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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 ( I F S ) .  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 I F S ,  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 f o r  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 soil 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. 

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 nutrient 
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 l), which will facilitate the 
testing of hypotheses regarding the effects of atmospheric sulfur and 
nitrogen deposition on forest nutrient cycles. 

hands of the principal investigators at each site. The separate 
experimental tasks underway at various sites are indicated in 
Figure 2 .  
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 a5 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 to these individuals by the I F S  site 
researchers for summary in this report. 

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 s i tas .  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 Nountains 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. A t  the other sites 
dry deposition was important in the input of all ions3, 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 soil solution fluxes and ecosystem budget 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 s u l f u r  input/output budgets a0 not fit w i t h  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 f o r  a variety of forests 
in different environments in order to understand the possible effects 
of deposition on nutrient cycling processes, 

Responsibility for site operation throughout. the IFS is in the 

Coordination of synthesis activities for the IFS project is 

The summaries reported here describe the trends in atmospheric 
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Table  1. S i t e s  i n  the EPRI I n t e g r a t e d  F o r e s t  Study ( a r r a n g e d  from West t o  E a s t ,  
see Fig .  1 for s i t e  codes and l o c a t i o n s ) .  

INTENSIVE DEPOSITION MEASUREMENT SITES (see n e x t  s e c t i o n  f o r  equipment) :  

SITE 
CODE 

DF 

RA 

LP 

ST 

C P  

G L  

FS 

DL 

TL 

HF 

WF 

MS 

NS 

FOREST TYPE 
j-El e v a t  i on 1 

Douglas Fir ( 2 2 0  m) 

Red Alder  ( 2 2 0  m )  

L o b l o l l y  Pine (300 m) 

Red Spruce (1740 m )  

White Pine (720-1100 m) 

L o b l o l l y  P ine  (175 m )  

S l a s h  P ine  (100 m )  

L o b l o l l y  Pine (215 m )  

N .  Hardwoods (350 m) 

N .  Hardwoods (530 m )  

Red Spruce ,  Balsam Fir 

Red Spruce (60 m) 

Norway Spruce (200 m) 

(1000 m> 

B U L K  DEPOSITION ONLY SITES: 

F L  Fir, Hemlock (1100 m) 

SS Red Spruce  (1800 m )  

SB American Beech (1600 m) 

CH S .  Hardwoods (700-1000 m )  

SITE PRINCIPAL 
LOCAT ION INVESTIGATOR 

Thompson F o r e s t ,  WA D. Cole ,  

Thompson F o r e s t ,  WA 0 .  Cole ,  

H. Van Miegroet 

H. Van Miegroet  

Oak Ridge, TN S. Lindberg,  
D. Johnson 

Smoky Mountains,  NC S.  Lindbcrg,  
0 .  Johnson 

Coweeta Hyd. Lab., N C  W .  Swank 

BF Grant  F o r e s t ,  GA L .  Ragsdale ,  
J .  Dowd 

Gai nesvi  11 e ,  F L  H. Gholz 

Duke F o r e s t ,  NC K. Knoerr,  
D. Binkley 

Turkey Lakes, O n t a r i o  N .  F o s t e r  

Huntington F o r e s t ,  N Y  M. M i t c h e l l  

Whiteface M t . ,  N Y  A. F r i e d l a n d  

Howland, ME I .  Fernandez 

Nordmoen, Norway A .  Stuanes  

F indley  Lake, WA D. Cole 

Smoky Mountains,  NC 0. Johnson 

Smoky Mountains,  NC D. Johnson 

Coweeta Hyd. Lab., NC W .  Swank 
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CANOPY 
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NUTRIENT STATUS 
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0 NITROGEN SATURATION 
D. w. COLE 
(U. OF W A S ~ ~ ~ G T O ~ )  
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Fa. APRIL 
(COLGATE U.) 
R. NEWTON 
(SMITH COLLEGE) 

0 CATlQN EXCHANGE / 
AI RELEASE 
a. D. RICHTER 
(DUKE U.) 



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

Field Measurements 

At the IFS 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, SO,, 03, and HNO,) and standard meteorological 
data are collected from towers which 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 a1 (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 40-180% (median 82%) of the wet deposition is 
sampled and analyzed. Hydrologic fluxes are based on continuous 
records of raini throughfall, and stemflow (the latter two with 
extensive replicate-gage grids). 

Drv Deposition of Vapors and Fine Aerosols: Dry deposition 
is calculated from the product of event mean air concentrations and 
appropriate deposition velocities (V,). For vapors, V, values are 
computed hourly using the inferential big-leaf model of Hicks et 
a1 (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 a1 (1984). 
Event dry deposition is computed from the product of the event mean 
concentrations and V, 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 
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of dry deposition washoff and foliar leaching based on event 
collections (Lovett and Lindberg, 1984). We have used this method 
to derive scaling factors fo r  coarse particles based on the results 
of the regression model applied to Ca at each forest (Lindberg et 
al, 1988a). Calcium in throughfall is used because it is an  
excel.1ent coarse particle tracer with no vapor phase component. 
These factors are determined as annual means from regressions on 
ab1 sampled wet events over the year, and are multiplied by the 
mean measured fl.uxes of coarse particles to inert surfaces to 
estimate annual coarse particle dry deposition. 

C.&.A.ud Water Interception : Claud 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, allawing 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). 

Lindberg, S. E., Johnson, D. W., Lovett, G. M., Taylor, G .  E., 
Van Miegroet, I-I., and Owens, 9. G .  Sampling and Analysis 
protocols f o r  the Integrated Forest Study. BRNL/TM-l1214 
(in press]. 

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

Eindbery-, S .  E., G. M. Lovet t ,  D. A. Schaefer and M. Bredemeier. 
1988a. Coarse aerosul deposition velocities and surface-to-canopy 
scaling factors  from forest canopy throughfall. gZ Aerosol Science 
19: 11.87-1.190. 

Lindberg, S .  E., D. Silsbee, D. A. Schaefer, J. G.  Owens, and 
W. Petty. 1988b. A comparison of atmospheric exposure conditions 
at high- and low-elevation forests in the southern Appalachian 
Mountains. I n  U x x s w a r t h ,  M. (ed,) . Processes of Aci-dic Depos i t - i -on  
in Mountainous-krrain# Kluwer Academic Publishers, London, pp. 
321-344. 

Eovett, G. M., 1984. Rates and Mechanisms of Cloud water 
deposition to a balsam fir forest, Atmos Envir. =:361-367. 

B o n d i e t t i ,  E .  A., Hoffman, E). O., and Larsen ,  I. L. 1984. Air- 
to-vegetation transfer rates of natural submicron aerosols. J. 
E n v i r .  Radioact. 1:5-27. 

Hicks, B . ,  D. Baldocchi, T .  Myers, R. Hosker, and D. Matt. 1987. 
A multiple resistance routing for dry deposition velocities. 
W. A .  5 -2, 3 6 : 3 11-3 3 0 .  
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Met. %Rain Sensor 

Litter 

Filter Peck 
Fog Collector 

i Data Logger 

Fig .  3 .  Scheinatic o f  Sampling Plots i n  the Integrated Forest Study 
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2,2 Methods for Soils and Nutrient Cycling 
ents in the Integrated Forest Study 

G e n e r a l  

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 1;igure 3. 

VegetatioLBiornass and Nutrient Content 

Abovegroutid 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 eomponent and weighted 
average concentrations are multiplied by biomass to obtain nutrient 
content for each component. 

Forest Floor and Soil NutriepL.Content 

Forest floor mass is detcrmined by random destructive sampling 
within the plot. Soil mass and gravel contents are cstimated 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 AI, 
and cation exchange capacity (by neutral NI14CI) as well. Forest floor 
and soil nutrient contents are estimatcd by multiplying 
concentrations by weights for each coanponen t. Nutrient content of 
thc >2mm soil size fraction is not normally estimated. 
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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. 

Throuphfall 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, 
C1- balance, or subtraction of evapotranspiration estimates from total 
precipitation). 

9 





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. 
attempted to identify the most important sources of potential 
bias o r  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 IF'S 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 Mountain 
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 "reasonablett physical bounds, 
where available, were used with these RSE values to derive 
overall estimates of uncertainty. U s e  of physical and other 
ttboundstt often results in non-symmetrical ranges aroundi the "best  
estimatesnt as illustrated in Fig. 4 f o r  sulfur and nitrogen 
fluxes at the ST and LP IFS sites. We feel that this a,pproach 
provides a reasonable idea of the level of uncertainty associated 
with IPS flux and pool size estimates. 

We 
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T a b l e  2. 
UNCERlAINlIES I N  I F S  DEPOSIl ION ESTIMATESa 

yet Depos i t i on 

Cloudwater L - t l  

Rain 

lh roughfa l l  

s temf 1 ow 

HNO3 

CI 

tl 

L -N 

L tI 

tl 

Fine Par t i c l es  I. 

Coarse Par t i c l es  L -M 

k-k H Irrnrrs i on time, 
cloudwater mount ,  ion  
concentrations 

L Water f l u x  i n  mountains 

M Spatial var iabi  1 i t y  * 

M Spat i a1 averaging 

H Model ing ru r fdcc  
resistance, wetness 
e f f e c t s  

* 

I I  Atmosphere resistance Jnt 

tl Ueposi t i o n  ve loc i t y  

il Scaling factors 

More personal observations, intensive 
f i e l d  experiments, c o l l e c t  m r e  
s ~ l e s  

Replicate s i tes ,  snow boards 

Permanent rep1 icates a t  s m  s i tes ,  
intensives a t  others, permanent 
rep l i ca te  TF gages 

Increase rep1 icates a t  some s t i es ,  
e l iminate SF a t  others 

Beyond scope o f  U S ,  r e l y  on NAPAP 
work, c a p a r e  w i th  micrometeoro- 
log ica l  data a t  some s i t e s  

Gradient measurements a t  smw s i tes ,  
canopy balance t o  es tab l i sh  bounds, 
rep l i ca te  f i l t e r  packs, compare wi th  
real-t ime sensor, compare long- dnd 
short-term f i l t e r  pack measurements 

Radionucl ide  mcasurmmts on several 
spec i es 

Run throughfal l  nmdel a t  a l l  s i t es ,  
improve made1 R2 wi th  a i r  
chenii r t r y  nu?arurmnts 

a~ low uncertainty (10 -30%) 
f l  = nrdiurn uncertainty (--50%) 
H = high uncertainty (>loo%) 
L - H  indicates a range i n  importance due t o  local  charac ter is t i cs  and depends on the I F S  s i t e  i n  question 

b In te rac t ion  represents a f l u x  w i th  both high importance and high uncertainty 
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Table 3.  

UNCERTAINTIES IN SOILS AND NUTRIENT CYCLING TASK 

Problem 

Soi 1 
weathering 

Water flux 
estimation 

Pl ant uptake, 
retranslocat ion 

Disturbance due 
t o  lysimeter 
i ns tal 1 at i on 

Bel owground 
biological 
processes 
(N transformations, 
root turnover) 

Soil content 
estimates, i.e., 
b u l k  density 
and % gravel 

Deposition 
estimates 

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

Biomass estimates 

Macropore and 
unsaturated flow 

Denitri f ication 

Inter - 1 aborat ory 
analytical bias; 
sample aging effects 

Uncertainty 
Imaortance Level 

ti H 

H L-M 

M L - M  

L-H* L-M 

M- H H 

M-H L-H* 

M-H L-H 

l-H L-H 

M M 

1. - t i  H 

L-W'k 

L-M 

H 

L 

Source o f  
Uncertainty 

Measurement 

Measurement 

Measurement 

Length o f  time for 
measurement 

Lack o f  data 

Lack of data 

Measurement 

Duration of sampling 

Regression equations 

Measurement 

Measurement 

Lab accuracy, 
sampling interval 

*Varies considerably from site to site. 
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T ~ b k  a. Uncertainty A n a m  fa Annual Depitian of SO: at S m o k y  Mountain IFS Site (sr) 

SAMPLING 
EFFICIENCY 
1N TIME 

RAlN 94% 

DRY- SO, 26% 

DRY- SO: fine 26% 

DRY-SO: Coarse 26% 

TOTAL DRY 

TOTAL. D E P O S m O N  . 

TF 94% 

SF 94% 

TF+SF 

RSE. OF 
CONCENFRAnONS 

12% 

16% 

24% 

14% 

30% 

11% 

10% 

NET CANOPY F F E C T  [U'CE = IT + S F .  TOTAL DEPOSlTlON) 

--.__ 
*RSF = rc la l ix  standard error nf the mean (SUmean) 

SPATlAL WATER 
VARLABlLrn Ah4OUN-1 

Untnmn. but rain IS MB LOW? 
mtasurcd at w e  

SEE DRY 27-52 cm 
(TF.PI7, Na BAL) 

?(NTF RANGE = +- 7%) 

?(NTF RANGE = +-  7%) 

?(NTF RANGE = +- 796) 

. 

- 

- 

SUM 4% LOW 48% LOW 
EVENTS=S-MC DIFFERENT 

FLUX INSIG., EVEN AT +. 3X 

DRY RESULTAN? 
DEPOSITION 
VELOCITIFS 

OVERALL 
UNCERTAINTIES 

207 

50% 

20% 

ROT" 

1O"r 

2MP: 
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U N C t  f-LUXtS: 
ANNUAL FLUXES TO MOUNTAIN SPRUCE 

FLUX h q  in-" y*') 
200 I 

U-TY IN W A T t  t - L m  
ANNUAL FLUXES TO MOUNTAIN SPRUCE 

FLUX (nus m-* y 3 
400, 

kia. 4 . Uncertainty in Deposition. 

Fig. 4. Results of uncertainty analysis for sulfate and nitrate deposition and 
throughhall stemflow (TJ?+SF) fluxes at IFS sites in the Smoky Mountains (site ST, 
upper 2 graphs) arid Oak Ridge (site LP, lower graph). 
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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 loblolly pine (GL) (1-y 
data sets). The sampling years began between 4/86 and 11/86; 
hence somewhat different periods w e r e  summarized for each site. 
Data were also made available from the Turkey Lakes Watershed in 
Ontario f o r  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 s i t e  standard LFS deposition sampling protocols were 
followed for precipitation, throughfall, atmospheric aerosols and 
vapors, deposited coarse particles, cloud and fog water, and 
meteorological parameters (Lindberg et al, in press). Common 
protocols were a l s o  followed f o r  computation of deposition fluxes 
a5 described earlier in this report (see Section 2). The site 
operators collected from 41 to 
200% of the total rainfall (as 
wet-only events; mean 75%) and 
sampled from 8 to 100% of the 
dry periods (mean 50%). Results 
of studies of the spatial 
variability of fluxes within the 
f o r e s t  p l o t s  f o r  several of the 
IFS sites are described in the 
site reports in Section 6 a€ 
this report. 

ATMOSPHERIC CONCENTRATIONS 

Total airborne sulfur at the 
sites ranged from 1.3 to 8.6 pcg 
S m-3 and was dominated by SO, at 
most sites (Fig. 1). At the 
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more remote sites, SO, and particle SO4’- were comparable. The 
highest levels occurred in the Southeast, the lowest in the 
Northwest and in Norway. These trends were not reflected in the 
rain concentration data f o r  SO4’-, with the highest concentrations 
(-50-60 pewl, volume-weighted means) at the Norway and low 
elevation Northeastern and Southeastern sites, and the lowest 
concentrations (-20-25 peq/l) at the CP and RA/DF sites. 

ATMOSPHERIC DE2Q-S IT1 ON 

The estimates of total 
atmospheric deposition by wet, 
dry, and cloudwater processes to 
the forest canopy at each site 
are illustrated in Figure 2. 
The sites are ranked in order of 
total deposition. Total SO,,‘ 
fluxes ranged nearly over an 
order of magnitude from -300 to 
-2000 eq ha-’ y-’  (dry deposited 
SO2 is assumed to be converted 
to S042-  within the ecosystem for 
these calculations) . The 
highest flux occured at the ST 
mountain site, with fluxes 
generally decreasing from the 

2000 

IBOO 

1000 

500 

0 
87 M WE LP TL Ne-1 QL-1 CP HF RA DF 

IFS Site 

in. 2 

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 ( D L ) ,  and that at the Norway site is in the range 
of fluxes at low elevation Northeastern sites. 

Approximately 50% of the SO4,- f l u x  at the ST and WF sites was due 
to cloudwater interception (we estimated an annual hydrologic f lux  
of 3 7  cm cloudwater at ST and 13 cm at WF i n  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 
( - 4 0 - 6 0 %  of total) I while wet deposition dominated a t  all other low 
elevation sites (QO-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, 
( - 5 0 - 9 0 %  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 
climatologie factors and site characteristics (orographic effects, 
high winds, cloud immersion, and the gap nature of the high surface 
area spruce/fir canopy), despite 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 (summarized 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 f o r  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 6.11, it i s  passible to bound the best estimate of the S 
flux: minimum = 1500, best = 2100, maximum = 3800 eq ha-' y-'1. 
Despite this relatively large range, it is probable that the S flux 
to this site exceeds that measured at any other site. 

THROUGHFALL FLUXES 

T h e  fluxes of SO,2- below these 
canopies in throughfall plus 
stemf low (TF-t-SF) strongly 
reflect the trends in deposition 
described above. For example, 
the flux of sulfate in TFtSF at 
the ST site exceeds the next 
highest flux (WF) by a factor of 
2 . 3 ,  and exceeds that at the 
geographically nearest site (CP) 
by more than a factor sf 6. 

At any individual site, the 
fluxes in deposition and TF+SF 
are rernarkablv similar. F i q u r e  
3 illustrates- the relationship between the estimated total annual 
wet p l u s  dry deposition of SOt-to the forest canopy and the 
measured flux in TF+§F at each site. A t  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 S in TF-tSF accounts f o r  97% of the variance in estimated 
total S deposition. This strongly suggests that measurements of 
TF+SF fluxes can provide a much simplified method for estimating 
the seasonal and annual S loading to forests and forested 
watersheds, as suggested by recent S isotope studies (Gart.en et al, 
1987; Garten, in press). 

