing vines which can reach pine canopy height. Examination of the
throughfall data for the individual Aerochems reveals one aerochem collector
with fluxes that are consistently different from the others. The canopy of that
collector has a greater deciduous canopy than the others. While the B. F.
Grant site may be considered "homogenecus", the RSE for each element would be
lower in the absence of the deciduous canopy effect.
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Table 1.

EVENTS

Variability among Aerochem wet-dry fall collectors
for four precipitation events in 1986. RSE is the
ratio of standard error to mean expressed as a
percent value.

PPT pH NA K MG CA
(mm) (mg/Ly (ma/L) (mg/L) (mg/L)
T MEAN 384 4.52 0.037 0.009 0.005 0.057
SE 0.8 0.01 0.002 0.001 0.0003 0.002
N=7
RSE%  0.21%  0.20%  4.56% 5.95% 6.75% 3.32%
MEAN 246 4.21  0.224  0.031 0.031 0.014
SE 1.5  0.01 0.003 0.004 0.0007 0.001
N =6
RSE%  0.59% 0.15% 1.18% 14.16% 2.33%  7.24%
MEAN 189  4.37 0.314 0.080 0.048 0.086
SE 0.5 0.01 0.001 0.003 0.0003 0.001
N=6
RSE%  0.25%  0.16% 0.19% 3.56% 0.58% 1.37%
MEAN 138 4.33  0.082 0.014 0.012 0.018
SE 0.9 0.00 0.004 0.002 0.0006 0.001
N=6
RSE%  0.68% 0.09% 4.60% 14.97% 5.09%  6.96%
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6.4b

THE INFLUENCE OF WATER FLUX ON THE LEACHING OF IONS
BF GRANT FOREST

J. Dowd and T.M. Keith
March 1989

The influence of water flux on the annual mass flux of ions is illustrated in this report.
The water flux is calculated by 1) a model using a form of the Richard’s Equation and 2)
assuming uniform annual water movement below 20 ¢cm. The latter method has been used by
several IFS sites in their preliminary analyses.

WATER FLUX

The Richard’s Equation calculation of water movement was performed using the one-
dimensional model WATFLO, a component of LEACHM (Wagenet and Hutson, 1987). The
model is a finite difference approximation of the equation:

§-% ko F) - vao

where;
¢ is the volumetric moisture content
h is the hydraulic head
K(8) is the unsaturated hydraulic conductivity
z is the depth
U(z,t) is a sink term representing transpiration

The domain of the model is from the top of the mineral soil to a depth of 120 cm. The
annual transpiration distribution was based upon a Thornthwaite calculation, adjusted
downward to agree with regional watershed estimates of actual evapotranspiration and to
remove the canopy evaporation component. Canopy evaporation was estimated to be up to
2 mm per day. This value, selected as the best fit of observed versus modeled soil moisture
and soil suction, is the curve labeled forest floor in Figure 1. Cumulative daily estimates of
precipitation and model estimated water flux at 20, 80, and 120 cm are also plotted in Figure
1. These curves graphically illustrate that the water flux at 80 and 120 cm is approximately
half the flux at 20 cm. This difference is due to transpiration.

The root distribution chosen for the simulation assumed that 55 percent of the roots were
located between zero and 20 c¢m in the A and A/B horizons, and that 45 percent of the roots
were located between 20 and 60 cm in the B, horizon. Several other root distribution were
simulated with no substantive differences in water flux.

The annual flux pools are very similar to the resuits obtained using the model PROSPER.

SELECTED ION FLUXES

Ton fluxes were calculated using the WATFLO water flux estimates of 42.7 cm at 20 cm
depth, 22.1 cm at 80 cm depth, and 21.3 cm at 120 ¢m depth (labeled model in Figures 2
through 6). For comparison, ion flux estimates using a constant of 42.7 cm were calculated
(labeled constant). In all cases, because of the higher water flux at depth with the constant
flux assumption, the constant mass flux is greater than the mode!/ mass flux. For Calcium
(Figure 2), the trends are similar, if less pronounced in the consitant flux. Similarly with
chloride (Figure 3), the reduction of mass flux in the B, by constant is less pronounced than
by model. Again, the trends are similar, with the constant method predicting a greater mass
flux than the mode! method at depth.

Figure 4 iilustrates the estimated sulfate flux. The trends are clearly similar, and the
water prediction method has little affect on the results. Total nitrogen flux (Figure 5) and
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nitrate flux (Figure 6) illustrate the problem that one can encounter using the constant water
flux estimate. In both Figure 5 and Figure 6 the mass flux at the bottom of the B, is greater
than the input to the B. by the constant method. In contrast, the mode!/ method yields a
decrease in mass flux in both cases.

DISCUSSION

These results illustrate potential difficulties encountered in interpretation of the mass
flux results. IFS sites that assume coastant flux may show flux trends considerably different
from those of the BF Grant Forest. If the chemical concentrations with depth are nearly
uniform, the assumption of constant water flux with depth can reverse the depth trend,
indicating a leaching of ions in the so0il that may not be occurring. When the concentration
with depth declines, the general depth trend based upon constant flux will agree with the
more realistic model results, but will be less pronounced in the trend. This difference will
be greatest where transpiration is high, such as in the southeastern US.