- CANOPY INTERACTIONS 

Comparison of total deposition of SO,*- to the canopies with the 
fluxes of Soh2- below these canopies in TF+§F provides an indication 
of the interactions and f a t e  of atmospheric S e  These data indicate 
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that, relative ta 
total S fluxes, 
canopy interactions 
( u p t a k e  a n d  
leachiny) appear to 
be small. The two 
s i t e s  w h i c h  
represent the 
e x t r e m e s  i n  
behavior of S in 
the canopy are ST 
and G L  in Figure 3 .  
The distance of 
each point from the 
1:l line indicates 
the magnitude of 
t h e  c a n o p y  
interaction f o r  S 
which is given by 
the difference 
b e t w e e n  t h e  
atmospheric flux 
and t h e  flux in 
TF+SF (termed the net canopy exchange, NCE = TF+SF- to t a l  
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 SO, (for uptake). At nearly 
all of the IFS sites deposition exceeds the flux belaw the canopy, 
yielding negative NCE values. The flux below the canopy exceeds 
that into the canopy only at ST and TI,. However, given the 
uncertai-nty of these fluxes, NCEIs of absolute magnitude < 7 0  eq 
ha-' are probably not significantly different from zero, and suggest 
an  approximate balance of S in the canopies at. the TL, DE', RA, N S ,  
HE", and WF sites. 

NCE values greater 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 readily enter the stomatal cavity. 
Such behavior is obviously specific to each tree species, but the 
IFS data suggest some qeneralities which are potentially useful. for 
modeling. The most significant llsinkll canopies are all southern 
pine si.tes (CP, DL, LP, GL), and the only t l ~ ~ ~ r ~ e "  canopy is high 
elevation spruce. In between, more or less in 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 deciduous 
species near t h e  LP s i t e  ( - 3 %  an 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 SO, 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 t h e  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 SOq'-. 
Thus leaching becomes unimportant at sites with high S loading 
where deposition wash-off dominates the below canopy flux. When 
this is the caseb leaching cannot be detected in the canopy balance 
due to uptake of SO,. 

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 underestimates of S fluxes in TF+SF. This 
is clearly reflected in the MCE for NS which far exceeds the very 
small dry deposition of SO,, and may also be suggested by the 
values for CP and GL which are nearly equal to dry depsition of 
SO,. There are reasons to suspect both the deposition and TF+SF 
estimates 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 w e  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 a l so  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 representative. At other  sites, 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 deposition are within 15% o f  the measured 
f l u x e s  i n  TF-bSF, indicating that useful estimates of total 
atmospheric deposition of S can be derived €ram TP networks. T h i s  
is parti cul.arly important f o r  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 A N D  CYCLING IN FOREST ECOSYSTEMS 

April 1989 

Summarized by: 
M.J. Mitchell 

Syracuse, NY 
SUNY-CESF 

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 s o i l .  
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, thraughfall plus stemflow, forest 
floor leaching, and lower B horizon leaching) for IFS sites is 
given in Figure 2. 
loading. For those sites in which atmospheric inputs have not 
been detailed, correlative informatian 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 eq/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 inpu.t of 
sulfur to the sites and the fluxes of sulfate through the canopy 
as throughfall and stemflow. Among the various sites, however, 
there are same 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 s o i l  could alter the flux of sulfate through the forest 
ecosystem. 
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 s o i l s  is complicated by spatial 
heterogeneity and the presence of coarse fragments. 

Fluxes include sulfate 

The sites are ranked with respect to sulfur 

The information presently available an the sulfur 

However, 

23 



among IFS sites t h e  sulfur content of the soil does not show 
marked variation with the exception of high levels of sulfur in 
the Duke Loblolly Pine Site (DL) and the .F. Grant Forest Site 
(GL). The former site may have been fertilized with super- 
phosphate when the site was i n  agricultural use (%>. 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) o f  the forest vegetation is shown in Figure 4. In 
general the atmospheric inputs of s u l f u r  are substantially 
greater than the requirement of the vegetation for sulfur- In 
thase cases where it is less [Red Alder (%m) and Cowetta Pine 
(CP)] the additional. sulfur would he m e t  by internal cycling such 
as by litter inputs followed by mineralization. 

It has often been hypothesized that sulfate adsorption is in 
steady state f o r  soils with low sulfate adsorption capacity and 
sulfate ou tpu t s  should equal inputs f o r  these ecosystems 
(Rochelle et al., 1987). Thi.s  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 deposi.tian - leaching from B horizon) i s  also 
given (Figure 6 ) .  Sites with lowest s u l f u r  inputs [red alder 
( R A ) ,  Douglas fir (DF") Wowland Maine (HM) 3 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 .  G r a n t  (GL]]. The importance of su1fat.e adsorption (Johnson 
et al., 1988) and biological immobilization (Swank et al., 1984) 
as mechanisms of sulfur retention in forest soils has been 
previously established, A number o f  sites, especially those with 
high levels o f  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 n e t  sulfur mineralization. For some regions 
sulfate inputs may be declining from earlier maxima (Fay et al., 
1986) and hence maximal solution concentrations wauld also be 
decreasing. A decline in sulfate Concentration in the soil would 
result in release o f  adsorbed sulfate (Figure 7) if desorption is 
a reversh le  reaction ( W a r r a w  and S h a w ,  1977). 

Experimental tasks have ascertained sulfate adsorption- 
desorption and the potential far organic sulfur immobilization- 
mineralization among sites. For example, data from Rob EIarrisan 
and Dale Johnson (Figure 8) have shown that sites wi th  low 
sulfate retention generally have a higher capacity f o r  sulfate 
adsorption. I l o w e w e r ,  this retention in not related to inorganic 
iron and aluminum Erac t ions  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 organic sulfur 
immobilization especially 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 I3 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 depression of pH and 
nitrification which generates acidity may lead to increased 
sulfate adsorption (Nodvin et a l . ,  1986; Mitchell et ax., 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 XFS 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 f o r  
predicting how changing atmospheric inputs of sulfur will affect 
surface water chemistry (Hornberger et al., 1986; Mitchell and 
Fuller, 1938). 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 

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

Compiled by: Gary M. Lovett 
Institute of Ecosystem Studies 
The New York 3otanical 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. 
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 

The data used here are, f o r  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 wa5 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. 

and NH4+, plus HNO3 vapor at these sites. Because of possible 
artifacts in the simple filter pack we used, HNO3 vapor may be 
overestimated and particulate NO?- underestimated in these data. 
Nonetheless, the comparison in Figure 1 shows that atmospheric N 
is dominated by particulate NHq', which exists as small aerosols, 
probably associated with S042-. 
from 0.55 to 2.27 gg N/m3 at these sites. 

We measured atmospheric concentrations of fine-particle NO3- 

The concentrations of N ranged 

However, Figure 2 shows that the dry depasition of N is 
dominated by HNO3 vapor for most of the sites. 
because the deposition velocities calculated for HN03 vapor are 
quite 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 NO2 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 NO2 contributes from 6 (WF 
site) to 60 (DL site) moles of N/ha/yr to these sites. At the 

This occurs 
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western sites (DF and FW), 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 (ST' 
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 (BF and R A ) ,  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 NO, sources (primarily 
cities). 

3 .  For the eastern low-elevation sites, wet and dry deposition 
each contribute approximately 5 0 %  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 o n l y  
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 f o r  
both NO3- 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 .t 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:l line represents the situation NCE = 0. 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 f o r e s t .  
The data in Figure 4 do not show any strong relationship between 
foliar uptake (distance of a point below the 1:l line) and N 
deposition. 

Figure Captions 

Fiqure 1. Atmospheric concentrations of N species at the I F S  
sites. FP = fine particle. 

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

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

Fisure 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. 
data available. 

Circled points had no organic N 
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4.2 .2  
1989 Summary Report  

N i t r o g e n  Syn thes i s  Task 

Dale W .  Cole, U n i v e r s i t y  o f  Washington 
Helga Van Miegroet ,  Oak Ridge N a t i o n a l  Labora to ry  

The p r i m a r y  goal  o f  t h e  N t a s k  has been t o  i n v e s t i g a t e  t h e  r o l e  o f  
atmospher ic N i n p u t s  i n  causing N s a t u r a t i o n  and excess NO3 l e a c h i n g  from 
f o r e s t  ecosystems. Wi th two-years wor th  o f  d r y  and wet N i n p u t  and s o i l  
s o l u t i o n  d a t a  now a v a i l a b l e ,  and n u t r i e n t  p o o l s  and f l u x e s  b e t t e r  d e f i n e d  
f o r  most o f  t h e  I F S  s i t e s ,  we a re  now i n  a p o s i t i o n  t o  b e t t e r  e v a l u a t e  
p a t t e r n s  which emerge f rom t h i s  i n t e g r a t e d  s tudy.  The f o l l o w i n g  s e t  o f  
s tudy  ques t i ons  were used i n  t h e  a n a l y s i s  and r e f e r  t o  t h e  source o r  o r i q i n  
o f  N s a t u r a t i o n :  

(1) Are t h e r e  I F S  s i t e s  where a c t i v e  NO3 l e a c h i n g  i s  c u r r e n t l y  t a k i n g  

( 2 )  
(3 )  

p l  ace? 
Do these  N - s a t u r a t e d  s i t e s  f o l l o w  a c o n s i s t e n t  p a t t e r n ?  
Does atmospher ic N d e p o s i t i o n  add t o  t h i s  NO3 l e a c h i n g ?  

As t o  t h e  f i r s t  ques t i on ,  a s imp le  r a n k i n g  o f  t h e  I F S  s i t e s  by NQ3 
l e a c h i n g  o u t p u t  ( F i g .  1) demonstrates t h a t  some IFS s i t e s  a re  c l e a r l y  
l e a c h i n g  l a r g e  amounts o f  NO3-N, whereas t h e r e  a re  o t h e r s  t h a t  show l i t t l e  
o r  no N l e a c h i n g  l o s s .  A l though t h e  Smokies s i t e s  (SS,  ST and S O )  r a n k  
among t h e  h i g h e s t  b o t h  i n  terms o f  atmospher ic N d e p o s i t i o n  and NQ3 
l e a c h i n g  r a t e s ,  and low NO3 l e a c h i n g  a re  g e n e r a l l y  observed i n  s i t e s  a t  t h e  
l o w e r  end o f  t h e  N i n p u t  s c a l e  (e.g. ,  DF, CP, CH),  two -yea r  averages f o r  
t o t a l  i n p u t  and o u t p u t  f l u x e s  r e a f f i r m  t h e  e a r l i e r  sugges t ion  t h a t  no 
s t r o n g  d i r e c t  c o r r e l a t i o n  between t o t a l  N i n p u t  and N l e a c h i n g  o u t p u t  
e x i s t s  ( F i g .  1 and 2 ) .  Indeed, a t  some o f  t h e  t h e  Smoky Mountains s i t e s  
( S S )  and t h e  Turkey Lakes s i t e  i n  O n t a r i o  (TL) ,  l e a c h i n g  l o s s e s  f a r  exceed 
annual atmospher ic N i n p u t  r a t e s ,  w h i l e  a t  Whi te face (WF) N l e a c h i n g  i s  
s u b s t a n t i a l l y  l o w e r  than  i n  t h e  Smokies s i t e s  d e s p i t e  s i m i l a r  h i g h  N 
i n p u t s .  Net N r e t e n t i o n  i s  a l s o  observed f o r  most o f  t h e  o t h e r  I F S  s i t e s ,  
except  f o r  t h e  r e d  a l d e r  (RA) s i t e  i n  Washington ( F i g .  1). 

T h i s  suggests t h a t  a l t hough  t h e  N i n p u t  regime may c o n t r i b u t e  t o  N 
s a t u r a t i o n  and NO3 l e a c h i n g ,  a d d i t i o n a l  sources and s i n k s  w i t h i n  t h e  
ecosystems must c e r t a i n l y  be considered.  There a re  seve ra l  f e a t u r e s  t h a t  
c h a r a c t e r i z e  t h e  s i t e s  t h a t  r a n k  h i g h  on t h e  NO3 l e a c h i n g  sca le :  F i r s t  o f  
a l l ,  t h e y  a l l  have l a r g e r  amounts o f  N accumulated i n  t h e  f o r e s t  f l o o r  and 
m ine ra l  s o i l  i n  c o n t r a s t  t o  t h e  s i t e s  a t  t h e  l ower  end o f  t h e  N o u t p u t  
s c a l e  ( F i g .  3 ) .  I n  t h e  case o f  a l d e r  (RA) ,  t h i s  N accumulat ion has occu r red  
over  a f a i r l y  s h o r t  t i m e  p e r i o d  and i s  t h e  r e s u l t  o f  l a r g e  N i n p u t s  f rom 
t h e  atmosphere v i a  N - f i x a t i o n  ( i n  t h e  o r d e r  o f  50-100 kg/ha).  For t h e  
o t h e r  "N-sa tu ra ted"  s i t e s ,  t h e  N accumulat ion 1 i k e l y  t o o k  p l a c e  more 
s l o w l y ,  and over  a l o n g e r  g e o l o g i c a l  t i m e  p e r i o d .  

Assoc ia ted  w i t h  t h e  h i g h e r  t o t a l  N c o n t e n t s  a re  h i g h e r  N 
m i n e r a l i z a t i o n  and n i t r i f i c a t i o n  r a t e s .  For  most o f  t h e  s i t e s ,  d a t a  f rom 
t h e  f i e l d  i n c u b a t i o n  exper iments a re  now a v a i l a b l e  f o r  a t  l e a s t  one f u l l  
yea r ,  e i t h e r  f rom q u a r t e r l y  o r  month ly  measurements. A l though t h e  b u r i e d  
bag techn ique  has i t s  l i m i t a t i o n s  i n  terms o f  p r o v i d i n g  a r e a l  measure o f  
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mineralization rates occuring in the field, and spatial variability was 
often very high, the numbers obtained were nevertheless useful1 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 i n  the order o f  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 soi 1 . 

In spite of the many similarities between the spruce forests at 
Whiteface (WF) and in the Smoky Mountains (ST and SS), especially in terms 
o f  N input regime and total N contents (Fig. 1 and 3), tree 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 lower nitrification 
potential and NO3 leaching rates, compared to the Smokies sites where the 
lowest 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 o f  
active N accumulation and illustrate the potential role o f  N uptake in 
curtailing NO3 leaching. Conversely, the Turkey Lakes results illustrate 
that those same N uptake rates may be insufficient to effectively limit NO3 
leaching from systems which have large amounts of N already accumulated in 
the soil, and now release part o f  these large pools through mineralization. 
At this point, it 4 s  not entirely clear why the Huntington forest site 
(HF), which bears many similarities with the Turkey Lakes sit,e (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 little NO3 
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 o f  the spectrum are those 
ecosystems characterized by 1 arge 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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l i m i t .  Consequently, c o m p e t i t i o n  f o r  N among t h e  organisms i s  low,  
m i n e r a l i z a t i o n  and n i t r i f i c a t i o n  r a t e s  a r e  h igh ,  and NO3 leaches o u t  o f  t h e  
system. N i t r o g e n  i n p u t s  a r e  no l o n g e r  con ip le te l y  r e t a i n e d ,  and atmospher ic 
N d e p o s i t i o n  may add s i g n i f i c a n t l y  t o  N s a t u r a t i o n  and NO3 l e a c h i n g .  Stand 
age and v i g o r  a l s o  p l a y  a c r i t i c a l  r o l e  i n  t h e  r e g u l a t i o n  o f  NO3 l e a c h i n g :  
I n  young stands N uptake f o r  biomass increment  w i l l  be a b l e  t o  c u r t a i l  NO3 
l e a c h i n g  l o s s e s  somewhat, b u t  i n  stands a t  t h e  end o f  t h e i r  n a t u r a l  l i f e  
c y c l e  N uptake i s  g e n e r a l l y  i n s i g n i f i c a n t ,  and s tand  d i s t u r b a n c e  w i t h  t r e e  
m o r t a l i t y  may a c t u a l l y  f u r t h e r  a c c e l e r a t e  N r e l e a s e  v i a  m i n e r a l i z a t i o n .  
The s i t e  i n  t h e  Smoky Mountains and a t  Turkey Lakes, and t h e  r e d  a l d e r  
f o r e s t  i n  Washington belong t o  t h i s  category.  
F i n a l l y ,  t h e r e  a r e  those s i t e s  which occupy an i n t e r m e d i a t e  p o s i t i o n  f rom 
the  s t a n d p o i n t  o f  N c a p i t a l ,  N i n p u t  r a t e s  and f o r e s t  growth.  Ecosystems 
a re  a t  a t r a n s i t i o n  w i t h  r e s p e c t  t o  N s a t u r a t i o n  when N accumulat ion i s  
approaching i t s  upper l i m i t  b u t  NO3 l e a c h i n g  r a t e s  a re  s t i l l  s i g n i f i c a n t l y  
l o w e r  than  annual N i n p u t  r a t e s .  I n  such systems, a change i n  N r e t e n t i o n  
v i a  t r e e  uptake ( e . g . ,  t h rough  ag ing  o f  t h e  stand) and/or a change i n  t h e  
atmospher ic N d e p o s i t i o n  regime can be c r i t i c a l  i n  t h a t  i t  may cause t h e  
system t o  become N s a t u r a t e d  and l e a c h  excess N 0 3 - N .  Both t h e  Hun t ing ton  
F o r e s t  and t h e  spruce f o r e s t  on h i t e f a c e  Mountain can be cons ide red  i n  
t h i s  ca tegory .  

I n  t h e  n e x t  a n a l y s i s  s t e p  we can then  l o o k  a t  t h e  e f f e c t  of  N 
s a t u r a t i o n  as expressed by t h e  f o l 1  owing ques t i ons  : 

( 4 )  To what e x t e n t  does NO3 l e a c h i n g  change so i l  and s o l u t i o n  p r o p e r t i e s ?  
( 5 )  M i l l  t hese  changes a f f e c t  ecosystem p r o d u c t i v i t y ?  
( 6 )  Are these changes r e v e r s i b l e ,  w i l l  t h e  system recove r ,  and i f  so,  ove r  

what t i m e  p e r i o d ?  

The p o t e n t i a l  e f f e c t s  o f  n i t r i f i c a t i o n  and NO3 l e a c h i n g  on s o i l  and 
s o l u t i o n  p r o p e r t i e s  t h a t  need t o  be considered are:  

- A decrease i n  s o i l  s o l u t i o n  pH caused by t h e  p r o t o n  r e l e a s e  d u r i n g  
n i t r i f i c a t i o n  

- An i n c r e a s e  i n  t h e  i o n i c  s t r e n g t h  o f  t h e  s o i l  s o l u t i o n  d u r i n g  p e r i o d s  
o f  peak n i t r i f i c a t i o n  and NO3 l e a c h i n g  

- An i n c r e a s e  i n  s o l u t i o n  A1 a c t i v i t y  assoc ia ted  w i t h  t h e  i n c r e a s e  i n  
i o n i c  s t r e n g t h  and d isp lacement  r e a c t i o n s  f r o m  t h e  c a t i o n  exchange 
complex o f  a c i d  f o r e s t  s o i l s  

- An i n c r e a s e  i n  exchange a c i d i t y  and a decrease i n  s o i l  base s a t u r a t i o n  
due t o  c a t i o n  d isp lacement  by H+ produced d u r i n g  n i t r i f i c a t i o n  
f o l l o w e d  by c a t i o n  l e a c h i n g  th rough  t h e  s o i l  p r o f i l e  i n  a s s o c i a t i o n  
w i t h  m o b i l e  N 0 3 .  

- A decrease i n  s o i l  pH due t o  t h e  changes i n  t h e  exchange complex 
l i s t e d  above 

- Change i n  n u t r i e n t  a v a i l a b i l i t y  ( e . g . ,  P) due t o  changes i n  s o i l  and 
s o l u t i o n  pW 1 i s t e d  above 

Some o f  these p r o j e c t e d  changes were indeed observed i n  t h e  a l d e r  (RA)  
s i t e  i n  Washington which has been r e c e i v i n g  l a r g e  amounts o f  atmospher ic N 
ove r  a 5 0 - y e a r - p e r i o d  v i a  N - f i x a t i o n  and where t h e  h i g h e s t  n i t r i f i c a t i o n  
and NO3 l e a c h i n g  r a t e s  among t h e  IFS s i t e s  have been measured. As  t o  
p o s s i b l e  recove ry  f rom N s a t u r a t i o n  and n i t r i c  a c i d  i n p u t ,  r e s u l t s  from t h e  
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alder forest conversion experiments in Washington have shown that a 
reduction in N input (in this case through the removal o f  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 in solution pH or A1 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 o f  some properties 
clearly takes longer than others. On the other hand, the repercussions o f  
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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INPUT AND OUTPUT FLUXES 
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Two-year ave rage  t o t a l  N . i n p u t  (wet + d r y  d e p o s i t i o n )  and N 
p u t p u i  v i a  l e a c h i n g  o f  NH4 i- NO3 a t  the EPRI-IFS s i t e s  (kmol h a -  

Y r -  ) .  
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NITROGEN OUTPUT VS TOTAL INPUT 
y = 0.3951 + 0 .4309~  R = 0. I6 n 4 
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3 -  
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ST 

TOTAL N INPUT (KmoVhadyr) 

Figure 2 .  T o t a l  N output v s .  total N input w i t h  correlation coefficient a t  
t h e  E P R I - I F S  s i t e s .  
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SOIL AND FOREST FLOOR N CONTENT 

2oooo1 SQlL N 

i FFLooRN 

DF CP CH LP NS FL DL HF WF SB ST TL 55 RA 
SITE 

Figure  3 .  Tota l  s o i l  and f o r e s t  f l o o r  n i t r o g e n  c o n t e n t  (kg hao1) f o r  t he  
EPRI-IFS s i t e s  ranked by annual N l e a c h i n g  o u t p u t .  
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Figure 4 .  Calculated annual n i t r i f i c a t i o n  r a t e s  (kg h a - l  y r - l )  i n  the 
upper 10 cm o f  the mineral soil  and the fo res t  f loor  of the 
EPRI-1FS s i t e s  ranked by annual N leaching o u t p u t .  
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N RELEASE AND RETENTION FLUXES 
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F i g u r e  5. C a l c u l a t e d  annual n i t r i f i c a t i o n  i n  t h e  upper 10 cm o f  t h e  
m i n e r a l  soil  compared t o  N uptake by t h e  o v e r s t o r y  v e g e t a t i o n  i n  
t h e  EPRI-IFS s i t e s  ranked by annual N l e a c h i n g  o u t p u t .  
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CATEGORY I 

Douglas-fir 
Findley Lake 
Norway spruce 
Coweets Pine 
Coweeta Hardwood 
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Lobfolly - TW 
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Huntington Forest 
Whiteface spruce 
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Red Alder 

Net Nitrogen toss by f 
Fdi trogen input rate  
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TlHE 

t Period of N accumulation 
and nutrient stability 

t- Period o f  instability and nutrient loss 

Figure 6. Schematic representation o f  the E P R I - I F S  sites with respect to N 
accumulation, N saturation, and the p o t e n t i a l  impact of  
atmospheric N input on NO3 leaching. 



4,3 HYDROGEN I O N  

4.3.1 
ANNUAL H+ I O N  DEPOSITION AND 

CANOPY EXCHANGE - IFS SITES 1987/88 

by 

Kenneth R. Knoerr and Paul S ,  Conklin 

Duke University 

Annual H+ 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. 

wet deposition and the amount of  precipitation (Fig. 2), while there was a 

good correlation between H" wet deposition and the H". ion concentration of 

the p rec ip i tat ion. 

+ Thus, there was a poor correlation between H 

- 
For some of the sites the precipitation ratio of H+/(SOI+- + N O T )  was close 

to 1, indicating a near balance between the acidity and the sulfate and 

nitrate ions ( F i g .  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 o f  the sulfate and nitrate 

ions were from non-acidic sources. For most o f  the sites the sulfate 

i- source was about one and one-half to three times the nitrate source of H 

i o n s  (Fig. 3 ) .  

+ H dry deposition was dominated by the two gaseous components, SO2 and HNO3 

(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 f rom 

the Ohio Valley (Fig. 4 ) .  



For many of the  s i tes  t o t a l  H+ deposit ion was about equally divided between 

wet deposit ion and dry deposit ion (Fig. 5). Exceptions were the DF/RA, NS 

and WF si tes where dry deposit ion was somewhat l e s s  than w e t  deposition. 

A t  t h e  two h i g h  e l e v a t i o n  WF and ST s i t e s ,  Hf c loud  wa te r  d e p o s i t i o n  

accounted f o r  about ha l f  of the t o t a l  H+ w e t  deposit ion (Fig. 5). 

Canopy exchange g e n e r a l l y  d e p l e t e d  H+ ions. Thus, t h e  p r e c i p i t a t i o n  

reaching the fo re s t  f l oo r  a s  throughfall  and s t e m f l o w  had l e s s  HC ions than 

t h e  t o t a l  d e p o s i t i o n  (Fig.  6 ) .  The excep t ions  were t h e  DF and ST s i t e s  

where t h e r e  was a l m o s t  no n e t  canopy exchange. The canopy exchange 

( d e p l e t i o n )  o f  Hf i o n s  was n o t  r e l a t e d  t o  e i t h e r  t o t a l  wet H+ d e p o s i t i o n  

(Fig. 7) o r  the  H+ ion concentration of p rec ip i t a t ion  (Fig. 8). 
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4.3.2 

IFS H +  Budgets 

Summary for April, 1989 

Dan Binkley 

The pII 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 Ca2+) by another (such as AI"), a n d  
qualitative changes in the affinity of the exchange sites for different ions. Such qualitative 
changes result from either changes in soil p1-l (which protonates or deprotoiiates 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 kmolc/ha of "basic" cations be weathered or stripped from the exchange complex. 
Futhermore, if the net H+ budget value were 1.0 kmolc/ha, but only 0.5 kmolc/ha of "basic" 
cations were observed to leach, then an overall mass and charge balance error of 0.5 
kmolJha would be indicated. 

The net accounting system used for these Ht budgets is: 

H+ input - Ht output 
Ammonium input - ammonium output 
Alurniriurn 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 13' in the ecosysteni 
from this portion of the Ht budget. Similarly, if inputs of ammonium exceeded outputs, the 
storage of ammonium would involve a loading of Ht.  Aluminum input is essei;tially 0 f o r  
all sites; AI3+ leaving the ecosystem represents the removal of 1-1'. The increriisnt 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 1-1 + 

would acidify the exchange complex (unless neutralized by some other component of the 
H t  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 1-1'; 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 o f  over 
10,000 kg/ha annually may have been too high? This anomaly carries through the H' 
budget €or Turkey Lake. The output of aluminum was substantiaj at the spruce sites in the 
Smokies and on Whiteface (Figure 4), representing a removal (or consumption) of u p  to 
0.8 keq/ha from the Smokies sites. While this represents a reduction in the net H+ load o f  
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 Sniokies 
Tower site lost about the same quantity of nitrate in soil leachate as it received in 
deposition, and therefore made little contribution 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 

65 



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 rangcd 
from about 0.3 keq/ha annually in the Douglas-fir site (Figure 10) to over 5 keq/ha for the 
red alder site. This net Ht 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 thc net Ht 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. An underestimate 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 E3 horizon (40 crn depth) leachate. The leaching 
rate of cations was 0.6 kmolc/ha greater than anions; the H e  budget deficit indicates that 
sufficient H+ were not generated in the other budget components to account for this exccss 
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 kmolc/ha annually. 
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H+ input/output budget 
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H+dep H+out . .-  H+net _- 

Figure 1. Atmospheric deposition of H + ; leaching loss of H + ; an$ net H + input remaining from atmospheric 
deposition. A positive value for the net budget indicates H + loaded into the ecosystem. 

NH4+ input/output budget 
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Figure 2. Ammonium deposition; ammonium output; and the net ammonium retained from atmospheric 
deposition. A positive value for the net budget indicates H+ loaded into the ecosystem. 
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Woody biomass cation increment 
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Figure 3. Content of "basic" cations in woody increment. A positive value indicates H +  loaded 
ecosystem. 
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Figure 4. The negative of aluminum output, plotted to represent the net removal of H +  from the ecosystem. 
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Figure 5. Nitrate deposition; nitrate output; and the net nitrate retained. Net retention involves consumption 
of H + (negative net values), and net loss invokes H+  production (positive net values). 

Sulfate input/output budget 
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Figure 6. Sulfate deposition; sulfate output; and the net sulfate retained. Net retention involves consumption 
o l  H +  (negative net values), and net loss involves HC production (positive net values). 
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Bicarbonate output 
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Figure 7. Bicarbonate input was negligible, so the net output of bicarbonate represents the net addition of H f  
to the ecosystem. 

H+ deposition vs. total H+ load 
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Figure 8. Excluding the high-nitrate-leaching red alder site, the total load of Hf  in the ecosystem (deposition 
+ internal generation) was roughly double the rate of deposition across the sites. 
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Figure 9. After accounting for the H+ budget implications of the nitrate and sulfate deposited as acidic 
kposition, 4 sites showed no net H t loading from the atmosphere (0 "leftover H +"); 4 sites showed slightly 
lowered net H +  loading; and 5 showed a net loss of nitrate and sulfate indicating no potential for H +  
neutralization through retention of these anions. 

Net H+ load and base cation output 
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a NetH*load Base cation output 

Figure 10. The overall net H-t budget should match the leaching losses o( "basic" cations, as all other 
components of the ecosystem fluxes were accounted for. If &he overall net H budget exceeds the leachiTg 
loss of "basic" cations, inaccuracies in the nutrient budgets indicate overestimates of the rates of €3 
generation (see text). 
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H+ Residual 
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Fi&ure 11. Subtracting the leaching losses of "basic" cations from the overall net Ht budget provides an 
estimate of the overall residual (or error) in the biogeochemical fluxes tabulated for each site (see text). 
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4.4 BASE CATIONS 

4.4.1 Deposition and Throughfall Fluxes of Base Cations 

H. L. Ragsdale 
Emory University 

Dry depos i t i on  o f  t h e  "base" ca t ions ;  K, Na, Ca, and Mg; cons is t s  o f  
coarse and f i n e  p a r t i c l e  f r a c t i o n s .  The base c a t i o n  p o s i t i v e  charge i n p u t  o f  
d r y  p a r t i c l e s  t o  t h e  I F S  f o r e s t  s i t e s  ranged from about 70 t o  g rea te r  than 510 
eq/ha/yr (F ig .  1). The lowest  values, 74 and 82 eq/ha/yr were  repor ted  f o r  the 
White Face (WF) and Georgia L o b l o l l y  (GL) s i t e s .  The h ighes t  d ry  depos i t ion ,  
510 eq/ha/yr, was recorded f o r  t he  eastern Smokies Tower (ST) s i t e .  Dry 
depos i t i on  o f  base c a t i o n  charge f o r  t he  eastern s i t e s  (exc lud ing  (ST); Oak 
Ridge (LP) , Georgia L o b l o l l y  (GL), Coweeta ( C P ) ,  Hunt ington F o r e s t  (HF) ,  and 
Duke (OL); ranged from about 100 t o  300 eq/ha/yr. Dry charge depos i t i on  a t  the  
western Douglas F i r  (DF) and Red A lder  (RA) s i t e s  was about 180 eq/ha/yr, q u i t e  
s i m i l a r  t o  d r y  depos i t i on  a t  t he  eastern I F S  s i t e s .  
s i t e  had d ry  depos i t i on  o f  126 eq/ha/yr, a value comparable? t o  t h e  eastern GL, 
CP, and HF s i t e s .  

The Norway Spruce (NS) 

Coarse p a r t i c l e  depos i t i on  i s  the  dominant form o f  c a t i o n  depos i t i on  f o r  
the  fo res ted  I F S  s i t e s  (F ig .  1 ) .  Among most s i t e s ,  coarse p a r t i c l e  depos i t i on  
represented about 95% o r  more o f  t he  base c a t i o n  charge depos i t i on  w i t h  a 
narrow range o f  1 - 17% of the  t o t a l  d r y  depos i t i on  a t t r i b u t e d  t o  f i n e  p a r t i c l e  
depos i t ion .  Whiteface (WF) was the  except ional  s i t e  w i t h  coarse and f i n e  
p a r t i c l e  depos i t i on  each c o n t r i b u t i n g  50% t o  t h e  t o t a l  d ry  depos i t i on .  

To ta l  wet depos i t i on  ( p r e c i p i t a t i o n  and c loud)  o f  base c a t i o n  charge was 
genera l l y  g rea te r  i n  magnitude than t o t a l  dry depos i t i on  (F igs .  1 and 2 ) .  
Tota l  wet depos i t i on  was 60 t o  75% o f  t o t a l  atmospheric depos i t i on  f o r  7 s i t e s  
(DL, GL, DF, NS,  RA, WF and ST). To ta l  wet depos i t i on  was 42 t o  46% a t  LP, CP, 
and HF. The h igh  e l e v a t i o n  Smokies Tower (ST) s i t e  had a base c a t i o n  wet 
depos i t i on  o f  860 eq/ha/yr, about 6.5 t imes g rea te r  than occurred i n  the o the r  
eastern s i t e s .  The remaining eastern s i t e s ;  LP, GL, CP, and HF; c l us te red  
around a va lue of  130 eq/ha/yr except f o r  the  DL s i t e  which had 445 eq/ha/yr 
t o t a l  wet depos i t i on .  The remaining s i t e s  genera l l y  had h igher  wet depos i t i on  
than the  eastern s i t e s  w i t h  540 eq/ha/yr f o r  t h e  western s i t e s ,  DL and R A ,  and 
248 eq/ha/yr f o r  t he  Norway Spruce s i t e .  

Cloud 
depos i t i on  occurred a t  t he  Oak Ridge (LP) s i t e  bu t  i t  was n o t  recorded f o r  any 
o ther  l o w  e l e v a t i o n  s i t e  i n  t h e  eastern o r  western U.S.  (F ig .  2 ) .  Wet deposi-  
t i o n  from clouds accounted f o r  12% o f  t he  t o t a l  wet depos i t i on  a t  t h e  LP s i t e .  
Cloud depos i t i on  occurred a t  both h igh  e l e v a t i o n  s i t e s .  Cloud depos i t i on  was 
t he  dominant wet depos i t i on  process f o r  t he  h igh  e l e v a t i o n  Smokies Tower (ST) 
s i t e  where over th ree -quar te rs  o f  t he  t o t a l  wet depos i t i on  occurred as  c loud 
depos i t ion .  About one- four th  o f  t he  t o t a l  wet depos i t i on  a t  WF was deposi ted 
by c loud. 

Most o f  t he  wet depos i t i on  came i n  the  form o f  p r e c i p i t a t i o n .  

The I F $  s i t e s  were q u i t e  s i m i l a r  i n  the  r a t i o  o f  base c a t i o n  charge 
depos i t i on  f o r  wet and d ry  depos i t ion ,  w i t h  about 60% o f  t he  t o t a l  coming a s  
w e t  depos i t ion .  Coarse p a r t i c l e  depos i t i on  accounted f o r  most (about 95%) o f  
the  d r y  depos i t i on  o f  base c a t i o n  charge. P r e c i p i t a t i o n  was the  dominant w e t  
depos i t i on  process f o r  most IFS s i t e s  except a t  the  h igh  e l e v a t i o n  Smokies 
Tower s i t e  where c loud depos i t i on  was t h e  dominant w e t  depos i t i on  process. 
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D e p o s i t i o n  o f  base c a t i o n s  t o  t h e  f o r e s t  f l o o r  occurs as t h e  
p r e c i p i t a t i o n  moves ove r  t h e  l e a f  su r faces  and t h e  b a r k  o f  t r e e  stems. 
P r e v i o u s l y  d e p o s i t e d  d r y  d e p o s i t i o n ,  scavenged f rom l e a f  and b a r k  su r faces ,  and 
a d d i t i o n a l  c a t i o n s  d i r e c t l y  f rom t h e  v e g e t a t i o n  and b a r k  a re  added t o  t h e  
i n c i d e n t  p r e c i p i t a t i o n .  The sum o f  t h r o u g h f a l l  and s temf low f l u x e s  i s  t h e  
t o t a l  base c a t i o n  f l u x  t o  t h e  o r g a n i c  l a y e r  o f  t h e  f o r e s t  f l o o r .  The t o t a l  
T F t S F  f l u x e s  ranged f rom about 600 t o  1000 eq/ha/yr f o r  most s i t e s  ( F i g .  3 ) .  
The t o t a l  t h r o u g h f a l l  f o r  t h e  h i g h  e l e v a t i o n  Smokies Tower s i t e ,  1750 eq/ha/yr, 
was about t w i c e  t h a t  a t  t h e  o t h e r  I F S  s i t e s .  

The s temf low component o f  t o t a l  t h r o u g h f a l l  was smal l  t o  n o n - e x i s t e n t  f o r  
most s i t e s  ( F i g u r e  3 ) .  A t  t h r e e  s i t e s  (GL, CP and HF),  however, t h e  s temf low 
was a s i g n i f i c a n t  f a c t i o n ,  12  - 29%, o f  t h e  t o t a l  t h r o u g h f a l l .  The 
s i g n i f i c a n c e  o f  t h e  stemflow component depends on t h e  number o f  stems p e r  u n i t  
area.  The t r e e s  a t  t h e  Georgia s i t e  (GL) a re  p l a n t e d  on 6 by 8 f o o t  spacings 
and s temf low i s  12% o f  t h e  t o t a l  t h r o u g h f a l l .  The l o b l o l l y  p i n e s  a t  t h e  Duke 
s i t e  have t w i c e  t h e  spacing o f  t h e  GL s i t e  and s temf low i s  o n l y  2 % o f  t h e  
t o t a l  t h r o u g h f a l l .  A t  Oak Ridge, t h e  l o b l o l l y  p i n e s  a re  w i d e l y  spaced and 
s t e m f l  ow i s e s s e n t i  a1 l y  unmeasureabl e .  