LITERATURE CITED

Wagenet, R.J. and J.L. Hutson. 1987. LEACHM. leaching estimation and chemistry model. A
process model of water and solute movement, transformaiion. plant uptake and chemical

reactions in the unsarurated -one. Water Resources Institute, Cornell University, Ithaca,
NY 14853. 80pp.
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Integrated Forest Study on Effects
of Atmospheric Deposition

1988 Annual Report

6.5
Duke Forest Loblolly Pine (DL} Site

Investigators:

Ken Knoerr, School of Forestry and Environmental Studies, Duke Unijversity,
Durham, NC 27706 (919-684-2619)

Dan Binkley, Department of Forest and Wood Sciences, Colorado State
University, Ft. Collinsg, CO 80523 (303-491-6519)

Assistants:

Paul Conklin, Terry Schneider, Ute Valentine, Dave Valentine

Summary

The Duke Forest Loblolly Pine (DL) Site has now been operating all of its
field data collection tasks since September 1,.1986. Thus as of December
31, 1988 we had accumulated twenty-eight (28) months of data. In
conjunction with investigators from the other sites we have initiated some
preliminary cross-site comparison in both the atmospheric deposition and
soil nutrient cycling areas. Ken Knoerr and Dan Binkley are serving as the
H' ion task coordinators. In addition to serving as initial steps in
synthesis, these cross-site comparisons have helped us to evaluate the
reasonableness and quality of our field data. As a result of this we have
identified concentrations for several of the ions that appear too high for
some of our field samples. Thus we have been re-evaluating this section of
our data.

Because of our moderate climate we are able to maintain regular field data
collection for both the atmospheric deposition and soil nutrient cycling
tasks on a regular basis. For deposition event tasks we strive to set up
for every wet and dry event. For the wet events, our success ratio has
been quite high. Between 80 and 90 percent of these events have been
collected. For the dry events, our success ratio has been lower. Between
40 and 50 percent of thess events have been sampled. The greatest
difficulty in the dry deposition event sampling is getting a good forecast
of the end of the event (i.e. the start of precipitation) during the winter
season. As currently designed, the protective covers for the coarse
particle deposition plates do not respond rapidly enough to protect them
from precipitation.

A brief summary of our measurements of ozone concentrations above and
beneath the forest canopy and our evaluation of throughfall variability at
this site follows.
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Ozone Concentration ppb

Ozone Gradient Sampling at the Duke Forest Site

During the fall of 1987 we made two point measurements of the ozone
gradient within the forest canopy at the Duke Site. We used two equal
length sample lines and a high volume pump to draw samples from our
instrument tower to the work shed. A pair of solenoid valves allowed
alternating samples from the two lines to be fed into a single ozone

monitor,

After sampling with the two lines side by side to ensure that line losses
were similar, we measured two different two point gradients., First we
sampled with one line two meters above the top of the canopy and the other
1.5 meters above the ground. Then we moved the ground line up to the
bottom of the canopy, about 18 meters above the ground and 9 meters below

the top line.

Qur results show a small but measurable decrease in ozone through this
loblolly canopy. The ozone concentration above the canopy averaged 38 ppb
for the entire measurement period. The concentration decreased by 6% from
the top of the canopy to the bottom of the canopy and by 15% from the top
of the canopy to the ground.

Ozone Profile
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Thoroughfall Variability

Throughfall measurements from five (5) replicate collectors have been made
for over two (2) years (9/86 through 11/88) at this site. The following
table summarizes the wvariations in the volume weighted mean concentrations
for the various ions over this period. The relative standard error of these
means ranges from 2 to 13 percent. Thus on the average we believe that the
estimates of the throughfall fluxes at our site are within about 10
percent.

Throughfall Variability for Duke Loblolly Site
Shown by variation in the Volume weighted mean concentration
for 5 replicate collectors, for the period 9/86 through 11/88

Concentrations in ueq/1
S04=  NO3- (Cl- PO4= H+ NH4+ K+ Nat+ Cat++ Mg+t

Collector
1 94 58 67 0 123 26 34 26 49 16
2 71 38 46 0 92 23 25 25 45 12
3 62 29 62 0 95 24 18 20 35 9
4 89 47 63 0 100 23 27 24 47 17
5 72 32 4Q 0 74 23 17 18 33 8
Arithmatic Mean 78 41 56 0 97 24 24 23 42 12
Standard Error 5 5 5 0 7 0 3 1 3 2
Relative
Standard Error 7% 12% 9% 0% 7% 2% 12% 6% 7% 13%
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6.6

INTEGRATED FOREST STUDLY SUMMARY

N. Foster

Canadian Forest Service
Turkey Lakes Watershed

Introduction

This report summarizes the results of IFS research carried out
by Forestry Canada at the Great Lakes Forestry Centre during 1988. A
summary of nutrient leaching at TLW is included.

Spreadsheets relating to the nutrient content of vegetation and
soil at TLW and three years data on solution nutrient concentrations and
fluxes have been prepared by Neil Foster, Ian Morrison and Paul Hazlett
and distributed to study site and task leaders. Analyses relating to
mineralization of nitrogen in soil were completed and the results are
being summarized by Paul Hazlett.

In 1988 Diane Keller of Colgate U. visited TLW in August to
collect additional samples for mineral weathering studies. TLW hydro-
logic data, including stream parameters are being summarized by John
Nicolson for W. Swank for input into the PROSPER hydrologic model.
Additional soil samples were supplied to J. Fitzgerald for sulphur
experimental task studies.

A report entitled "Changes in cation leaching from a tolerant
hardwood soil in response to acidic deposition and nitrogen mobilization
in soil" was prepared and submitted to Water, Air, Soil Pollution.

Nutrient Leaching from Deciduous Vegetation and Podzolic Soils at TLW

Year-to~year changes in mean annual ion concentrations and ion
fluxes in precipitation induced by contact with a maple~birch forest and
soil were determined for 1981 to 1985 at the Turkey Lakes Watershed
(Lat. 47°03'N, Long. 84°15'W).