The Net Canopy E f f e c t  ( F i g .  4 )  i s  t h e  d i f f e r e n c e  between t o t a l  atmospher ic 
d e p o s i t i o n  and t o t a l  t h r o u g h f a l l  (Wet t Dry - (TF t S F ) ) .  Approx imate ly  o n e - h a l f  
o f  t h e  t o t a l  t h r o u g h f a l l  ( s temf low  t t h r o u g h f a l l ,  F i g  3 . )  base c a t i o n  charge i s  
c o n t r i b u t e d  by t h e  t r e e s  ( F i g u r e  4 ) .  Among I F S  s i t e s  t h e  N e t  Canopy E f f e c t  w a s  
s i m i l a r ,  v a r y i n g  between 230 and 480 eq/ha/yr. The l o w  s i t e  a t  151 eq/ha/yr was 
DF w h i l e  CP had t h e  h i g h e s t  Net Canopy E f f e c t ,  650 eq/ha/yr. 
r e l a t i v e l y  l i t t l e  d i f f e r e n c e ,  about a f a c t o r  o f  2, among t h e  I F S  s i t e s  f o r  
base c a t i o n  charge c o n t r i b u t e d  t o  t o t a l  t h r o u g h f a l l  by t h e  f o r e s t  v e g e t a t i o n .  

There was 

I o n  Composi t ion o f  Base Ca t ion  F luxes 

I o n  s p e c i f i c  a n a l y s i s  o f  t h e  "base" c a t i o n  charge f l u x  shows t h e  
importance o f  Ca, Na, Mg and K f o r  each o f  t h e  base c a t i o n  charge f l u x e s  
(F igu res  5,6,7 and 8 ) .  
a t  t h e  I F S  s i t e s  ( F i g u r e  5 ) .  Sodium i s  t h e  dominant base c a t i o n  i n  coarse 
p a r t i c l e  f l u x  a t  t h e  DF, RA, DL and NS s i t e s ,  each o f  which has a s t r o n g  
c o a s t a l  i n f l u e n c e .  Calc ium i s  t h e  dominant c a t i o n ,  50% i o f  t h e  t o t a l  base 
c a t i o n  charge f l u x ,  a t  t h e  ST, LP, and CP s i t e s .  The h i g h  c a l c i u m  c o n t r i b u t i o n  
a t  ST, LP and CP i s  e x p l a i n e d  by t h e  h i g h  s o i l  c a l c i u m  c o n c e n t r a t i o n s  
c h a r a c t e r i s t i c  o f  t h i s  l i m e s t o n e  r e g i o n .  Whi le  t h e  Coweeta s i t e  (CP) i s  n o t  on 
a l i m e s t o n e  d e r i v e d  s o i l ,  s i g n i f i c a n t  d r y  c a l c i u m  c o u l d  be c a r r i e d  t o  Coweeta 
th rough  t h e  w e s t e r l y  winds b low ing  across Tennessee t o  Coweeta. 

E i t h e r  Ca o r  Na dominate t h e  coarse p a r t i c l e  d r y  f l u x  

The c o n t r i b u t i o n  o f  Ca, Na, Mg, and K t o  t h e  p r e c i p i t a t i o n  charge f l u x  
d i f f e r s  somewhat f rom t h a t  f o r  t h e  coarse p a r t i c l e  d r y  f l u x  ( F i g .  6 ) .  Sodiurii 
i s  t h e  dominant c a t i o n  i n  p r e c i p i t a t i o n  a t  t h e  DF, RA, NS and GL s i t e s .  T h i s  
i s  due t o  t h e  p r o x i m i t y  o f  these s i t e s  t o  t h e i r  r e s p e c t i v e  c o a s t  l i n e s .  
Calc ium i s  t h e  dominant c a t i o n  i n  t h e  p r e c i p i t a t i o n  f l u x  a t  t h e  ST, LP and C P  
s i t e s .  T h i s  i s  s i m i l a r  t o  t h e  r e s u l t s  f o r  t h e  coarse p a r t i c l e  d e p o s i t i o n  a t  
t hese  s i t e s  (above) .  
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The dominant cations in total  throughfall ( T F t S F )  charge flux a re  Ca 
and K which together account for  50% or more of the total  throughfall charge 
flux for  a l l  s i t e s  (Fig.  7 ) .  A t  the DF and RA s i t e s ,  Na and Ca dominate the 
to ta l  throughfall charge flux. This resu l t s  from the fac t  t h a t  d ry  flux i s  
re lat ively insignificant a t  the OF and RA s i t e s  while Na i s  the dominant c a t i o n  
in precipitation charge flux a t  these two s i t e s  (Figures 5,6, and 7 ) .  

throughfall charge flux a t  the remaining IFS s i t e s  (Figure 7 ) .  The 
contribution of Mg t o  the charge flux i s  similar t o  t h a t  for  Na, although the 
charge contributed by Mg i s  usually greater than for  Na. 

(Figure 7 )  a t  the IFS s i t e s  i s  almost wholly due to  K flux from the forest  
vegetation (Figure 8 ) .  The re la t ive  balance o f  I( and Ca i n  dominating the 
total  throughfall flux of the I F S  s i t e s  i s ,  as well, a resu l t  o f  Ca 
contributions from the forest  canopy. Potassium charge dominates the ne t  
canopy flux of most IFS s i t e s  (Figure 8 ) .  Either Ca or Mg i s  second t o  K i n  
accounting for  the total  cation charge flux and in most cases there i s  l i t t l e  
difference in the charge contributed by e i ther  Ca o r  Mg. Sodium contributed 
very l i t t l e  charge t o  net canopy charge flux. 
for  forest  t rees  and the balance o f  Na deposition and loss  through t h e  f o r e s t  
canopy i s  expected t o  be near zero. 

Unlike the DF and RA s i t e s ,  Na accounts f o r  very l i t t l e  of the total  

The considerable contribution o f  K t o  total  throughfall charge flux 

Sodium i s  n o t  a required element 
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FIGURE 3. BASE CATION FIGURE 4. BASE CATlON 
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FIGURE 5.  COARSE DRY FLUX 
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4 . 4 . 2 .  C a t i o n  Cycling Synthesis 

The Integrated Forest Study 
Cation Cycling Synthesis 

Dale W. Johnson 
March 1989 

1 ntroduction 

One of the major driving forces (if not 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 to 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-elevationhorthern 
or low-elevation) tend to have higher total cation contents, reflecting greater 
reserves of weatherable minerals (see report by Bob Newton). It is nateworthy 
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, SBl  and SB2) and the 
Douglas-fir site in Washington (DF) show a net base cation gain from 
atmospheric deposition, the Smokies red spruce sites (SSI , SS2, ST1, ST2) 
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 polluted 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 reporl 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). 
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There is a clear pattern of AI leaching in relation to base saturation and, 
therefore, site location. The more acid high-elevation/northern sites release a 
greater amount of AI when subjected to inputs of mineral acid anions (Figure 8). 
This is to be expected and is consistent with soil chemical e4 ilibria (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 AI concentrations; a combination of 
extremely acid soils and mineral acid anion inputs are necessary. Thus, 
extremely acid sails, which can be produced naturally such as at the Findley 
Lake site, are a necessary but not sufficient condition for the mobilization of AI. 
The mobilization of AI in the Smokies red spruce sites may be of special 
significance in that soil solution AI levels are approaching levels found to be 
toxic to red spruce seedlings in solution culture studies (see the ORNh site 
rep0 rt). 

Cation Fluxes and Sail 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 6). 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 IF§ 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-elevationhorthern 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 AI concentrations may be approaching toxicity levels in the 
Smokies red spruce sites. 

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

5. Many sites (especially high-elevationhorthern) accumulate one or more base 
cations from atmospheric deposit ion 

6. The greatest potential for soil change is in the case of Mg (highest net 
expo rt/exc h ang ea ble rat i 0). 

7. Analysis of selected cation cycles indicates that uptake usually exceeds 
leaching, and wood increment can equal or exceed leaching. 
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Figure 1. Base saturation (NH4CI extraction) in €3 horizon soils from the IFS 
sites. HF=Huntington Forest, NY; TL=Turkey Lakes, Ontario; 
§T=Smokies Tower, NC; M%=Howland site, ME; SS-Smokies 
Becking, NC; SB=Smokies Beech, NC; FL-Findley Lake, WA; 
WF=Whiteface Mt. NY; DF=Douglas-fir, Thompson site, WA; 
NS=Aamli 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=Quke 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. 

Figure 2. Calcium distributions from the IFS sites. See Figure 1 legend for 
code. 

Figure 3. Base cation budgets for the IFS sites. See Figure 1 legend for code. 

Figure 4. Calcium budgets for the IFS sites. See Figure 1 legend far code. 

Figure 5. Ma nesium budgets for the IFS sites. See Figure 1 legend for code. 

Figure 6. Fraction of soil exchangeable Ga, Mg, and K lost annually by 
leach i ng ([Leach i ng -Deposit io n]/E xchang ea ble]) i n the I FS sites. 
See Figure 1 legend for code. 

Figure 7. 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. 

Figure 8. Calcium cycles for the Duke Loblolly and Douglas-fir sites. 
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Figure 1, 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 Lake, WA; WF=Whiteface Mt., NY; CH=hafdwood site at 
Coweeta, NC; CB=Camp Branch site, TN; FS=siash pine site, FI; FT=Fullerton site, Walker Branch, TN; 
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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Base Cation Balances for the IFS Sites 
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Figure 3. Base cation budgets for the IFS sites. See Figure 1 legend for code. 



Callciaam Budgets for the IFS Sites 
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Figure 4. Calcium budgets for the IFS sites. See Figure 1 legend far code. 



Magnesium Budgets for the IFS Sites 
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Figure 5. Magnesium budgets for the IFS sites. See Figure I legend for code. 
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SECTION 5 .  EXPERIMENTAL TASK SUMMAEtY REPORTS 

5 , 1  ATMOSPHERIC i3EPOSITION 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 

Harch 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, 7L2Pb and 7Be. These tracers 
allow empirical measurements of submicron aerosol deposition to be made to 
complex surfaces like vegetation. 
particle tracer since rainfall is the dominant deposition mechanism. 
Measurements in dry summer climates have been made to evaluate submicron 
aerosol deposition, however. 
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 ( A m )  
which is useful in deriving sulfate flux estimates. 

conifers are between 1 to 2 x 
estimate is 2 to 4 x lo-" m3 kg-'*s-'. The range represents judgment based on 
various measurements. If the air concentration of sulfate (nag m-") is 
multiplied by the foliage biomass density (kg m-2) and AVTR. the product is the 
deposition flux of sulfate (mg m - '  s - ' ) .  

2 .  For canopies with windspeeds less than 1 m s-' (average) the AVTR is 
lower. Two studies, one with field-grown white pine and 712Pb and clne with 
Loblolly pine saplings and 'Be 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 lo-" m3 kg-'*s-'. 

3. Vindspeeds higher than several m s - l  pose problems because the bes t  
empirical tracer in humid climates, ?I2pb, is on the small side of the aerosol 
size spectrum, This means that AVTRs derived using 2'ZPb are biased towards 
diffusion-driven depositional processes, whereas impaction will dominate 
aerosol deposition at wind speeds such as are found on mountains. Thus an Av'I'R 
for spruce is impractical. 

In humid climates 7Be cannot be used as a 

Lead-212 is very useful in humid climates but 

1. For average daily wind speeds of 1 to 2 m s-I empirical AVTRS for 
m3 kg-'*s-'. For deciduous species the 
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5.1.2 
DRY DEPOSITION VEIBCITIES AND SURFACE-TO-CANOPY SCALING 

FACTORS FOR AEROSOL CALCIUM FROM FOREST CANOPY THROUGHFALL* 

S.  E. Lindberg, G. M. T-ovettt, 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 OK 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 CaZC within and between forest stands and to develop factors to scale up to 
tree canopies the fluxes of coarse aerosols measured to inert surfaces. 

Methodolon 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 o f  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 o f  the parameter 
DUR (B) represents the mean leaching rate from the canopy f o r  a given ion. Term C 

Net TF flux = TF flux - rain flux %= A.(ANT) + B * ( D U R )  + C (1) 

is the intercept (not generally significant and not reported here). The model 
requires that samples be collected on an event basis s o  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 o f  the model are discussed in detail in Lovett and Lindberg (1984). 

We report here model results from the Eollowing sites: an oak forest (Quercus 
prinus) in Tennessee sampled from 1981-1983, a low-elevation (300-rn) 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 SpKUCe). 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-AC05-84OR21400 with 
Martin Marietta Energy Systems, Inc. Environmental Sciences Division Publication 
No. 3158, O W L .  

t Institute of Ecosystem Studies, Millbrook, NY. 
+The University of Gottingen, Gottingen, West Germany. 



permanent sampling points and were used continuously for measurements of hydrologic 
fluxes. Aerosols and dry-deposited coarse partgcles were collected from towers above 
the canopies ( 3 0 - 4 5  m above the ground) using Teflon filters and polycarbonate 
deposition plates (Lindberg and Lovett, 1985). 

Results and Discussion The results of the TIF 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 eaZf at these sites and resulted in significant dry deposition 
coefficients for each forest (P < 0.05), suggesting that the model originally 
developed for the oak stand may be more generally applicable. 

Table 1. Dry deposition rates of aerosol Ca2+ determined from a regression 
model applied to rain and throughfall event daca from four forests, and a 
sununary 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. 

Site 

Mean dry deposition 
rate 

N* Model r2 ( p g  m-' h-') SEt 

Pine (year 1) 38 
Pine (year 2 )  35 
Red spruce 20 
Oak 21 
Norway spruce 15 

Pine replicate 1 38 
Pine replicate 2 38 
Pine replicate 3 38 
Pine replicate 4 37 
Pine replicate 5 38 
Pine replicate 6 38 

A11 forests 

0.72 
0.83 
0.54 
0 . 8 7  
0 .78  

Pine forest (year 1) 

0 . 6 8  
0.38 
0 . 6 6  
0 . 5 6  

0.85 
0 .  a2 

Mean and SE for 6 pine replicates: 

46 
44 
110 
86 
68 

28 
54 
24 
8 8  
36 
sa 

4 8  

6 
4 
30 
12 
10 

G 
16 
4 

20 
4 
6 

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 Ca2' were highest at the high-elevation spruce 
stand, reflecting elevational effects on deposition despite generally lower 
concentrations o f  airborne Ca2' (Table 2). The spruce site differs from the nearby 
pine site in significant ways. "he mean wind speed exceeds that at the pine site by 
a factor of 2.5, and the leaf area index (ULI) exceeds that at the pine site by a 
factor o f  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 a a . ,  1988). It is likely that net throughfall Ca2' 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 Ca2+ during each year, providing confidence 
in the reproducibility of the approach. 
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Table 2. SuIlllnary of mean values for airborne concentrations, dry deposition 
rates measured to inert surfaces and resulting dry deposition velocities. The 
standard errors are indicated in parentheses. 

Site 

CaZt dry V, for 
Airborne deposition inert 

Ca2+ rate surface 
N ( pg/m3) ( p g  m-' h-' 1 (cm/s 

Pine (year 1) 37 0 .50  (0.05) 34 (2 )  1 . 8  (0.1) 
Pine (year 2) 38 0 . 5 5  (0.06) 35 ( 5 )  1 . 8  (0 .2)  
Red spruce 23. 0 .26  ( 0 . 0 4 )  22 (3) 3 .2  (0 .6 )  

1..1 (0.1) 0 ak 26 0 . 9 2  (0.13) 3 1  ( 4 )  
Noiway 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 
coefPicient 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 regression coefficients 
(right-hand column) range from 11 t o  30% of the means, and the SE o f  the overall site 
mean (bottom line) is 17% of the mean. Together, these values indicate uncertainties 
of -40-60% ( : ~ 2  S E ' s )  in seasonal. or annual mean dry deposition rates o€ Ca2+ 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 
Ca2' for each canopy. These values are 1.4 cm/s for the Norway spruce, 2 . 4  cm/s for 
the pine, and 2 . 6  cm/s for the oak stand, and exceed the deposition velocities of CaZt 
measured to inert surfaces above each canopy (Table 2). An accurate value €or the 
red spruce stand cannot be determined until the influence of cloud water on TF fluxes 
has been qnantified. The V , ' s  for the canopies are high relative to theoretical 
results, but are consisteiic 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 Cazt 
exhibits a mass median diameter generally >3. 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 SO,'-, 
uncertainty in the behavior of dry-deposited SO, 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 Ca2+ dry deposition 
estimates from the TF model with those from inert surface measurements. The ratio 
of the mean dry deposition rate of CaZt to the forest canopy determined from the TF 
regression model (Table 1) divided by the measured deposition of CaZ+ to polycarbonate 
surfaces (Table 2) yields a useful scaling factor for coarse particles. The scaling 
factors (canopy/plate) €or 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 



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. IAI 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 LA1 of the canopy. 

The M I  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 LA1 (r2 - 0 . 9 0 ) '  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 LA1 and should 
generally increase with canopy area. Such factors improve models €or scaling point 
measurements of aerosol dry deposition to forest canopies. 

0 

4 -  

3 -  

2 -  + +  

1 

0 2 4 6 8 10 12 14 16 
LEAF AREA INDEX 

Fig. 1. Relationship between canopy leaf area index ( M I )  and scaling factor for 
coarse aerosol dry deposition. Squares represent data from t h i s  paper; pluses 
represent data f r o m  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. TaylQr-Jr., S. E. Lindberg, Oak Ridge National Laboratory; and 
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 oxicles of  nitrogen (NO,), whereas E-INO, 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 sitnultaneously monitored CO,, 
H,O, and pollutant gas exchange under controlled conditions of temperature, light, 
vapor pressure, and soil water availability. Deposition rates (nmol rn-' s-I) werc 
calculated as the product of flow rate and the inlet/outlet concentration differential 
normalized for surface area and corrected for losscs to chamber walls. Shoot 
conductance to a reactivc nitrogen gas, a leaf level mcasurement analogous to the 
"deposition velocity" presented in cni 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 estahlish patterns of diurnal variability, and rates of NO, deposition were 
explored relative to shoot conductance to water vapor (mol ni-? s-'; the reciprocal o f  
diffusive conductance). 

NO, deposition 

Under daylight conditions and a mean concentration of 33 nl 1.' (63 pg ni'?), NO, 
deposition t o  foliage o f  forest tree species varied by more than an order of magnitude, 
ranging from 0.35 (loblolly pine) to 5.75 nniol ni-, s-' (sycamore), and the flux to most 
broadleaf species was greater than deposition to conifers. The broadleaf species 
exhibiting the highest rates of NO, deposition had greater shoot conductance to water 
vapor (Fig. 1) suggesting that interspccific 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 96 of' total 
deposition to individual leaves. 
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0 0.04 0.08 0.12 0.16 0.2 0.24 0.28 

SHOOT CONDUCTANCE TO H,O (mol m'* s-' ) 

Fig. 1. Linear relationship between NO, deposition and shoot conductance to watcr vapor. The symbols represent 
individual nieasurements for 5 broadleaf (main graph) and 3 conifer species (inset). The data for broadleaf 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 ni-3). 

Deposition of NO, varied among forest elements measured. Eoliar, 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 crn s-'. As expected, conductance to NO, of Teflon was virtually 
zero. Conductance to NOz of dry bark was similar to that  o f  conifer shoots (0.047 and 
0.049 cni s-*, respectively), and conductance to NO, of wet bark was similar to values 
for broadleaf shoots (0.093 and 0.093 cm s-*, respectively). Conductance to NO, was 
not influenced by species of bark. 

HNO, deposition 

Comparisons of FINO, arid NO, deposition showed little deposition of either gas to 
Teflon surfaces and much greater deposition of €-NO, 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 micrometeorologicaI techniques. 

97 



0 . 5  

0.4 

,.. 
I 

0.3 - 5 
$ 
3 0.2 

a 

0 
0 

c 
0 

$ 0.1 - s 
0 -  

-0.1 - 

t 0.02 f 0.04 

I t 0.004 

I I I I I I I I 

Wet I Hardwood Conifer I I Hardwood Conlfer 
J 

Teflon Distilled Dry 
Water Bark Bark 

Seedling Shoots Forest Floor 
Landscape Surface 

Fig. 2. Conductance of various terrestrial surfaces bo NO, deposition. Each bar is topped by a number corresponding 
to the 95 pcrccnt confidence interval around the data. All data are expressed on a total area basis (planar for the 
intact forest floor cores). 

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 FINO, 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 HN03 
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 

To support our experimental observations concerning the location and extent of 
deposition of HNO, to  leaves, we developed a model bascd 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 I-' (5.7 pg rn") concentration 
gradient, the model predicts initial pollutant fluxes to leaf interiors to be similar for 
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Fig. 3. Deposition of HNO, and NO, to tree bark and seedling shoots. 

HNO,, NO, 0,, 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 FINO,. The rate 
of change in flux corresponds to the gas' water solubility; gases of low solubility saturate 
the leaf interior fdster. 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 o f  
variables for use in whole-plant or stand level models of pollutant deposition (e,g. big- 
leaf or stratified layer stand models). 

Estimates of NQ, 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 h d  y-' of NO,-derived nitrogen (NO,-N) €or n a t u r d  forests 
(Table 1). These rates o f  N deposition are simjliir to inputs expected from 
nonsymbiotic nitrogen fixing bacteria (0-3 kg NO,-N ha-' y-') in temperate forest 
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ecosystems. 
exceed 30-50 nl, I:* (57-95 p g  
NO,-N ha-' y-l. 

In or near urban environments where NO, concentrations can easily 
deposition of NO,-N could easily reach 12 kg 

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

NO2 
Stand conc. 

NO,-N 'Total dry N 
deposition deposition 

WF 
ST 
NS 
LP 
DL 
CP 
DF 
HF 
WB 

kg ha.' y-' 

0.08 
0.2 
0.09 
0.6 
0.8 
0.7 
0.4 
0.4 
1.9 

kg ha.' y-' 

6.5 (1) 
13.8 (1) 
3.2 (3) 
4.3 (13) 

4.4 (16) 

4.4 (8) 

9.1 (9) 

0.8 (49) 

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 p g  m-3. 

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 
Characterist ics  

G. E. Taylor. Jr.. 8. M. Ross-Todd. and IFS Site Representatives 

Ozone (03) measurements 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 0 3  concentrations at all 
sites and to compare patterns of 03 across sites. This highlight presents a preliminary summary of 
the 03 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 
time. 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 03 
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, 03 concentrations exhibited the characteristic pattern of a 
photochemically-driven pollutant (i.e., predawn minimum and middle to IaPe afternoon1 maximum). 
Independent of the site, the predawn value approached 20 ppb (t 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 5 
hours and oftentimes extending into the evening hours (1800-2200 h). On the average, the 0 3  
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 0 3  pattern was recorded in the three higher elevation sites (Smokies. Coweeta, 
Whiteface). In particular, the diurnal variabiiity was substantially muted, with each 1 -h mean being 
2 5 ppb of the 24-h mean. There was no evidence of a mid-afternoon to evening peak in 0 3  
concentration. One unique feature of the high elevation sites, particularly those in t he  more southern 
latitudes, was the pronounced early morning (0600 to 1100 h) drop in 0 3  concentration, attributed 
to the thermal upwelling of 03 depleted air from tower elevations. In comparison to the lower 
elevation sites, the 24-h means were generally 20-40% higher. 

The salient feature of these patterns in 03 concentrations is the necessity of data summaries that do 
not mask the rather pronounced temporal and spatial variability among forested sites. Because of this 
wariabilily, the final summary of the 0 3  concentrations across sites will focus on methodologies that 
attempt to describe patterns that are physiologically and ecologically important. 

LOW ELEVATION SITES-3rd QUARTER HIGH ELEVATION SITES-3rd QUARTER 
1 

70 c I 

NOKIES 
-e- COWEETA 
4- WHITEFACE 

0 2 4 6 8 1 0  1 2  1 4  1 6  1 8  2 0  2 2  2 6  

HOUR OF THE DAY (h) 
HOUR OF THE DAY(h) 
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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 f o l i a r  leaching until acidity was raised to pH 3 . 3  
or below (Wood and Bormann 1975, Scherbatskoy and Klein 1983, 
S c h i e r  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 (pj:.ni svlvestris). 

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 sacch-arum) 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 lh leaching with mist acidified 
to pH 5.0 or 3.8. Thus the treatment sequence mimicked a typical 
summer day, wit.h 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 m i s t  
acidity from p H  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 M'. 
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Fiqure 1. Trea tmen t  mean (+ s tandard  error) va lues  for sugar 
maple canopy exchange ,  i n  pg/m2 of fo l iage  s u r f a c e .  I n d i v i d u a l  
b a r s  r e p r e s e n t  ozone t r e a t m e n t s  ( 2 0 ,  7 0 ,  o r  1 4 0  ppb) grouped by  
ac id  m i s t  t r ea tment  (pH 3 . 8  o r  5 . 0 ) .  

pH 3.0 pH 5.0 

Table 1 compares  t h e  sugar maple and  w h i t e  p i n e  r e s u l t s  for 
a l l  i o n s  i n  t h e  t w o  pH t r e a t m e n t s .  The lass of b o t h  c a t i o n s  and 
anions was h i g h e r  from sugar maple t h a n  from w h i t e  p i n e .  The 
a n i o n  d e f i c i t  i n  Table 1 indicates that i n  some cases, unmeasured 
a n i o n s  were r e l e a s e d  i n t o  t h e  leachate s o l u t i o n .  These a re  most 
p r o b a b l y  o r g a n i c  acid a n i o n s ,  which r e p r e s e n t  p a r t  of t h e  pH- 
buffering c a p a c i t y  of these c a n o p i e s .  I n  a l l  ca ses  e x c e p t  the 
w h i t e  p i n e  p H  3 . 8  t r e a t m e n t ,  these o r g a n i c  a n i o n s  provide a major 
p o r t i o n  of t h e  leached negative charge. 

We c o n c l u d e  from these e x p e r i m e n t s  t h a t  s h o r t - t e r m  ozone  
exposure, i n  t h e  a b s e n c e  of v i s i b l e  leaf damage, does n o t  a f f ec t  
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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 p H  levels. Data expressed as micro- 
equivalents per square meter of foliar surface area (one-sided) 
for lh misting treatments. 

White Pine Sugar Maple 

3 . 8  ~ 5 . 0  3.8 - 5 . 0  P H - 
C a  

K 
N a  
NH4 -i- 

Mg 

H' 

19 8 
8 3 
14 11 
8 5 
8 3 

-1'7 41 

117 60 
26 13 
62 51 

6 7 
-3 -8 

- 2 1  63 

Cation Sum 4 0  7 1 187 186 

21 21 
15 11 

7 4 

57 7 5  
5 2  5 3  
1 3 

Anion Sum 43 36 110 131 

Anion Deficit -3  3 5  77 5 5  

foliar leaching. However, acid wet deposition, at acidity 
levels commonly experienced in the eastern U.S. and Euro e, can 
have a strong effect on canopy exchange of Ca, Mg, and € I  . P 

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, i.n effect creating a delay in the 
deposition of the acidity to the s o i l .  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 

104 



decreasing the potential f o r  neutralization of the acidity i n  the 
litter layer of the forest floor. 

Testing for a decrease in foliar nutrients after exposure to 
acid deposition would probably not answer this ques t i . on ,  because 
the total foliar pool of cations is large relative to the 
exchangeable pool ,  which is located in the foliar apaplasm and 
provides the nutrients f o r  cell growth. 
measure t h i s  apoplastic pool, so our approach was to examine the 
relative rnagni tude of nutrient inputs (uptake) and outputs 
(foliar leaching) in whole plants under different foliar leaching 
and cation availability treatments. 

We know of no way to 

In a greenhouse, w e  grew white p i n e  seedlings in sand 
culture, and caiculated their nutrisnt uptake from measurements 
of inputs and outputs (in drainage water) from the sand-filled 
pots. Twenty-four plants were divided i n t o  f o u r  treatment 
groups, whi.ch received either high or low ca t ion  concentrations 
in nutrient solution (Table 2) and either 3 h/wk of f o l i a r  

Table 2. Concentrations (mg/L) of N, K ,  Ca, and Mg in the two 
nutrient solutions supplied to white pine - seedlings. Nitrogen 
was supplied 60% as NH4+ and 40% as NQ3 . 

N 
K 
C a  
w 

a h  Cations 

150 
7 2  

8 . 0  
8 . 2  

Low Catioms 

150 
12 
1.2 
P " 3  

leaching or no leaching at all. 
plants were used as controls. The  nitrogen content of; t h e  
nutrient solution was high and identical f o r  both nutrient 
solutions. The nitrogen:cation ratios i n  the high-cation 
treatment were optimal fo r  p i n e s  (Ingestad 19791, whereas in the 
low-cation treatment, the ratios were approximately l / 6  the 
optimal ratio (Table 2). The results w e r e  analyzed 
statistically u s i n g  an analysis of variance procedure. 

S i x  sand-filled pots without 

O u r  r e s u l t s  included  the^ following: 

1. P l a n t s  in the high-nutrient treatment took up more Ca, Mg, 
and K t h a n  those in the low-nutrient treatment, and the 
cation uptake was linearly p r o p o r t i a n a l  to N uptake, 
indicating incorporation of the cations into tissue. 
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2 .  Cation leaching was small relative to cation uptake (e.g., 
Figure 2). Uptake/leaching rates were generally 10 or 
greater. 

0-- 

-20 7- 

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. 

.a em 00 00 0 0 

t I I I 
I I I -- 

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 
6-27 AUGUST 

120 

100 

80 
n 

v 

NUTRIENT TREATMENT: 
HIGH 0 
LOW a 0 

1 I 
e 0 

0 
0 

Mg UPTAKE ( p g )  

Fiqure 2. Amounts o f  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: 

n 

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 surfaccs (Mecklenburg et al. 1966). 

However, this cation exchange 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 axe released. 

with organic acid anions (which become protonated in TF). 

release cations from foliagc and decrease the free acidity of water 

descending the canopy as TF (Cronan and Rcinen  1983), but only in the 

former will the increased deposition of acidity necessarily incrcase cation 

release from foliage (Lovett et al. 1985). 

Panel €3 illustrates inorganic cation release coupled 

Both processes 

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 clition exchange at fixed sites (Lovett et 

al. 1985). 

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. 

This estimate is conservative because it assumes that all organic 

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 (Schaefer et al. 1989). 

major inorganic anions and cations were determined from TF minus rain 

and estimated dry deposition fluxes (IFS Technical Highlight #12). 

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 annus l  fluxes. Samples representing less 

than 50% of the annual fluxes were titrated from the other sites. Lovett et 

Net TF fluxes of all 

Net TF 

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 a11 cation exchange per se (Figure 2). At the ST, LP, DF and RA sites, 

net canopy anion retention (primnrily 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, IP ,  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. 

we concluded that cation exchange in the canopy did occur, and that 

increased acidic deposition would increase cation losses from those forests. 

At those four sites, 

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. 

exchange in both NS and CP showed that coniferous as well as deciduous 

canopies could exhibit cation exchange. 

The presence of cation 

The preceeding analysis was based on the conservative assumption that all 

organic acid anions lost from foliage were accompanied by cations other 

than H+. 

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 Figurc 3 along a 

gradient of decreasing acidic deposition) again failed to support an acidic 

deposition effect on cation exchange. 

With the more liberal assumption that some organic acids were 



The IFS sites measure total acid inputs and outputs. 

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). 

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. 

least a limited extent. 

Free and 

In 

This shows that cation exchange took place in those canopies to at 

Both charge balance estimates indicated that cation exchange was less than 

the net canopy release of cations, regardless df whether the organic acids 

were presumed to be released with protons or with other cations. 

retention in the canopy was a major term in the charge balance, suggesting 

the possibility that the acidity delivered to the canopy as HNO3 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).  

based on the low and high estimates of cation exchange are both 

significant, and neither slope differs significantly from unity. 

cation exchange and HNO:, 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 

Nitrate 

Linear regressions (excluding ST) 

Thus both 
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from living canopy tissue. 

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

If these acids exhibited pK, lower than the pH 

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, 

canopies as well, but when assessed by charge balance, can be masked by 

the presence of undissociated acidity in TF. Both deciduous and coriiferous 

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. 

This process may occur in the other 
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PROTONS ARE RETAINED ON 

FIXED FOLIAR EXCHANGE SITES A 
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anions. 
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800 

ST WF LP NS CP HF RA BF 
SITE 

Figure 2. 

conservative estimate of net canopy cation exchange, based on the 

assumption that the organic acidity relased from the canopy consumes 

protons. 

A comparison of net throughfall fluxes of cations and a 

Units are equivalents ha-1 y-1. IFS sites are defined in the text. 
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sites (defined in the text). 

and cloud deposition at ST and WF. 

undissociated wet acidity. 

undissociated acidity. Where total inputs exceed outputs, H+ was retained 

in the canopy, presumably at fixed cation exchange sites. 

Total acid inputs and outputs (in equivalents ha-1 y-1) for 8 IFS 

Dry free acidity is El+ from aerosols and vapors, 

Rain and snuw provide both free and 

Throughfall (TF) is the output flux of free and 
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Figure 5. 

correspondence when outputs include the H+ associated with nitrate 

deposition, and either estimate of canopy cation exchange. 

not included in the regression 

Canopy acid inputs and outputs at 7 IFS sites show a 1:l 

The ST site is 

Units are equivalents ha-1 y-1. (see text). 



5 . 2  SOILS AND C Y C L I N G  TASKS 

5 . 2 . 1  
EFFECTS OF ATMOSPHERIC DEPOSITION ON CATION EXCHANGE REACTIONS 

I N  A C I D  FOREST SOILS 

D . D .  R ich ter  and K . H .  D a i  
School o f  Fo res t ry  and Environmental S tudies  

Duke Un ive r s i ty  
Durham, North Caro l ina  

Over t ime ,  t h e  most i n s i d i o u s  problem r e s u l t i n g  from a c i d  depos i t i on  i s  
l i k e l y  t o  b e  t h e  " e r o s i o n "  o f  s o i l  c a t i o n s  c a u s e d  by t h e  d i s p l a a c e m e n t  o f  
e x c h a n g e a b l e  c a t i o n s  i n t o  s o l u t i o n  and  a c c e l e r a t e d  leaching  of  c a t i o n s  from 
s o i l  s o l u t i o n s  i n t o  drai-riage w a t e r s .  D e s p i t e  i t s  b i o l o g i c a l .  s i g n i f i c a n c e ,  
c a t i o n  exchange i s  n o t  w e l l  documented i n  a c i d  f o r e s t e d  s o i l s  w i t h  s o l u t i o n s  
o f  low i o n i c  s t r e n g t h .  C a t i o n  exchange  r e a c t i o n s  a r e  s i g n i f i c a n t  t o  s o i l  
ecosystems because c a t i o n  exchange not  only r e t a i n s  c a t i o n s  w i t h i n  che s o i l  
p r o f i l e ,  b u t  t hese  r e a c t i o n s  h e l p  c o n t r o l  t he  p l a n t - a v a i l a b i l i t y  o f  n u t r i e n t s  
and t h e  chemis t ry  of drainage waters .  

I n  a d d i t i o n  t o  t h e  a t m o s p h e r e ,  n a t u r a l .  p r o c e s s e s  s u c h  a s  t h e  
m i n e r a l i z a t i o n  o f  o r g a n i c  m a t t e r ,  c h e m i c a l  w e a t h e r i n g ,  r a i n f a l l ,  
e v a p o t r a n s p i r a t i o n ,  and  l e a c h i n g  c o n t r o l  i o n i c  c o n c e n t r a t i o n s  of  t h e  s o i l  
s o l u t i o n  and  a f f e c t  c a t i o n  exchange ,  I n c r e a s i n g  c o n c e n t r a t i o n s  o f  i o n s  i n  
s o l u t i o n  ( i . e . ,  i o n i c  s t r e n g t h )  c a n  i n c r e a s e  exchange  o f  po lyva l . en t  c a t i o n s  
i n t o  s o i l  s o l u t i o n s ,  and  c o n s e q u e n t l y  t h e r e  i s  c o n s i d e r a b l e  c o n c e r n  t h a t  
a t m o s p h e r i c  d e p o s i t i o n  e l e v a t e s  a luminum,  c a l c i u m ,  and  magnesium i n  s o i l  
s o l u t i o n  and inc reases  t h e i r  expor t  t o  drainage waters .  