Changes in Ion Concentrations within the Ecosystem

Solutions collected below the canopy and within the tree rooting
zone were generally enriched in ions in relation to precipitation (Table
1). The exceptions were HY at all levels, NHz* in throughfall, stemflow
and mineral soil solution, and NO3™ in stemflow. The increases in total
concentration of anions and cations below canopy and a decrease in
concentration were consistent with results from events (Cronan and
Reiners 1983)1 and 5~ to 7-month examinations of tolerant hardwood
forest in other areas (Eaton et al. 19732, Mollitor and Raynal 19823).

loecologia 59:216-223.
2J. Ecol. 61:495-508.
350il Sci. Soc. Am. J. 46:137-141.
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The enrichment/depletion patterns at TLW were generally consistent from
year to year, although the magnitude of the ratios varied. The highest
cation ratios were k' in stemfliow, forest floor percolate and through-
fall, and Ca4t and Mg2+ in mineral soil solution,. The anion with the
highest ratio in throughfall and stemflow was HCO3~, and in forest floor
and mineral soil solution it was NO3™.

Changes in Ion Flures within the Ecosystem

Acid deposition, by increasing the content of 8042" and NO3™ in
soil solution, increased the potential for cation leaching from the soil
of basin 31. This is particularly true for 8042_, even though we have
found iadirect evidence suggesting that S transformations in soil are
contributing 8042“ to mineral soil solution and water percolating from
the mineral soil (Table 2). Nitvogen transformatiomns in soil, on the
other hand, added inorganic N, particularly NO37, to soil solution.
Even if all NH4+—N in precipitation is assumed to nitrify, atmospheric
inputs of inorganic N were equivalent to only 50% of the output of NO3-N
from the rooting zone (Table 2). The additional output must be derived
from scil organic N resources in the forest floor and surface mineral
horizons. Potential N mineralization in the upper soil profile of the
TLW soil may approach 14 kmol ha'lyrml, under soil moisture and tempera-
ture conditions that are optimum for microbial activity (Foster et al.
19864). Only N that is in excess of the needs of the vegetation, along
with any N produced during the dormant season, is likely to accumulate
in soil, nitrify, and contribute to cation leaching. Atwmospheric NO37,
therefore, largely augments that which is produced naturally in the TLW
soil.

Acid deposition in the TLW watershed was partially neutralized
by ion exchange in the deciduous forest canopy and mineral soil. We
estimate that only 25% of the HY that enters basin 31 leaches through
the vegetation and soil to ground and surface waters (Table 2). The
actual passage of precipitation HY is probably even less because HT pro-
duced within the soil undoubtedly accounts for some of the HT leached.
Water percolating through the forest floor gained HT (Table 2), possibly
from organic acid production, nitrification or an excess uptake of

cations by the vegetation. The dominant cation leached rfrom the soil
was Ca2+, accounting for approximately half of the positive charge in
the leaching solution. Sulfate was an important counter-ion for KV

leached from the vegetation. Acid deposition had a minor impact on the
quality oif stemflow and torest floor percolate, which were enriched in
Xt and Ca?t mobilized in association with organic anions. Calcium and
Mg2+ were leached from fhe mineral soil in association with 8042‘ and

NO3™.

“Water, Air, Soil Pollut. 31:879-889.
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Table 1.

Solution flux (mm) and mean annual volume~weighted ion con-

centrations ( pequiv L‘l) in solution (% standard deviaiton
for spatial variation per collection and coefficient of varia-
tion in parentheses for year-to-year variability).

u+

calt

Cations 5042‘ NOg™ Anions

Precipitationd  38%4 1632 86.8 5042 28+2 85.8
7 (27) (9) (11) (18) (14)

Throughfall? 194 32%6 129.7 70%8 33t7 130.2
(25) (12) (6) (11) (22) (10)

Stemflow?P 10£15 240336 719.5 268274 18%1g 452.4
(61) (9) (26) (&) (61) (10)

Forest floord 28%+11 15652 313.1 78422 79247  156.1
(30) (10) (22) (10) (29) (18)

Mineral soilC€ 20+8 176%36 288.7 106+14  142%39  270.0
(1) (12) (2) (M (16) (N

a41981-1985

b1981-1983

€1983-1985

Table 2. Mean annual fluxes of ions (kg ha"l) in solution (with range)

s calt NH,F-N 5042~ NO3™=N

Precipittion® 0.5 3.9 3.0 29.2 4.7
0.4-0. 2.9-5.1 2.6-3.4 26.6-31.9 4.0-5.7

Throughfall 0.2 7.0 2.9 37.1 5.1
0.1-0. 5.8-7.7 2.5-3.3 32.1-44.4 4.0-6.5

Stemf lowP 0.1 0.2 0.1 1.0 0.1

0.2~0.2 0.7-1.5

Forest floord 0.3 29.8 5.7 34.9 10.5
0.2~0. 24.6-41.1 2.2-10.5 28.3-41.5 5.6-13.1

Mineral soil€ 0.1 2.6 0.3 37.9 17.9
0.1-0. 27.3-34.0 0.2-0.4 35.1-40.2 15.5-21.7

21981-1985
01981-1983

€1983-1985 (calculated from water balance equation (Thornthwaite and

Mather 1957)
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6.7
HUNTINGTON FOREST SITE
INTEGRATED FOREST STUDY

1989

Personnel:

Dr. Myron J. Mitchell, Dr. Dudley J. Raynal, Dr. Edwin H. White,
Dr. James Shepard, Mr. Thomas Scott, Mr. Neal Buelow, Ms.
Marianne Burke, Ms. Ann Moore, Mr. James Porter, and Mr. Yi-Min
Zhang.