A major o b j e c t i v e  of t h i s  research  i s  t o  eva lua te  t h e  s u s c e p t i b i l i t y  o f  
va r ious  s o i l s  t o  r e l e a s e  exchangeable polyvalen t  c a t i o n s  i n t o  s o i l  s o l u t i o n s .  
Three ques t ions  are c e n t r a l  t o  understanding how s o i l s  respond t o  a tmospheric  
a d d i t i o n s  o f  e l e c t r o l y t e s :  (1) A r e  s o i l  c a t i o n  exchange r e a c t i o n s  a f f e c t e d  by 
r e l a t i v e l y  smal l  changes i n  i o n i c  s t r e n g t h  of t he  s o i l  s o l u t i o n ?  ( 2 )  Do s o i l s  
have  a c r i t i c a l  A 1  s a t u r a t i o n  o f  c a t i o n  exchange  c a p a c i t y  (CEC) above which  
exchangeable A 1  i s  r e a d i l y  r e l eased  i n t o  s o i l  s o l u t i o n ?  (3)  Can such changes 
i n  c a t i o n s  i n  s o i l  s o l u t i o n  be p red ic t ed ,  based on c a t i o n  exchange r e a c t i o n s ?  
Much p r o g r e s s  h a s  b e e n  made i n  a d d r e s s i n g  t h e s e  q u e s t i o n s  a b o u t  c a t i o n  
exchange r e a c t i o n s  t h a t  occur i n  d i l u t e  s o i l  s o l u t i o n s .  

E x p e r i m e n t s  w i t h  t h e  Becking  and  F u l l e r t o n  s o i l s  ( f rom t h e  Smoky 
Mountains and t h e  Ridge and Val ley ,  r e spec t ive ly )  i l l u s t r a t e  how inc reas ing  
concen t r a t ion  of ions  i n  s o l u t i o n  a f f e c t s  t h e  spec ie s  of c a t i o n s  t h a t  exchange 
from s o i l  exchange s i t e s  (Fig. 1 B  and l C ,  r e spec t ive ly ) .  The Becking s o i l  i s  
-Ear m o r e  a c i d i c  t h a n  t h e  F u l l e r t o n  s o i l :  9 5 %  vs 7 9 %  A 1  s a t u r a t e d ,  
r e spec t ive ly .  I n  both s o i l s ,  however, s m a l l  i nc reases  i n  i o n i c  concen t r a t ion  
i n  s o l u t i o n  g r e a t l y  f avor s  the  exchange of po lyva len t  c a t i o n s ,  Mg and A 1  over 
t h a t  o f  monova len t  c a t i o n s ,  K and  N a .  I n  g e n e r a l ,  d i v a l e n t  Iyg i s  r e a d i l y  
exchanged by r e l a t i v e l y  small  i nc reases  i n  i o n i c  s t r e n g t h  i n  nea r ly  a l l  s o i l s  
o f  t h e  IFS s t u d y .  I n  c o n t r a s t ,  t r i v a l e n t  A 1  t e n d s  t o  be  r e t a i n e d  by s o i l  
e x c h a n g e r s  more s t r o n g l y  t h a n  Mg. I n  e x t r e m e l y  a c i d  s o i l s  such  a s  t h e  
Becking, A 1  i s  r e l e a s e d  r e a d i l y  by s m a l l  i nc reases  i n  i o n i c  s t r e n g t h  of s o i l  
s o l u t i o n  (Fig. 1R). I n  moderately a c i d  s o i l s  such as the  Fullert ion B hor izon ,  
e x c h a n g e a b l e  A 1  i s  s t r o n g l y  a d s o r b e d  t o  exchange  s i t e s  e v e n  when t h e  i o n i c  
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st rength of so lu t ion  i s  r e l a t ive ly  high (Fig. IC). 

The difference among s o i l s  i n  A 1  exchangeability suggests t ha t  s o i l s  have 
a c r i t i c a l  A 1  sa tura t ion  above which exchangeable A 1  is  readi ly  displaced in to  
t h e  s o i l  s o l u t i o n .  T h i r t y - t h r e e  IFS s o i l s ,  t h a t  r e p r e s e n t e d  a range o f  
exchange c o n d i t i o n s ,  were t e s t e d  t o  e v a l u a t e  t h e  r e l a t i o n s h i p  between A 1  
sa tura t ion  of CEC and the exchangeability o f  s o i l  A l .  Figure 2 demonstrates 
t h a t  exchangeable A 1  sa tura t ion  i s  d i r ec t ly  r e l a t ed  t o  the A 1  t ha t  is released 
by a d d i t i o n  o f  on ly  0.5 mMc/L ( m e q / L ) ,  a low c o n c e n t r a t i o n  t y p i c a l  o f  s o i l  
solut ions i n  f i e l d  conditions. I n  very acid s o i l s  t ha t  have exchangeable A 1  
sa tura t ions  of  >80% of CECe (ef fec t ive  CEC), increasing ionic  s t rength o f  s o i l  
s o l u t i o n  by only  0.5 mMc/L causes  A 1  t o  become a ma jo r  s o l u b l e  c a t i o n .  The 
ex t r eme ly  a c i d  s o i l s  t h a t  r e l e a s e  exchangeable A 1  t o  s o l u t i o n  i n  t h e  
laboratory include those from the Becking, Tower, and Beech si tes i n  the Smoky 
Mountains,  and s o i l s  a t  Whiteface Mountain i n  N e w  York and Findley  Lake i n  
Washington. Moreover, the s o i l s  t h a t  exchange A 1  i n  the laboratory tend t o  be 
the same s o i l s  t ha t  have r e l a t ive ly  high soluble A 1  i n  s o i l  solut ions i n  the 
f i e ld .  Provided solut ions o f  these s o i l s  have elevated ionic  s t rength due to  
atmospheric deposit ion o r  other causes, A 1  i s  released t o  solut ion.  Extreme 
s o i l  a c i d i t y  i s  n o t  a s u f f i c i e n t  c o n d i t i o n  b u t  i s  a necessa ry  c o n d i t i o n  t o  
re leasing A 1  t o  s o i l  solutions.  

Exchange r e a c t i o n s  among A l ,  Ca, Mg, K ,  and Na have been q u a n t i f i e d  and 
r e a c t i o n s  a r e  p r e d i c t a b l e  i n  ex t r eme ly  a c i d  s o i l s  w i t h  low i o n i c  s t r e n g t h  
solut ions.  Even fo r  s o i l s  with mixtures of  cat ions and with d i f f e ren t  types 
of cat ion exchange charge, Schofield's a c t i v i t y  r a t i o s  and the Gapon se lec t ion  
coe f f i c i en t s  were remarkably independent of tonic s t rength (Fig. 3 ,  4 A ,  5A). 
Such a c t i v i t y  r a t i o s  o r  se lec t ion  coef f ic ien ts  ranged widely among IFS  s o i l s  
due t o  widely d i f f e ren t  populations of  exchangeable cations.  For individual 
s o i l s ,  a c t i v i t y  r a t i o s  and Gapon se lec t ion  coef f ic ien ts  w e r e  markedly constant 
despi te  widely var iab le  ionic  strength.  

Relat ively constant a c t i v i t y  r a t i o s  and Gapon coe f f i c i en t s  suggest tha t  
they  a r e  s u i t a b l e  expres s ions  f o r  p r e d i c t i n g  exchange r e a c t i o n s  i n  s o i l  
s o l u t i o n s  i n  response  t o  v a r i a b l e  b u t  l o w  i o n i c  s t r e n g t h  of s o i l  s o l u t i o n s .  
In  cont ras t ,  Figure 4E and 5B i l l u s t r a t e  t ha t  exchange of A1-Mg o r  A I - K  could 
not be described by Gaines-Thomas formulations of the same so l id-so lu t ion  data 
as  those  i n  F igu res  3 ,  4A, and 5 A .  We a t r r i b u t e  t h e s e  d i f f e r e n c e s  t o  
d i f f e ren t  numerical formulations o f  the s o l i d  and so lu t ion  data. 

Recent ly  we have documented markedly s t r o n g  r e l a t i o n s h i p s  between 
exchangeable A 1  sa tura t ion  of CECe (i.e.,  the reciprocal  of  "base saturat ion" 
i n  t r a d i t i o n a l  s o i l  s c i e n c e  te rminology)  and a s o i l ' s  Gapori s e l e c t i o n  
coef f ic ien ts .  In  other words, w e  can make r e l a t i v e l y  good predict ions of Gapon 
C o e f f i c i e n t s  f o r  A l - d i v a l e n t  c a t i o n  exchange based s o l e l y  on a s o i l ' s  A 1  
s a t u r a t i o n  o f  CECe f o r  t h e  wide range of  s o i l s  w i t h i n  t h e  IFS s tudy .  This  
re la t ionship  i s  being fur ther  t e s t ed  w i t h  Spodosols from the Norwegian s i t e  
which have been experimentally ac id i f i ed  i n  the f i e l d  ( in  cooperation with Dr. 
A. S tuanes ) ,  and w i t h  U l t i s o l s  ( t h a t  resemble  soils of  t h e  Duke and the  
Georgia s i tes)  tha t  have been na tura l ly  ac id i f ied  by a rapidly aggradeing pine 
plantation. These s o i l s  w i l l  provide excel lent  t e s t s  f o r  e laborat ing exchange 
relat ionships  developed from the IFS s o i l s .  
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MINERALOGY AND CHEMISTRY 
OF SOILS AND RHiZOSPHERE 

R .  A p r i l  

Introduction 

T h s  report contains a brief summary of the IFS research carried out at 

Colgate University, with emphasis on the results 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 f o r  

for rnulating stoichiometric equations of mineral weathering. 

these tasks is necessary in any attempt to understand and model processes 

related to cation release and uptake,  mineral weathering and the impcrctmce 

of rhizosphere processes in forest soils. 

Completion of 

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 the 1987 annual report), we have 

included here oniy the summary tables of the clay mineralogy and bulk soil 
chemistry. ResuIts of these analyses, Eogether With  the grain size and heavy 

mineral analyses (conducted at Smith College), will be presented at the Atlanta 

review meeting in April. 
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100 I O  

99 96 
100 00 
100 00 
100 46 
100 I 1  

IO0 00 
100 00 

100 54 

IO1 08 
97 96 
101 93 
101 80 
IO001 

100 47 

100 00 
I C 0  00 
IO0 00 

i a i  61 

loo 04 

7 35 
4 50 
4 50 
7 09 
8 77 
6 44 

5 13 
3 62 
3 36 
5 40 
4 38 

9 4: 
6 31 
6 47 
5 97 
7 04 

6 66 
IO 20 
6 38 
8 17 
7 85 

1 5 4  
3 67 
8 86 
9 67 
5 94 

6 20 
12 12 
116!  
9 98 

2 I4 
0 37 
0 34 
199  
3 1 1  
2 17 
169  

7 87 
5 70 
3 45 
I 1 2  



MS 
HS 
HS 
HS 
MS 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

LP 
LP 
LP 
LP 
LP 
LP 
LP 

ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 

SB 
SB 
SB 
SB 
SB 
SB 

Maine 
Mains 
Maine 
Malne 
Maine 

Norway 
Norway 
Norway 
Norway 
Norway 
Norway 
Norway 
Norway 
Norway 
Norway 
Norway 

Oek Ridge 
Oak Rim 
Oak Rl@a 
Oak RIdge 
Oak Rldga 
Oak Ridge 
Oak Ri@ 

SM Becking 
SM Becklng 
SM 8ecking 
SM Becklng 
SM Becklng 
SM Becking 
SM Beckmg 
SM 3ecklng 

SM Beech 
SM Beech 
SM Beech 
SM Beech 
SM Beech 

code *r 

A2S3SI 1 
A2S3S11 
A2S3S11 
A2S4S 10 
A2S4S I O  
A2S4S 10 
A2S4S IO 

A4R 1 G 1G2 
A4R 1 G I  62 
A4R 1G162 

360 1 
3602 
3603 
3604 
3605 
3606 

3609 
3610 
361 1 
3615 
3616 
3617 
3618 

3619 
3620 
362 1 
3622 
3623 
3624 

Hor izOn 

E 
6 

Bs(2cm) 
Bs(5cm) 
AVERAOE 

8s 
BC 
C 
E 

Bs 
BC 
c 
E 
BS 
EC 

AYE RAGE 

AP 
B1 
8 

AP 
A 
B 

AVERAOE 

A 
6 
C 
h 
B 
C 

AYERAGE 

A 
3 
BC 
A 
81 
8 

AVERAOE 

- IFS Bulk Sal1 Ctitrrnlstry / W!. % Oxides - 

'e203 I MnO I Ti02 CaO I K20 1 P205 I Si02 I A1203 I MQO 1 Na20 Total 1 LO1 

1 .oo 
5.64 
8.1 1 
6.96 
6.90 

3.94 
3 87 
4.1 1 
1.89 
3.67 
3.58 
3.43 
2.40 
3.64 
3.49 
3.40 

8.82 
9.49 
9.92 
3.87 
4.03 
3.17 
6.55 

6.67 
6.7 1 
5.95 
5.17 
4.17 
5.44 
8.48 
6.08 

9.09 
9.02 
8.93 
8.02 
7.93 

0 02 
0 03 
0 03 
0 03 
0 03 

0 08 
0 04 
0 05 
0 04 
0 09 
0 03 
0 03 
0 03 
0 12 
0 03 
0 05 

0 16 
0 07 
0 02 
0 24 
0 22 
0 i t  
0 14 

0 06 
0 06 
0 12 
0 04 
0 04 
0 08 
011 
0 07 

0 48 
0 40 
0 38 
0 28 
0 27 

0.99 
0.76 
0.88 
0.78 
0.8 1 

0.58 
0.58 
0.59 
0.58 
0.52 
0.49 
0.45 
0.59 
0.56 
0.48 
0.54 

1 .oo 
1.08 
1.14 
0.99 
0.98 
1.09 
1.05 

1.32 
1.20 
1.01 
1.31 
0.97 
1.08 
1.22 
1. 16 

1.15 
1.16 
1.12 
1.19 
1.16 
1.1s 

0.28 
0.84 
0.8 1 
0.69 
0.85 

.23 

.55 
53 
10 
04 
24 

1.08 
1.22 
1.24 
1.21 
1.24 

0.03 
0.06 
0.09 
0.14 
0.10 
0.1 1 
0.09 

0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
c.10 

0. IO 
0.10 
0.10 
0.10 
0.10 
0.10 

1.25 
2.06 
1.94 
1.98 
I .99 

1.81 
2.20 
2.34 
1.62 
1.85 
2.13 
2.26 
I .73 
1.87 
2.07 
I .99 

2.95 
3.57 
4.04 
1.13 
1.12 
1.14 
2.33 

2.40 
2.55 
3 02 
2.55 
2.22 
2.65 
5.14 
2.93 

3.40 
3.22 
3.20 
2.56 
2.60 

0 02 
0 06 
0 07 
0 1 1  
0 08 

0 29 
0 30 
0 30 
0 33 
0 33 
0 29 
0 29 
0 39 
0 38 
0 30 
0 32 

0 21 
0 18 
0 16 
0 15 
0 17 
0 09 
0 I 6  

0 29 
0 17 
0 13 
0 21 
0 12 
0 12 
0 15 
0 17 

0 44 
0 31 
0 24 
0 49 
0 29 
0 25 

90.42 
75.02 
73.22 
71.40 
73.21 

79. 13 
78.56 
76.49 
82.58 
81.16 
79.24 
78.77 
82.53 
79.74 
78.64 
79.68 

69.90 
65.27 
61.27 
83.93 
88.79 
84.14 
75 55 

74.32 
73.00 
72.66 
76.46 
78.77 
74.62 
62.47 
73. I 9  

67.04 
67.3 1 
65.66 
71.74 
69 57 
68.50 

5.72 
12.97 
12.60 
13.58 
13.05 

9.83 
10.80 
10.95 
8.45 
9.68 
10.39 
10.04 
8.80 
10.02 
10.1 1 
9.93 

16.14 
19.37 
22.40 
6.93 
7.26 

I. 16 
3.38 

6.33 
4.89 
5.97 
3.89 

10.58 
13.86 
20.2 1 
15.10 

17.5 1 
17.44 
17.37 
15.65 
15. I 3  
16.37 

0 06 
0 70 
0 61 
0 73 
0 68 

0 87 
146 
155 
0 59 
0 82 
123 
1 3 3  
0 84 
I 13 
1 4 0  
I12 

0 63 
0 88 
0 88 
0 15 
0 04 
0 18 
0 46 

0 36 
0 49 
102  
0 27 
0 22 
0 69 
156  
0 66 

0 52 
0 53 
0 87 
0 54 
0 48 
0.82 

0 83 
190  
171 
154  
I 7 2  

I 43 
1 75 
I 8 2  
I 4 9  
143 
188 
142  
148  
132 
176  
158 

0 15 
0 21 
0 IO 
0 19 
0 24 
0 09 
0 16 

119  
0 94 
125 
138  
168 
145 
0 46 
1 19 

0 69 
0 62 
0 73 
0 6 1  
0 65 
0 62 

100 59 
100 00 
99 98 
98 00 
99 33 

99 19 
101 I 1  
99 73 
98 67 
100 79 
100 50 
99 IO 
100 01 
1 00 02 
99 49 
99 86 

99 99 
100 18 
100 02 
97 72 
102 85 
98 26 
99 84 

102 94 
10001 
101 1 1  
101 28 
98 77 
99 99 
99 80 
10056 

99 96 
loo01 
98 50 
101 08 
98 09 
98 80 

2 43 
10 40 
13 54 
1234 
12 09 

4 07 
2 56 
2 17  
7 83 
3 75 
2 29 
2 02 
9 87 
4 39 
2 82 
4 18 

6 60 
6 08 
6 76 
4 05 
3 36 
3 32 
5 03 

28 68 
IO 86 
4 83 
16 09 
5 03 
5 12 
5 64 
IO 89 

16 98 
9 10 
7 59 

26 76 
1 1  03 
8 45 8 2 3  0 2 3  2 63 

8 5 4  0 3 4  116 0.10 2 9 4  0 3 4  6 8 3 0  1658 0 6 3  0 6 5  9941  1332 



c 
N 
Ul 

Sfte code 

ST 
ST 
ST 
ST 
ST 
ST 
ST 
ST 
ST 
ST 
ST 

DF 
OF 
DF 
OF 

RA 
Rh 
RA 
RA 
RA 

TL 

TL 
TL 
TL 

FT 
FT 
FT 
TK 
TK 
TK 
TK 

WF 
WF 
WF 
WF 
WF 
WF 
WF 
WF 
WF 
WF 

rL 

Forest 

SM Tower 
SM Tower 
Stl Tower 
S r l  Tower 
SM Tower 
SM Tower 
SM Tower 
SM Tower 
SM Tower 
SM Tower 
S t l  Tower 

Thompson OF 
rhompson DF 
i hompson DF 
rhornpson DF 

rhwnpm RA 
rhmpson R4 
Thompson RA 
r hcfnpm FM 
I hompson Rs 

rutkey Lake 
rurksy lake 
rurkey Lake 
rurkey Lake 
Turkey Lake 

ffalker Brsnct 
Nalker Branct 
Wslker Branct 
Nalker Brmct 
Nslker Branct 
Nalker B r m t  
Nalker Branct 

Nhi tefece 
Nhlteface 
Nhrtefece 
Nh1 tefece 
Nhitefsce 
Nhttefm 
Nh 1 telace 
Nh I tefK.9 
Nhitefece 
Nhit&face 

averages are unwetghkd f 

code * 

3627 
3628 
3629 
3630 
3634 
3635 
3636 
3637 
3638 
3639 

3450 1 
34503 
34504 

34505 
34506 
34507 
34508 

34519 
34520 
3452 1 
34548 

34553 
34554 
34555 
34556 
34557 
34558 

34529 
34530 
3453 I 
34532 
34534 
34535 
34537 
34538 
34539 

sol1 hor lzon 

Horizon 

A I  1 
A 1 2  
61 
82 
A I  
AB 
A 2  
B I  
82 
0 

AVERAOE 

A I  
82 1 
822 

AVERAOE 

A I  
A2 
82 1 
822 

AVERAGE 

BfC 1 

B I  
6f 

AVERAGE 

A2 
81 

B22t 
AP 
81 
82 

AVERAOE 

FF 
BUP 
B lo 
B UP 
810 
C 

8 UP 
B lo 
c 

AYERAGE 
cknesses 

~ m 2  

- IFS Bulk Soil Cmlstry / W t  % Oxides- 

-6203 I MnO 1 Ti02 1 CaO I K20 1 P205 I Si02 1 A1203 I MgO I Na20 I Total I LO1 

6.75 0.07 1.17 
7.27 0.07 1.15 
6.80 0.07 1.06 
6.52 0.10 1.04 
3.09 0.05 1.17 
3.73 0.05 1.17 
6.1 1 0.06 1.14 
6.21 0.06 1.07 
6.24 0.10 1.06 
3.90 0.08 0.96 
5.66 0.07 1.10 

5.64 0.24 0.97 
6.46 0.15 0.92 
6.14 0.10 0 8 9  
6.08 0.16 0.93 

6.78 0.25 0.99 
6.10 0.23 0.96 
6.80 0.19 0.97 
6.46 0.14 0.94 
6.54 0.20 0.97 

7.66 0.07 0.81 
5.38 0.07 0.63 
5.26 0.07 0.65 
4.34 0.07 0.55 
5.66 0.07 0.66 

1.67 0 04 0.89 
2.67 0.03 0.92 
3.51 0.03 0.90 
1.54 0.10 1.08 
1.68 0.06 1.07 
2.81 0.04 1.09 
2.31 0.05 0.99 

4.65 0.15 1.05 
5.94 0.05 1.19 
5.56 0.06 1.02 
5.27 0.06 1.20 
5.68 0.08 1.20 
4.66 0.06 0.95 
4.27 0.05 1.10 
5.48 0.08 1.06 

0.10 2.43 0.15 
0.10 2.96 0.18 
0.10 2.94 0.15 
0.10 3.00 0.12 
0.10 2.17 0.16 
0.10 2.19 0.07 
0.10 2.20 0.11 
0.10 2.23 0.10 
0.10 2.41 0.08 
0.10 1.74 0.1 I 
0.10 2.43 0.12 

3.23 1.12 0.32 

7 1.26 
72.3 1 
71.01 

79.35 
78.46 
73.77 
74.5 1 
72.28 
81.51 
74.73 

69.50 

72.83 

I 4.09 
16.04 
15.45 
16.24 
12.79 
12.03 
12.81 
14.01 
15.16 
12.51 
14.1 I 

14.35 

0.78 1.38 
0.73 1.32 
0.69 1.28 
1.17 1.22 
0 15 1.08 
0.07 090 
0.22 1.33 
0.68 1.13 
I O 1  1.14 
043 053 
059 1.13 

1.89 2.74 
3.00 
2.69 
2.97 

2.97 
3.13 
2.88 
3.02 
3.00 

3.1 I 
3.20 
3.39 
3.45 
3.29 

0.0 I 
0. IO 
0.10 
0.10 
c. 10 
0.10 
0.09 

5.25 
4.10 
4.69 
3.78 
4.97 
5.70 
5.1 1. 
5.53 
5.80 

.14 0.23 67.98 17.53 2.20 2.96 

. I  1 0.14 66.55 17.44 239 2.55 

. i 2  0.23 68.01 16.44 2.16 2.75 

.16 0.28 66.05 18.03 2.28 2.62 

.02 0.32 67.82 15.84 2.26 2.32 

. I 4  0.20 65.01 18.47 2.60 2.56 
, I 5  0.16 68.02 17.35 2.54 2.53 

1.12 0.24 

1.91 0.13 
1.76 0.07 
1.83 0.08 
1.63 0.08 
1.83 0.09 

0.25 0.31 
0.38 0.02 
0.44 0.04 
0.47 0.09 
0.48 0.01 
0.52 0.02 
0.42 008 

2.55 1.18 
2.23 0.13 
2.13 0.14 
2.45 0.19 
2.24 0.14 
2.32 0. IO 
2.14 0.48 
2.12 0.21 
2.i4 0.12 

66.73 

67.49 
69.66 
70.15 
70.8 1 
69.53 

92.57 
90.97 
87.73 
91.71 
91.88 
89.54 
90.73 

69.89 
69.29 
67.37 
72.53 
67.69 
67.76 
63.36 
64.57 
65.82 

17.42 

13,94 
15.46 
15.19 
14.41 
I 4  75 

3.87 
5 02 
7.34 
4.52 
4.69 
5.96 
5.23 

12.15 
13.52 
14.83 
13.35 
13.84 
14.46 
19.19 
17.57 
14.13 

2.42 2.51 

1.75 3. 13 
1.99 3.61 
2.33 3.95 
1.99 3.54 
2.02 3.56 

0.01 0.42 
0.01 0.01 
0.01 0.01 
0.01 0.01 
0.01 0.12 
0.01 0.01 
0.01 0. IO 

1.74 1.39 
1.90 1.65 
2.20 2.03 
1.52 1.91 
2.38 1.77 
2.71 2.24 
1.74 2.54 
2.49 2.3b 
3.00 2.01 

98.09 15.75 
102.02 t 4.92 
99.45 11.24 
102.25 6.53 
100.00 25.74 
98.67 8.33 
97.75 10.29 
100.00 8.97 
99.48 6.62 
101.77 4.27 
99.95 11.29 

100.00 18.63 
02.59 7 73 
00.00 6.14 
00.86 10.83 

01.41 27.96 
00.00 12.27 
00.82 14.80 
02.31 10.53 

101.14 16.39 

100.00 11.80 
101.83 9 3 0  
102.90 6.73 
101.06 3.02 
101.45 7.71 

100.02 2.48 
100.00 2.41 
100.00 3.12 
99.51 3.93 
100.00 3.09 
100.00 2.92 
99.92 2.99 

100.00 84.59 
100.00 14.81 
100.00 10.15 
102.26 17.36 
i O O . 0 0  8.27 
100.95 3.52 
99.98 24.34 
101.50 13.31 
100.27 4.93 5.94 0 07 1.24 

5 2 7  0 0 7  ) . I 1  499 226 0 3 0  6759 1478 2.19 199 100.55 20 14 



SunVaaFv of Rhizosuhere Studies 

The mineralogy and chemistry of forest soils rrom six IFS sites in the 

northeastern and southeastern United States were deter mined using X-ray 

diffraction, X-ray fluorescence, and scanning electron microscopy with 

energy dispersive spectrometric capabilities. Special attention in this study 

was given to the nature of rhizosphere soils whose proximity to root surfaces 

to unique biotic mfluences. 

Results of the chemical and mineralogical analyses showed that 

southern soils arc more extensively weathered than northern soils and 

contain greater amounts of clay material and significantly greater quantites 

of advanced weathering products such as gibbsite and kaolinite. Additionally, 

total base cation concentrations in southern soils are approximately half those 

recorded for northern soils, These regional. differences in soil characteristics 

that exist between northern and southern sites are primarily determined b y  

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, 

phyllosiiicate grains contiguous to roots commonly align with their long axis 

tangential to the root surface. Numerous mineral grains were also observed 

for whch the edge abutting a root surface is slgnificantly more fractured 

than the rest of the grain. Both the alignment and fracturing of mineral 

grains b y  growing roots influence pedogenic processes within the 

rhzosphere by exposing greater quantities of mineral surface area to 

weathering processes operating in the root-zone microenvironment. 

Chemical interactions betweea roots and rhizosphere minerals include 

possible preferential dissolution of mineral grains adjacent to root bodies, and 
biomineralization of amorpnous aluminum oxide [hydroxides, Opaline and 

amorphous silica, and calcium oxalate 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. 

clay minerals from one of the southern sites showed a sharp l O A  peak for 

In addition, XRD analyses Of 
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STATUS 0 F THE RHIZOS PHmF STUDIE s 

SlTE 

Coweeta CP 
Coweeta CH 
Duke LP 
O a k  Ridge 
Smoky Mtns. SB 
Smoky Mtns. ST 

Huntington HF 
Whi te face WF 

Findley Lake FL 
Thompson DF 
Thompson RA 
Turkey Lakes TL 

Norway NS 

ANALYSES 
IN PROGRESS 

RATF S AMPLED OR COMPLETED 

Summer 1987 
Summer 1987 
Summer 1987 
Summer 1987 
Summer 1987 
Summer 1987 

F a l l  1987 
Fall 1987 

yes 
yeis 

1989 

Summer 1988 
Summer 1988 
Summer 1988 
Summer 1988 

Fa l l  1988 
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micas adhering to root surfaces indicating that these micas are well 

crystallized and, therefore, contam sufficient structural potassium. By 

contrast, diffuse 1 O b ,  mica p e d s ,  characteristic of weathered, potassium-poor 

illites, were noted for rhizosphere and bulk forest soil clays from the same site. 

Phyllosilicate weathering studies focused on biotite because of its 

abundance in these soils and its propensity toward chemical alteration. 

SEMIEDS analyses using quantitative analysis programs showed biotites in all 

sites to weather along grain boundaries and cleavage surfaces by potassium 

loss and increases in (octahedrally-coordiat~~) aluminum, structural water 

and hydroxyl ions. In addition, altered biotites in southern soils are depleted 

in magnesium. Biotite weathering schemes in northern soils proceeded 

through mixed-layer biotitelver miculite 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 directly to kaolinite 

in Some southern soil samples. 

Rhizomhere 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 )  
mineralogy and chemistry whch primarily reflect differences in parent 

material, ciirnate, and glacial history. 

Significant differences exist between northern and southern soil 

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. 

c )  Bulk soil chemistry reflects both the parent material 

content and the extent of soil weathering, and 

comalernents the mineralogical findings. 
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2)  
(especially clay mineralogy) in the rhizosphere, suggesting that 

pedogenic processes differ in the root zone from those operating 

in the bulk forest soil. 

Root-soil interactions change the character of the mineralogy 

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 commonly 
observed in areas of the grain that abutted root 

bodies. 

2)  Tangential alignment and beading of phyllosilicate 

minerals was noted frequently. 

b) Chemical effects 

1) Dissolution of a few mineral grains was suggested by 
replication of the shape of the root surface b y  an 

adjacent grain edge that faced it. 

oxides/hydroxides, opaline and amorphous silica, and 

calcium oxalate was common in the cells of mature 

root bodies. 

3) No chemical gradients with respect to proximity to root 

surfaces were observed by the analytical methods 

employed in this study. 

2 )  Biornineralization of amorphous aluminum 

cl Effects on rhizosphere mineralogy 

1 )  Greater thermal stabifity of rhizosphere kaolinite 

compared to bulk soil kaolinites indicates that the 

former was better crystallized. Mechanisms 

suggested for this enhanced crystallinity include: 

1 )  recrystalllzation due to a more intensive weathering 

environment w i t h  the rhizosphere, and 

2 )  interference by organic ligands causing mare 

aluminum to remain in a form that is available for 

kaolinite formation. 
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2 )  Weathered micas h,, illites) withn the rhizoplane 

were potassium-saturated in contrast to those within 

rhuospbere and bulk forest soils. Interference by 

palyvalent cations, especially aluminu rn, is favored as 

the causal mechanism because aluminum compounds 

are found precipitated within the peridermal 

cells of these roots and because transpiration 

rates, in this region, are not expected to be greater 

than potassium uptake rates throughout the 

majority of the yeas. 

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 b y  the following reactions: 

Northern Soils 

biotite -t (mixed- layer hiotitelver miculite) =-+ vermiculite 

Southern Soils 

biotite -+ mixed-layer biotit /vermiculite -t 

-* vermiculite - kaolinite -+ 

Or - 
biotite -+ kaolinite --4 gibbsite 
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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 TFS 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 F S  sites. Soil samples are being 
leached with a series of acidic solutions tQ 
determine the relative release rates of base 

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 

w 
TL 
KA 
HF 
FL 
DF 

I 

Glaciated Sites 

Q, spr Non-Glaciated Sites 
cations and silica. The results of these experi- 5 ss 

SB 
LP 
fl 
DL 
CP 
CH 
CB 

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. It is 

will be integrated with D. Richters work in 
planned that the results of these experiments 0 10 20 30 40 

Percent 
Order to the 
weathed% and cation 
ing acidic inputs. 

impmnce Of Figure 1. The glaciated sitas tend to have more heavy 
minerals and less clay than the non-glaciated sites. This 
reflects the immaturity of the glaciated soils. 

in neutraliz- 
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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 
immatui-i ty. 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 m i n e d  fraction of many of the 
TFS sites has been examined by scanning 
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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 
cornposition 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 niorphology 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 F S  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 cm in diame- 
ter, approximately 25 crn 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, Nay K, SO,, 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- 
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Ca = 0.62 + 0.37Si02 
R"2 = 0.80 
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Figure 4. The close correlation between silica and 
calcium in the Thompson Forest column indicates that 
most of the calcium comes from weathering. 
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_____- 

Important Weathering Reactions at Thompson Forest 

F el ds pa r 
Ca.,,Na,(Si,,A1,,,,)0, + 1.32H+ + 1.321-40 -------)) 0.32 @at2 + 0.68Na+ + 1.32Al(OH), + 
2.68 S io,,, 

Epidote 
Ca2A1,Si,0,,(OH) $- 4H+ -+ 2H,O ----->-) 2 @a+* + 3Al(OEX), + 3SiO,, 

Horn b 1 cn de 
Na,K,Ca,Mg,Fe,+'Fe.'Si,AI,O,(OH), I- 16H --)> 0.5Na+ + 0.5K+ + 2Caz + 2Mg+* + 2Fe" + 
Fe.3 + GSiO,, + 2Al(OH), + 61-40 

ues to decrease into the pH 4 treatment. ']The 

pII 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 pI13.44 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 rclatively high weathering rate in 
the glaciated soils. This is particularly true for 
the Douglas Fir site at Thompson Forest, 
Washington. Considerable announts of base 
cations were released from this soil. Based on 
the remarkably good correlation between base 
cations and silica (Table l), 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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Table 1 
Relationships Between Base Cations 

and Silica 

Thompson Forest (DF) 
Mg = -2.86 -i- 0.22Si0, 
Ca = 0.616 -t 0.38Si0, 

Na = 0.114 -t 0.058Si0, 
K = -1 .64  + 0.22Si0, 

Whiteface Mountain 
Mg = 0.115 + 0038Si0, 
Ca = 1.03 + 0.53Si0, 
K = 0.371 + 0.035Si0, 
Na = 0.810 + 0.064Si0, 

Smoky Mountains 
Mg = 1.92 c 0.1 1Si0, 
Ca = 2.41 + 0.38Si0, 
K = 3.55 + 0.26Si0, 
Na = -0.41 -t 0.20Si0, 

r2 = 0.78 
rz = 0.80 
r2 p- 0.84 
r2 = 0.62 

r2 = 0.087 
rz = 0.65 
r2 = 0.48 
r2 = 0.49 

I-2 = 0.28 
r2 = 0.94' 
r2 = 0.45 
r2 = 0.92' 
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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 

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 comt~ibuted by 
mineral weathering from the B horizons. In 
contrast, some of the glaciated sites appear to 
have very high mineral weathering rates. 

Mineral Weathering Page 5 
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5.2.4 

ABSTRACX 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 S pools, sulfate adsorption capacity, desorption reversibility and associated soil properties 
inordertocomparetherelativeS chemistry and sulfateretentioncapacitiesofthesites. Sulfateadsorptioncapacity wasdetermined by sequential 
equilibration of air-dried soil samples with a percolating solution of 0.25 mM CaSO,, and desorption revrmibility by leaching boh sulfate 
saturated anduntreated soil samples with deionized water. Phosphate exmactable sulfate was measured at the endof each series of ecpilibrations 
as a means of estimating irreversibly adsorbed sulfate. 

~ T R O D U C ' I I O K  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 erasystem response 
to acid inputs, including vegetation and soil factors, topographic factors, and natural and mar-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 variety 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 considcrcd to be resistant to accelerated cation leaching, whereas soils 
that donot adsorbsulfate aremore susceptible. Sulfate adsorption is concentration dependent; that is. when the ambient concentrationof sulfate 
in watex equilibrating with soil is increased, the amount of sulfate a given soil will adsorb also increases. Many forest ecosystems, particularly 
in the Norhastern U.S. and some parts of Canada, are presenrly subjected to 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 h a t  many forest 
ecosystems retain additional sulfate with elevated sulfate input levels and ambient solution concentrations. though the variety ofrnethodology 
utilized has made comparisons betwecn studies difficult. 

Thenet 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 (andassociateedcations) 
is reduced over timeuntil the soil becomes saturated; whereas in thenonadsorbing 
soil the sulfate concentration increases immediately. 

Air pollution reductions in many regions have resulted in a decrease in 
sulfate inputs, anddieefffectofdecreasingsulfatedepositionlevelsonsoilsolution 
chemistry is largely unknown. The degree to which sulfate adsorption is 
reversible is animportant consideration in projecting recovePy of acidified surface 
waters and acidified soils to pre-acidified levels following decreases in 
atmospheric deposition. Reductions in ambient sulfate concentrarions of 
solutions in forest ecosystems would be prolonged considerably if sulfate (along 
with an equivalent quantity of acidic and basic cations) desorbs from acidified 
soils once atmospheric inputs decrease, whereas large decreases in sulfate 
concentrations could be virtually instantaneous if sulfate does not desorb, or 
desorbs very slowly. The net effects of varying degrees of reversiblity of sulfate 
adsorption following a rcduction in inputs is shown in Fig. 1. 