HIGHLIGHTS FOR YEAR:

A net _loss (wet + dry deposition minus soil leaching) of
Ca® and Mg” was observed at the Huntington Forest (3.3 and 0.5
kg ha™! y”, respectively) but the amount was small compared with
the amounts in the exchangeable pools (600 and 40 kg ha’l,
respectively). These small losses are likely to be smaller than
the amount added to the site by mineral weathering. The
relatively young soil has a greater fraction of heavy minerals
than most other IFS sites and thus mineral weathering is
potentially a very important source of base cations. Thus,
although this site is subjected to acidic deposition, depletion
of nutrient cations should not occur unless it is coupled with
another source of removal such as that of whole-tree harvesting.

2+

In other areas of the northeastern United States and
Southeastern Canada, it has been hypothesized that sugar maple
decline may be attributable to accelerated losses of nutrients
including calcium and magnesium due to acidic deposition. At the
Huntington Forest, sugar maple along with American beech are the
dominant species and no indication of decline has been noted and
this may be attributed to the adequate availability of these base
cations at this site.

The wet input, dry input, and leaching loss of sof“ were
estimated at 5.7, 2.1, and 9.2 kg ha! y'1 at the Huntington
Forest, resulting in a net loss of 1.3 kg ha™! yd. Some studies
have circumvented the difficulty of measuring dry deposition by
measuring wet inputs and soil losses in a watershed and
calculating dry sof' input assuming that $ is entirely
conservative, with inputs egual to losses. Such an assumption at
the Huntington Forest would result in a dry input of 3.4 kg ha™
yd, 1.6 times the dry input we measured. The fluxes of anions

194



and cations at this site is driven primarily by the movement of
Sof' both in the canopy and the soil. The inputs of this ion are
less than other sites closer to point sources of pollution and
this results in less nutrient cation flux in the canopy (Figure
1) and the soil than those sites with higher sulfur loadings.

The study of root dynamics has been emphasized at the
Huntington Forest since the below ground portion of northern
hardwood ecosystems have been shown to be major loci of nutrient
turnover. Fine root (<3 mm) production and turnover were
gquantified during the past two years. Periodicity of root growth
was measured using root observation boxes (rhizotrons).
Production and mortality were estimated using the sequential
coring method. Decomposition was measured using buried litter
bags. Fine root production began in mid-April, peaked in July
and August and culminated in October; a total of 5 months of
production. Fine root periodicity was governed by soil
temperature. Soil moisture was not a factor in this forest which
rarely experiences moisture deficits. Fine root production and
mortality averaged 1.9 Mg ha' y!, and thus the fine root pool is
at a steady state. Decomposition averaged 1.1 Mg ha™! y*. Fine
root mortality was about 40% of the total detrital pool. The
contribution of fine roots is within the range found previously
for other northern hardwood sites.

In the Huntington Forest site dominant trees are
approximately 100 years old. The standing crop of biomass is
likely at or near steady state and net primary production appears
to be low. Presently we observe small amounts of net nitrate
leaching from this ecosystem on an annual basis (Figure 2).
However, we have evidence from long term studies of soil solution
chemistry and nearby surface waters, that nitrate leaching may be
increasing especially during the spring snow melt period. Other
IFS sites with younger forests characterized by greater net
primary production and thus greater nitrogen requirements have no
nitrate leaching whereas older forests with low net production
show net nitrate leaching. The Huntington Forest is apparently
reaching the stage of nitrogen saturation due to its maturity and
elevated levels of nitrogen inputs.
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lShepard, J.P., M.J. Mitchell, T.J. Scott, Y.M. Zhang. 1989.

Measurements of wet and dry deposition in a northern hardwood
forest. Water, Air and Soil Pollution (In Review).
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6.8
ANNUAL REPORT

THE HOWLAND, MAINE IFS SPRUCE-FIR SITE

ivan J. Fernandez
Gregory B. Lawrence
§. Hichael Goltz

University of Maine
Orono, Maine

OVERVIEW

The study site at Howland, Maine is8 one of the nrewest in the EPRI/ORNL
IFS program with installation beginning in  the 1987 field season. The
site is considered a non-funded cooperator. Funding for the nutrient
cycling and atmospheric sciences research at the Howland site is from the
U.8. Forest Service Forest Response Program where Howland represents the
ornly low elevation, commercial spruce-fir site in the Spruce-Fir Research
Cooperative. Meteorological and deposition work at the site is supported
through the U.S. Environmental Protection Agency’s Mountain Cloud
Chemistry Program, The site has been developed as a long-term nutrient

cveling study site that will provide information on questions related to
the effects of sulfur and nitrogen deposition, as well as concerns
regarding forest management and potential climate change. Being a

mid-latitude forest located within the regional ecotone between boreal
spruce~-fir to the north and northern hardwoods to the south, this site
offers the potential for being sensitive to shifts in  successional
patterns and ecosystem function as a result of shifts in climate.

SITE DESCRIPTION

The intensive nutrient cycling study at Howiland is located in a low
elevation (60 meters), commercial spruce-fir forest owned and operated by
International Paper Company. The stand consists of conifers with a minor
component of hardwoods as shown in the figure. Balsam fir is iosing
importance at the site as a result of the natural expression of dominance
within these stands, as well as the influence of scome spruce budworm
infestation during the 1970’s, Bzing on the southern edge of the
spruce-fir region there exists a strong presence of hemiock with a few
large white pine individuais remaining from the last rotation.

The nutrient cycling studies are concentrated on two 0.2 ha (40 X 50
meter) plots divided into 8 1 s8gq. meter grid system. The Tower site is so
named because adjacent to it is a 285 meter tower with various

metaorological and deposition instrumentation. within each study plot
there are 20 funnel-type throughfall collectors, 12 stemfiow collectors,
20 litterfall collectors, ) snowmelt collectors, 36 zero-tension

lvysimeters, and 18 tension lysimeters with a constant 10 KPa tension
created with an electric vacuum pump system. At the Tower site there are
three wet-only collectors for event sampling of throughfall and open
precipitation, All trees on the site are tagged and numbered with
mensurational! data presented from 1{S87 measurements. At twelve locations
within each site, quantitative soil pits have been excavated by depth
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increments. in addition, soils from face pits have been sampled based on
morphological features, and all so0il samples collected are being
chemically analyzed. Sampling of red spruce and balsam fir foliage
occurred during 1987, and sampling of all major vegetative components for
all species took place during 1988,

Both on the tower at the Tower site, and in an open orchard
approximately two Kilometers east of the Tower site, there is a compiete
meteorological pacKage (solar radiation, air temp., RH, barometlric
pressure, wind speed/direction, precip. depths, and fog occurrence) and
air quality monitors (sulfur dioxide, ozone, Ffilter packs, and wetl-~only

collector), At the Tower site there is also one locaticn with continuous
soil temperature and water potential monitoring at six depths in the
s50il. Intermittent energy budget andg flux measurements include water,

vapor, sensible heat, soil heat flux, net radiation, ozone and sulfur
dioxide,

PROGRESS AND FUTURE ACTIVITIES

For the Howland site 1988 represented the first full growing season of
data collection for all fluxes in the ecosystem, and quantitative soil pit
excavations as well as biomass sampling were completed with chemical
analyses of these materials {0 be carried out during 1989, Monthiy
foliage samples were collected from red spruce and balsam fir during the
1987 growing season to examine temporal variability of foliar chemistry.
Results showed that oniy N, P, K, and Ca showed distinct temporal

patterns. For these four nutrients, Ca showed a continuous increase in
concentration for all tissues believed to reflect the accumulation of Ca
in  maturing vegetative tissues. The pattern for N, P, and K was similar

to that of N shown here whereby concentrations rapidly decreased in
current year foliage early in the growing season due to dilution and then

leveled off. For previous vyear foliage in both species slight increases
in  concentration occurred prior to leveling off which was attributed to
increased uptake and availability of nutrients in  the soil Comparing the

nutrient concentrations in  this study to nutritional guidelines for red
spruce and balsam fir revealed that both species are below optimum levels
or deficient with regards to N and P.

Current vegetation analyses are focused on guantifying biomass
nutrient poois and samples of foliage, branches, bark, bolewocod, and roots

from all species present are being analyzed. Stemflow concentrations wer
typically greater than throughfall, but stemflow at this site contributes
less than one percent of the nutrient and water Fflux to the forest floor.
All  solutions will continue 1o be collected and monitored into the future
and data analysis over the next vyear will concentrate on refining nutriem
budget estimates for the site, More intensive work is planned for the
Howland site to examine the characteristics of events and their influence
on so0il  solution properties, as well as evaluating the influence of
decreased s0il moisture on s0il solution chemical composition,
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HOWLAND IFS STUDY SITE
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1987 Foliar Calcium Variability
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Integrated Forest Study 6.9
Norway Spruce 1988 Annual Summary

Investigators: Arne O. Stuanes, Ingvald Resberg, and Magne Huse,
Norwegian Forest Research Institute
Einar Joranger, Norwegian Institute for Air
Research

Nutrient Cycling

buring 1988 we have continued routine collection of bulk
precipitation, bulk throughfall, and soil solution at all four
plots. Stemflow is collected only at two plots. Bulk
precipitation and throughfall have been collected at the
manipulated plots (A-2) since 1983. A complete sampling program
has been carried out at all plots since October 1986. It was
difficult to collect samples during the winter 87/88 due to
frequent thawing and freezing in the first part and a huge amount
of snow in late winter giving a very late snow-free ground.
Seasonal and annual fluxes for the period October 1986 to May
1988 have been reported.

The A-2 plots are more dense than the A-4 plots, giving a larger
year to year variation. Since 1983 the A-2 plots have shown some
vears with less S0.2- throughfall flux than bulk precipitation
flux. This holds for the period May to December which is usually
free of permanent snow. There is a large amount of lichens in the
stands, about 1500 kg per ha in the trees of the A-2 plots.
Uptake and buffering by the lichens may explain some of the
differences.

Al-speciation was carried out on all the soil solutions in the
period April '87 to May '88. As shown in Fig. 1, the total Al
(total reactive Al, acid digested) varies seasconally for the

0 and E horizon, but not for the Bs and BC horizons. The Al
concentration leaving the BC horizon is low.

4, R, dlr

120 1

M7 m87 me7 U J& ST o M nem
Sampling period
Figure 1. Concentration of total Al in scil sclution leaving
different scil horizons in the A-4, R1l plot.

Almost all Al is organically complexed (non-labile monomeric AI)
in the 0 and E horizons (Fig. 2), while only a small fraction is
in an organic form in the Bs and BC horizons. This is in
accordance with the podzolization theory and indicates that most
of the Al in the main rooting zone is in a nontoxic organic
form. Some of the Al-fractions are sensitive to the moisture
condition in the soil. The highest suction that was measured in
the soil during the period was =70 kPa.
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Figure 2. Concentration of organically complexed Al in soil solution
leaving different soil horizons in the A-4, R1 plot.

Atmospheric Deposition

The standard meteorologic and gas measurements have been done
since April 1986. Wet-only collectors and plates for coarse
particles have been in place since June 1987. Only

concentrations have been reported for the period May 86 to April
87 and also seasonal and annual fluxes have been reported for the
period May 87 to April 88.

We have put a lot of effort into producing values for the coarse
particle deposition. This summer and fall we had some very good
events. These measurements have indicated that the coarse particles
make a great contribution to the total dry deposition. However,

we need measurements over a longer period before we make that
conclusion.

Bulk and wet-only throughfall for the growing season are very
similar, but differ for the dormant season due to too few samples
of wet-only throughfall. The wet-only samplers do not work within
the forest during snow conditions. The wet-only throughfall flux
of NO>~ is much less than the bulk throughfall flux. We have only
two wet-only collectors for throughfall, but they are
supplemented by 10 manually operated "wet-only" collectors.
Increasing the number of collectors does not change the difference.
One possibility is that the 10 "wet-only" collectors are placed
in a denser part of the stand than the 20 bulk collectors, but we
do not think that this can explain the difference. Neither can
the large amounts of lichens explain it since it should influence
the wet~only and bulk throughfall in the same way. We have to
look further into this.

202



6.10
Annual/Status Report for the Florida Slash Pine IFS Site.

Submitted by: H.L. Gholz, Dept. of Forestry, Peter Nkedi-Kizza, Dept. of Soil Science, and Dr. Eric
Allen, Dept. of Environ. Eng. Sci., Univ. of Florida, Gainesville, FLL 32611, 904-392-4851, BITNET
HLG @ UFFSC

DEPOSITION

Sampling for wetfall {(deposition, throughfall and stemflow) was begun slightly later than
originally planned on May 2, 1988. Since that time we have monitored over 95% of the wetfall
volume. Data for the "growing season" (May 2 - Oct. 31, 1988) have been summarized.

Petri plates at the top of the tower for coarse particle collection were first exposed on 20
April, 1988 and collection has proceeded covering the main dry periods since that time. Filter
packs for obtaining air concentration data for fine particles, aerosols and gasses were installed on
Sept. 20, 1988. Standard meteorological data have been collected since mid-1986 on this site, but
measurements of the standard deviation of the mean hourly wind direction sufficiently accurate to
drive the Hicks deposition velocity model have only been collected since Feb. 1989. The use of
alternative estimation techniques for Vd’s (including the use of literature values) and the potential
errors involved in using somewhat cruder wind direction data available since July 1988, will be
explored once we have a longer record of filter pack analyses and appropriate wind direction data.
Based on a few weeks of calculated Vd’s, values for slash pine as predicted by the model are about
half those of Lorenz and Murphy (19853) as obtained for a loblolly pine plantation in South Carolina
using a concentration gradient/ resistance modeling approach. We will also determine the relative
sensitivity of the estimated Vd’s to seasonal LAI and stomatal conductance data now available for
this site, as well as to the wind direction variable. Unfortunately, analyses for ions other than 504,
NO3, Cland HPO4 from the Teflon filters were begun only for samples collected since October 1988.

In summary, we will put together a June 1988 - May 1989 data set for deposition for the
EPRI synthesis volume, available in July. The dryfall portion will, however, be based on a number
of assumptions of currently unknown impact. For example, if filter pack analyses indicate that there
is little seasonality to the concentration data, we could extrapolate using averages for the periods we
have data for. But if the deposition model is very sensitive to the wind direction term, we still may
not be able to use our earlier meteorological data.

NUTRIENT CYCLING

A. Vegetation.

An analysis of the variation in stem and canopy biomass and LAI from 1986 - 1988 has
recently been completed, based on the destructive analysis of 140 trees on a related study. Nutrient
analyses of all the tissues from these trees will be completed in April (canopies were subsampled by
vertical strata). Litterfall has been collected since mid~1986 and nutrient analysis is completed.

Preliminary analysis of particulate dryfall and subsequent crown wash versus canopy leaching
via the "throughfall regression model" is completed, and indicates little dry deposition and little
canopy leaching (net canopy effect).

We anticipate constructing a complete nutrient budget for the tree strata by the end of May,
which would include an analysis of spatial variation over the 60 ha study site, as well as an analysis
of three year’s fluctuations in both nutrition and biomass distribution.

Forest floor sampling was conducted in December 1988, with 8 samples each from 17 plots
collected and separated into pine needles, understory foliage, wood plus bark, and other, by layer.
Understory surveys of the 17 plots were completed in the Fall 1988, and data will be applied to
existing biomass regression equations to estimate understory biomass distribution. Statistical and
chemical analyses of both of these sample and data sets are underway.

Although not a direct part of the IFS research, estimates of fine and coarse root biomass,
production and respiration for similar stands were made under a previous project (previously
published) and were synthesized into a simulation model of belowground dynamics in a recently
accepted paper (Ewel and Gholz 1989). More recent versions of this model are being applied to the
current site to estimate the magnitude of root processes. Surface (0 - 20cm depth) fine roots were
sampled in December of 1986 and 87 to help calibrate the model for this new stand, and extensive
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sampling of root respiration, soil CO2 evolution, and root carbohydrate storage are being conducted
to help test its applicability and predictions. Also, bimonthly samples of all tree tissues (above- and
below-ground) are being analyzed for nutrient concentrations.

B. Soil

Solutions leaching through the forest floor into 10 tension-free lysimeters in an intensive
sampling site adjacent to the IFS tower plot have been collected on an event basis (n = 22) since
May 1988 and have been analyzed for anions, pH and volume. 36 tensiometers were installed in the
fall 1988, and have been manually monitored since January 1989, They were fitted with pressure
transducers and computerized in mid-February 1989; since then water potentials have been read and
logged every 15 minutes. There are four tensiometer "stations" on this plot, with 10 sensors from 5
to 130 cm depth (matching horizon changes) at each. A fifth station is being considered for a tracer
study.

Soil solution samplers were installed in May 1988, with an automated vacuum pump and
collection system. Routine sampling was begun in association with the tensiometer monitoring.
Concentrations of dissolved ions are very low. If they stay relatively constant over time, it may allow
us to extrapolate with some confidence from measurements through May back to the unmeasured
time period from May through December 1988 for purposes of the EPRI synthesis.

Analysis of soil variation over the 60 ha study site was completed last year and assembled into
a recent paper (Gaston et al. 1989). Sampling in the vicinity of the IFS tower and intensive soil plots
was more intensive, and samples from the various horizons from these locations were compositied
to produce the "modal”" profile samples distributed to the IFS/ ORNL "Task Leaders" for various
analyses. We received data at the annual meeting for bulk soil characterization and sulfate absorptionn
and total S; according to Bob Newton, mineral weathering is near zero (100% quartz in the sand
fraction). 28 soil core samples were submitted for analysis to a Univ. of Florida lab for hydraulic
conductivity and moisture release curves.

C. Modeling

A key variable for making estimates of soil water and ion fluxes is, of course, transpiration.
This is especially critical at the Florida site, as it is dominated by highly layered, coarse soils and a
fluctuating water table. We are proceeding with a detailed model of the fluxes through each of the
soil horizons, including effects of root distributions and the fluctuations in the water table. The full
development of this model and its validation will take at least the rest of 1989. In the meantime,
we are using several approaches to estimate the total amount of water transpired from the soil over
short periods (matching our rainfall event intervals). For example, we have recently produced an
impirical transpiration model based on meteorological parameters only which can account for over
80% of the variation observed in canopy/small chamber measurements of transpiration (obtained on
a related NSF project). This model is being used with the monthly leaf area index changes, measured
incoming PAR and light absorption by the canopies, precipitation, interception and VPD to estimate
whole-canopy transpiration on an hourly basis. Although powerful, more process-oriented models
are also under development on this project, as well as some alternative indirect models (e.g., based
on Priestly-Taylor type estimation of PET).

CONCLUSIONS

A full July 1988 - JTune 1989 report should be available in July with: (1) actual volume and
chemistry data for wet deposition, throughfall, stemflow on a rainfall event, growing season and
annual basis, (2) extrapolated data for dry deposition on an event, growing season and annual basis,
(3) actual data for
vegetation (tree and understory) and forest floor standing crops and nutrient pools, canopy leaching
(event, seasonal and annual basis), and annual net aboveground nutrient uptake over a three year
period (it will be possible to estimate seasonal values as well for some years), (4) soil water flux
(model estimates) on an hourly, daily and longer basis, and (3) extrapolated leaching of ions from
the soil within and beyond the root zone on a seasonal and annual basis.
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1989 Integrated Forest Study Site Report
WHITEFACE MOUNTAIN, NEW YORK
Atmospheric Deposition and Nutrient Cycling

Andrew J. Friedland, Dartmouth College
Erik K. Miller and Arthur H. Johnson, University of Pennsylvania
Jeanne A. Panek and John A. Kadlecek, ASRC, SUNY-Albany

This summary describes results from ecosystem monitoring at approximately
1000-m elevation on Whiteface Mountain, New York during the period 1 June 1986
through 31 May 1988.

Inputs

Atmospheric inputs during this study were lower than expected based on other
high-elevation studies in the northeastern United States (Table 1). Gross water input
was lower by 50% or more than other reports for high-elevation forests (Table 1). Ion
deposition rates were more comparable with Hubbard Brook than Mt. Moosilauke or
Camels Hump. We feel this difference is in part due to micro-site variations particular
to our study site and in part due to overestimations of deposition amounts by previous
investigators.

Table 1. Comparison of annual water and ion deposition estimates for the northeastern

U.S.

Location Moosilauke Green Mts. Whiteface Hubbard Brook
NH VT NY NH

Elevation 1220 m 1110 m 1025 m 700 m
Annual Water
Deposition 264 cm 380 cm 131 cm 132 cm
Ton Deposition -~--==-=mmmmmmmmmmo oo (kg ha 1 yr1yeemoceeee
H+ 3.90 3.89 1.27 0.98
NH4-N 16.0 nm 6.34 23
Nat 7.5 nm 0.76 1.59
K+ 5.4 nm 1.39 0.89
SO4-S 56.8 85.8 17.6 12.8
NO3-N 28.2 37.5 15.9 4.5

Data from Mt. Moosilauke, Lovett et al. (1982); Green Mountains, Sherbatskoy and
Bliss (1984); Hubbard Brook, Likens and et al. (1977). nm = not measured.
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Estimating Cloud Water Deposition

Several independent methods for estimating cloud water deposition to the IFS site
at Whiteface Mountain, NY indicate a range of possible values for the average
deposition velocity. There is general agreement between the deposition velocities
estimated by growing season water balance (0.025 cm/hr), canopy balance for sulfate
(0.0185 cm/hr) and an adaptation of the Lovett Model for a two component canopy on a
steep slope (0.242 cm/hr). Our best estimate of cloud water deposition to the IFS site
on Whiteface, approximately 16 cm per year, is much lower than published estimates
for only sightly higher elevation stands in the northeastern US (Lovett et al., 1982).
This is consistent with a strong elevational gradient for immersion times determined for
the IFS stands (6-20% of the year) and the summit of Whiteface (50%, R.MacDonald,
ASRC unpublished data).

Cloud water provides 13% of water input to the forest and up to 40-60% of H, NO3
S04 and NH4 deposition (Table 1). This deposition pathway is responsible for 47% of
the total anion loading of the ecosystem. For approximately 10% of the year the forest
canopy is exposed to cloud water solutions of pH 3.8 as compared to the average rainfall
solution pH of 4.2. The additional exposure to acidity this forest receives during cloud
immersion may contribute to increased foliar leaching and reduced winter hardiness in
red spruce .

Spatial Variability of Throughfall Flux

Accurate measurement of throughfall water and ion flux is critical to the IFS
because throughfall fluxes are used to validate and calibrate both dry and cloud water
deposition models. The characterization of net canopy effects (NCE) for nitrogen
species and nutrient cations is a primary goal of the project. Throughfall water flux is
the fundamental measurement driving soil-solution flux estimates at all sites regardless
of the way leaching is modeled.

We investigated spatial variability in throughfall water and ion fluxes in the fir-
spruce-birch forest at Whiteface Mountain, NY to obtain a better understanding of the
accuracy of those measurements. Event throughfall was sampled from a large number
of collectors in a dense sampling grid (25 collectors spaced 5 meters apart in a 0.09 ha
plot) to quantify the performance of fewer collectors in low density sampling plots used
in routine throughfall monitoring (5 collectors in 0.09 ha). Most IFS sites have used a
small number of samplers (2 to 5) for their long term sampling program. The
collectors used were standard NADP polyethylene buckets with 658 cm? collection area.

In the mixed conifer-hardwood forest at Whiteface, ion concentrations were often
more variable than water deposition (Table 2). Variability in ion deposition is
increasingly controlled by the variation in water deposition as precipitation volumes
increase. The great variation in ion concentration and water deposition present in
events with volumes just a few multiples of the canopy storage capacity makes accurate
determination of through-canopy ion fluxes impractical for these events,
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Table 2. Coefficients of Variation in Throughfall Water Amount and
Ion Concentration for Events Sampled in 1985

Event DEP Water H Na NH4 K ClI NO3 S04
(cm) <----=----- Coefficient of Variation ------------ >
3.08 0.14 0.33 0.73 0.62 0.78 0.81 0.36 043
0.50 0.34 0.27 041 0.66 0.46 0.55 038 0.38
. . 0.40 1.70 0.76 0.72 0.81 0.40 0.55
3.01 040 0.26 0.61 027 0.67 058 036 0.33
1.48 0.18 0.69 0.67 0.85 0.57 0.67 0.75 0.75
0.73 023 036 ------- no analysis - - - - - - -
0.94 0.41 031 038 0.73 052 034 031 0.22

NolooIEN o) UNFaNR UL S R
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We have found that for 11 out of 17 events sampled, the probability of 5
randomly located collectors having a mean within 20% of the high-density sampling
grid mean was greater than 90% (data not shown). The 6 events showing the greatest
variability tended to be low water deposition events (< 1cm), less than a few multiples
of the canopy storage capacity. When depositions to individual collectors are summed
over the course of 8 or 9 events with a total deposition representative of a month of
continuous sampling, variability is greatly reduced. Five samplers had a 98%
probability of predicting the high-density grid mean to within 10.2% in 1985 and 6.5%
in 1987. Three randomly located collectors had only 90% probability of predicting the
high-density grid mean to within 19.8% in 1985 and 6.13% in 1987.

To summarize, five collectors performed at least twice as well as three collectors
for quantifying seasonal water and major ion fluxes. Five collectors did not adequately
characterize extremely low water deposition events and would not be adequate for
assessing NCE or cloud water contributions. However, when events are summed to
monthly or seasonal values the variability inherent in low volume events is
overshadowed by the more uniform behavior of the canopy in large volume events.
For two growing scasons five collectors had a 90% probability of yielding a seasonal
mean deposition within 10% of the high density mean. We have demonstrated the
confidence we have in the adequacy of our five permanent collectors to accurately
estimate throughfall fluxes to the nutrient cycling study plots at Whiteface.

Soil Solution Chemistry

In general, solution chemistry is hydrogen and sulfate ion dominated.
Ammonium, nitrate and base cation concentrations are fairly low in precipitation and
throughfall but increase in the forest floor and mineral soil horizons. Calcium becomes
an increasingly large component of solution chemistry in the forest floor and mineral
soil.
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Figure 1. Ion concentrations in precipitation (PRCP), throughfall (TF), forest floor
soil water (FF) and Bs horizon mineral soil water (Bs). Values are volume-weighted
mean concentrations from samples collected from 1 June 1986 through 31 May 1988.

Aluminum in Soil Solution

During the monitoring period 1 June 1986 through 31 September 1987 the
concentration of total solution aluminum in monthly integrated samples remained below
the 250 micromole per liter A13+ (Table 3) toxicity threshold suggested for red spruce
seedlings.

Table 3. Total aluminum concentration range and quartile values.

Total Aluminium (umoles 1-1)
Horizon MIN 25% 50% 75% MAX
33 408 741 1038 207.6
59 29.7 44.5 704 126
74 297 40.1 519 146.6

w» O
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Mountain, New York. Soil Science Society of America Annual Meeting,
December 1-5, 1987, Atlanta, Georgia. p. 256. (Abstract)
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(abstract in press)

Hanson, P. J., and G. E. Taylor, Jr. 1988, Modeling pollutant gas uptake
by leaves: An approach based on physicochemical properties. Conference
on "Forest Growth: Process Modeling of Responses to Environmental Stress,”
April 19-22, Gulf Shores, Alabama.
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J. W. Spence. 1989. Measurements of wet and dry deposition in a northern
hardwood forest. Presented at Acidic Deposition and Forest Decline
Symposium, October 20, 1988, SUNY College of Environmental Science and
Forestry, Faculty of Forestry. Misc. Publ. No. ESF88-005.
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Society of America, August 9-14, 1987, Columbus, Ohio.
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Van Miegroet, H. Comparison of buffer capacity between red alder and
Douglas-fir soils. Poster presented at the Annual Meeting of the Soil
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Zhang, Y., J. P. Shepard, T. J. Scott, and M. J. Mitchell. The chemistry
of throughfall and stemflow of wet events at the Huntington Forest in the
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