DOCEUUWES 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 
cylinder 2.5 cm in diameter). Each sequence was followed inorder: thesulfate from 
a soil sarnple (with 3 replications) was desorbed with deionized water (procedure 
"la") and then extracted with phosphate solution ("lb"). 

A separate soil sample (with 3 replications) was treated first with 0.25 mhJ 
Cas04 (procedure "2a") until saturated, then sulfate was desorbed with deionized 
water ("Zb"). and finally extracted with phosphate solution ("7.c"). A measure of 
the reversihility of sulfate adsorption is calculated by making two comparisons: I )  
by the difference in phosphate extractable fractions. and 2) by comparing die 
desorption of sulfate following the adsorption treatment with sulfate desorption 
from the untreatd soil. Comparisons are as follows: 

Irreversibly adsorbed sulfare : "2c" - "lb" [ I1  
- - "za" . ("2b" "1 a") PI 

Thus, an overall evaluation of the conservation of sulfate during the 
sequences of these equilibrations can be made by comparing ineversibly adsorbed 
sulfate calculated by rhe use of Eq. [ 11 with that calculatcd by Eq. [2].  

Sutfaie adrorpuon, dcsorpuun, and exmacum squences for 
Fmdlcv Lake Rs and Duke R r l  soil honzona 
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RESULTS A total of 31 out of36 soil horizons studied adsorbed some sulfate. The Findley Lake Bs soil. for instancc, adsorbed 5.0 mmo! 
/kg (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 d-. 
Native insoluble sulfate was alsorelatively low (0.7 mmolikg). The Duke Btl soil horizon had much hugher levels ofnative soluble sulfate (3.58 
mmol/kg), and native insoluble adsorbed sulfate (7.6 mmolflig), but still adsorbed 1.8 mmol/kg from solution. 

Idl 
PH 

5.2 
4.7 
4.8 
5 
5 
4.7 
4.9 
5 
4.1 
4.7 
4 3  
4 
4.6 
48 
53  
5.6 
5.8 
4.8 
4.0 
5.2 
5.2 
4.6 
4.7 
4.2 
5.1 
5.2 
5.6 
S5 
4.6 
4.8 
4.9 
4.6 
4.9 
4.9 
4.8 
5 

I Tab. l S e l e c t e d  soil properties and sulfate adsorption data for the sites. 

182 67 .42 146 
13 36 3 7  1.45 
13 37 7 5  1.26 
23 41 4 5  .40 
23 41 .03 .62 

~ 59 30 1.16 . A8 138 1.34 - 67 7.22 5.08 
3017 170 3 1  .88 
M 145 .47 .97 

2853 182 .03 224 
5290 133 7.76 86 
2190 170 3 1.21 
1404 zd5 .84 3.30 - 37 134 1.90 
375 59 267 2-56 
167 41 3.89 2 3 3  
214 69 1.75 3.79 
114 67 278 531 
263 47 3.09 122 
15  51 6.39 4.65 

180 51 1.00 .RO 
102 32 93  .IO - 603 1.05 .77 

652d 778 2-31 Z19 
4033 826 1.93 1.65 
2199 730 3.18 2 4 0  
1191 693 2 4 2  353 
5402 1012 4.97 3.17 
5436 663 64 1.16 
2781 693 154 1.89 
4291 2Y6 1.24 158 
32% 493 8 2  1.34 
2x5 MO .75 .93 

7 9 5  128 -11 1.31 
78 123 -.B .I4 

35 .96 07 
1.09 1.18 .95 
1.82 .90 1.94 
.os 49 .11 
9 2  32 .4L 
5 4  .I9 3 0  

1.82 6 7  114 
5.10 .IO 302 
32 1.011 .zD 
.71 .49 .1s 
.90 260 .89 
37  1.62 .27 
5 A  1.20 .A4 

5.95 2% 5.9a 
1.92 135 1.07 
270 5 6  1.91 
3.00 .10 1.46 
9.29 3.58 7.62 

11.90 3.62 10.30 
3.98 .XI 3.00 
5 5 9  .oC 3.69 

37 .W .3A 
222 .w 2 1 s  
56  .29 .I4 
.61 A4 39 

.77 .37 5 8  

331 .R7 1.47 
168 3 9  1.79 
268 .OO 64 
.49 .62 43 

1.23 .63 .70 
4 2  5 3  29 
.41 .49 .33 
3 9  .w .37 
86 1.93 .E3 
1.78 1.32 166 

Several soil properties appeared to be correlated with observed sulfate 
adsorption. The concentration of oxalate extractable AI was most closely 
correlated with sulfate aasoption for Spodosols and Inceptisols. This observation 
ha been seen in several previous studies. For instance, Fig. 3 shows the 
relationship between sulfare. adsorption and oxalate extractable Al. Very 
noticeable in this figure is the lack of high levels or oxalatc A1 in the wearhered 
Wltisols despite a wide range of sulfate adsorption. The observed sulfate 
adsorptionvs AI relationship for Lnceptisols and Spodosols are plotted together in 
the figure (9 = 0.68). 

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

2 P 0.1 V1., . , .J 
0.0 

0.0 0.1 02 0.3 0.4 OS 
lab column sulfate 

Cornpatison of average lysimeter canccnuation of 
ul fa t~  with laboratory control conccnuatim. 

Subsoil horizons showed sulfate adsorption 
rangingfrom-0.4 to7.2mmolkg(Tab.l). Therewereno 
consistent patterns in observed sulfate adsorption 
between soil horizons within the same site. In general, 
native sulfate levels (soluble and insoluble) increascd 
withsoildeptii. There werelargediffermcesinobserved 
sulfate adsorption and nativesulfal.elcve1s in similar soil 
horizons between sites in the same area, though not as 
great as thc differcnces between soil horizons. 

In the present study there are two measures of 
sulfate adsorption reversibility. ( h e  is the increase in 
phosphate-extTactablesulfate (Eq. 111) brought about by 
sulfate adsorption from solution during equilibration 
"2a". The second measure of irreversibly adsorbed 
sulfate is the difference between native water soluble 
sulfate. sulfate adsorbed from procedure "Za", and 
sulfatc desorbed after procedure "2a" (Eq. [21). 

A total of 29 out of 36 subsoils showed irreversible 
adsorption based on increases in phosphate-extractable 
sulfate (Eq. [l]) whilc 28 of 36 subsoils showed 
irreversible adsorption based on the adsorptionf 
desorption criteria of Eq. [ 2 ] .  Thus, most soil samples 
showed relative conservation of added sulfate. In other 
words, sulfate dsorbcd from solution was recovered 
quantitatively by water or phosphatr: extraction. or: 

[31 "22" - "lb" Ls "2a" ("2b" - "lb") 

I 0 m m  600 B W I O O O  
oxolsle AI (mmolikg) 

JgJ, Sulfate adsorbed from 0.25 mM Cas& solution 'IS oxalare 
xtnctahle A1 for ruhsnils f r m  !hc.FS aitcs. 

Sulfate desorbable aftcr.saturation was directly related to pH, indicating the soils 
at low pH have more native soluble sulfate, possibly as a result of grcarer historical 
deposition. but also have a greater tcnacity u> ret& any additional sulfate. 

Laboratory studies indicated that soil chemisq~ has a strong control on the sulfate 
concentration of percolating watcr, and duc to the fact that field studics of the IFS 
include monitoring soil solution chemical composition, a comparison between field and 
lahorarory cont~ols on sulfate concentration was possible. Fig. A, for instance, iricludes 
a direct camparison of sulfate concentrations for solutions collected by lysimeter and 
initial percolates lor equivalent soil horizons from several IFS sites. The imposed line 
is a 1: 1 relationship: soils that fall  on the line have equivalent sulfate concentratom in 
solulion for ficld md laborarory studics. The relationship is direct, but exuemcly 
variable, indicating that the soil is imponant in controlling solution sulfate 
concentrations, but that our ability to estimate. field rcsulls by laboratory studies is 
limited. 
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5.2.5 

Integrated Forest Study Annual Report f o r  1988 

Task B2: Inorganic a n d  Organic Sulfur Retention Processes 

John W. Fitzgerald,  Department o f  Microbiology, 
University o f  Georgia 

h'ork in years prior t o  1988 hiis concentratpd on f i e l d  incubations t o  
determine t o  w h a t  extent laboratory determined potent ia ls  f o r  organic 
su l fur  formation r e f l e c t  natural ly  occurring r a t e s .  Very good agreement 
was Gbtained a t  l e a s t  for  t h e  Coweeta watersheds and  a f u l l  length 
panuscript dealinc, v v i t h  t h i s  was published in Soil Science SOC. of 
Americs, Journal. Other work has concerned a n  evaluation of surface 
saniples from r r o s t  i F S  s i t e s  f o r  various forms of organic S .  S i t e s  have 
been rar;ked i n  terms c~f ex is t ing  levels  o f  each form. 

F+s f i r s t  reported i n  an I F S  technical highl ight ,  we a r e  now evaluat-  
i n g  the r e l s t i v e  importance of  inorganic a n d  crganic s u l f u r  accumulation 
tiy assaying s c i l  samples taken by h o r i z c f n  f o r  s u l f a t e  adsorption and  
organic S formatior :  potentia;s.  This  w o r k  i s  aimed a t  evaluating a major 
hypothesis of  the overall I F S  project. nsniely "a1 1 ecosystems are  unsater- 
ra tec  w i t h  respect t o  higher r a t e s  o f  su l fur  deposition". Br ie f ly ,  
assays for  adscrption arid org?nic S formation a re  macle on the same 
samples a t  prcgressively increasipg amounts o f  added s u l f a t e .  We have 
completed wrk  on sdmp:es collected from a1 I s i t e s  except Turkey Lakes, 
tlunt.ington, a n d  Maine. h b r k  a t  these s i t e s  will  be completed by Septem- 
ber 1989. 

Although i t  may be premat,ure a t  th i s  stage t o  draw conclusict-!s, some 

1)  

qeneral trends appear t o  be emergirq as  fo l lows:  

I r respect ive o f  c i t e ,  aniour;t,s of added s u l f a t e  required for  
za tura t ic r  with respect t o  adsorption or organic S formation 
increased w i t h  sample depth. 

2) A t  sa.i:ur.ating amunts  of s u l f a t e  and i r respec t ive  of s i t e ,  
sulfLir retained by adsorption and by organic S formation 
l.-__& eneral l y  increasea wi th  sarriple depth. 

adscrptior! process in view of increasing Fe and  A1 oxides w i t h  
depth, these r e s u l t s  were unexpected f o r  organic S formation 
implying t h a t  microbial a c t i v i t y  i s  f a r  Greater i n  the deeper 
s o i l  horizons t h a n  previously ant ic ipzted.  This rea l iza t ion  
neans t h a t  su l fur  retent.-inn by conversion t o  orcjznic f o r m  of S 
cannot he t o t a l l y  evaluated unless a l l  ma jo r  s o i l  horizons are  
assayed. 

k!thouqh these r e s u l t s  a re  n o t  surpris ing for  the 

3 )  Except f o r  A horizor samples .from a few s i t e s ,  su l fur  retention 
by adsorption was a t  l ea s t  4-fold grea te r  than retent ion by 
orgarlic S fornation a t  sa turat ing amounts of added s u l f a t e .  
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Much higher amounts of su l fa te  were required t o  saturate 
samples collected from s i t e s  receiving l o w e r  amounts of S 
deposition (eg. Washington State s i t e s )  as opposed t o  those 
receiving high arcunts o f  deposition (eg. Oak Ridge s i t e s ) .  
Generally, t h i s  observation held t rue irrespective cf process 
assayed f o r  or so i l  horizGn assayed. 

Although some exceptions e x i s t ,  samples frorr the less  saturated 
s i t e s  ( w i t h  respect t o  e i t h e r  process) tended t o  exhibit much 
higher potentials for  organic S forniation t h a n  those eviderit. 
f o r  the most saturated s i t e s .  Thus for  example, the mean 
formation potential ( a l l  horizons copsidered) for  the Douglas 
Fir s i t e  (Washington) was aboLit 10-fold greater t h a n  t h a t  for  
the Loblolly Pine s i t e  (Oak Ridge). Although su l fa te  adsorp- 
tion poterAials followed th i s  relationship i n  some cases, a 
trend between degree o f  sa twat ion  a n d  ac t iv i ty  for  t h i s  
process was less  evident. 

Antici Dated PGbl ications : 

Watwond, M. E. and Fitzgerald, J .  W .  1388. Sulfur transforrna- 
t ions in forest  l i t t e r  and so i l :  Results o f  laboratory and 
f i e ld  incubations. 

Autry, A .  R . ,  Fitzgerald, J .  k l .  and Caldwell, P .  R .  3.989. 
SulfLir retentior. rrrechariims in fo re s t  so i l s .  Can. J .  For. Res, 
(Submitted). 

Soil S c i .  SOC. Am. J .  - 5231478-1483. 

Autry, A. R. and Fitzgerald, J .  h'. 1989. Sulfonate-S: A major 
linkacy g r o u p  o f  fores t  soil organic sulfur .  Can. J ,  For. Res. 
(Submitted). 

Autry, A .  R .  arid Fitzyersld,  J .  W .  1989. Sulfur sat.uration 
potentials for fores t  so i l s .  So i l  Eiol. Piochem. ( I n  
preparztion). 
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5.2.6 
Interim 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 s t u d y  funded largely by the Electric Power 
Research Institute is to examine cation trends i n  annual rings of trees and 
evaluate thei-r 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 s o i l  solution over 
t he  past 50+ years, would the direction of t h e  chemical changes observed i n  
wood be consistent with those we would expect given the particular perturbation 
and our understanding o.f how that perturbation affects plant uptake". 

_I._._...__ __ 

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

Mechanistic rationale: The physiological rationale behind the approach is 
simple: plant cell wa1.1-s are ion exchangers and the compositi-on 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 wal.1. 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 i n  the current Electric Power 'Research Institute work: 
I. Empirical measurements to document responses t o  known 

2. Understanding cation binding in wood. 
3 .  Increasing the data base on red spruce and o t h e r  species which may 

4 .  Evaluating the signifi-cance of the  data from Task 3 in terms of natural 

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

per tiir ba t ions 

be good "recorders" of changing soil solution chemistry. 

and anthropogenic acidification pressures. 

Results (referencing the task numbers above): 
la. Empirical Tests: Four situatFons regarding so i l .  perturbations have been 
examined : 

A. A 1911 tal-cium nitratit: disposal experiment at a mixed oak-pine 

B. A 1971 liming-fertilization trial on red spruce in Maine. 
C .  A 1911 limi.rig-fertilization trial on jack pine in Ontario. 
D. Two decade-long (1960s) f e r t i l i . t y  tri.al.s in pecan orchards in 

forest at Oak Ridge. 

Georgia 

We have also received cores from Sweden from three liming trials on Norway 
Tpruce. We also hope to obtain stem sections or data from German liming 
experiments where radial increment responses have been documented. We want to 



determine if the calcium levels in wood increased as well. 

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. 

differences between cation trends in three trees each from limed and urilimed 
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. 
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. 
poorly-buffered coastal plain soil depressed soil pH, increasing aluminum and 
manganese in foliage (and in wood). 
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 arid 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. 
lb. Fallout Sr-90 

three red spruce. 
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 9"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 pertu.rbation in 
divalent cation availability. Literature papers purporting to detect changes 
in cations at yearly time scales are suspect. The conclusion (below) that base 
cation mobilization occurred in the red spruce ecosystem i n  the lY4Os and 1950s 
is based on calibrating for the sapwood effect using g*Sr. 
2. Cation binding in wood. 

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 tshe wood increases. 

The results of the calcium nitrate disposal study were inconclusive; white 

The red spruce liming trial results were also inconclusive. No 

In the 

The high fertilization rates in the 

The use of lime to counteract the 

Fallout B"Sr distributions in seven species have been measured, including 
Longleaf pine and probably shortleaf pine will be examined 

A major effort has been underway to understand divalent cation binding in 
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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 (OK thereabouts) but in the 1940s-1970s 
this increased t o  about 80%. When aluminum, and especially iron, began 
increasing in the 1960s (and I-ater), the base saturation of wood decreased, 
reflecting acidification of the transpiration stream. The timing of the change 
differs by geographi-c 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 yel.1.0~ birch 
indicate that in general divalent: cations were more available in the 1940s and 
1950s than before or since that time. 
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:A1 ratio in the Donnan free space o f  the root. 

Increasing iron availability in virgin stands of spruce at first seemed 
improbable and a physiological artifact was suspected. But based on all of the 
avail-able 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 l o w  base-saturated sites 
due to acidic deposition can account for the observed trends. Although the 
t:rends in young stands could bc 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: 

The existing data set is summarized in 

Fe(OH)S<nmorp, + 3H' + e- = Fe7+ f 3 H 7 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, 
ei ther episodically or permanently, wil.1 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 Fe7+ concentrations have been measured, have confirmed that 
poorly crystalline ferric hyroxide controls ferric (and indirectly ferrous) 
iron concentrations. More importantly, soluble Fe7+ concentrations comparable 
to typical Ca7' concentrations become increasingly probable when pHs drop 
several tenths of a unit below 4 . 0  even under oxygen-saturated conditions 
(pe+pH-l3 in the laboratory). Organic complexes of Fe(I1) were not found to be 
important in the laboratory studies. 

the root apoplast. 
roots for Fe7+ over Ca7+ increases with decreasing pff below 4 . 0 .  
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 pII 3+ cloudwater f o r  several decades. 

This model and the evidence of increased iron uptake hy 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 i n  hand involves shortleaf pine. 

This condition, like Al? ' ,  works to exclude other divalent cations from 
The problem is compounded because the selectivity of spruce 

Iron is much 

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 1 9 5 0 s ,  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 
majority of these trees are less than 50 years af age and so 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 .  
accelerated rate from the upper organic layers into the root zone and thus into 
bole  and foliage, 
beyond the capacity of the system to maintain a proper cation balance in the 
r o o t  zone. By the 19605,  solution A1: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. 

Initially the response was positive as bases were transferred at an 

However this efEectively sped up the divalent cation cycle 
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Table 1. Summary of Spruce-f-ir Ecosystem Tree 1rici:ement Chemical Data Set 

Locat ion Trees" Sample type Date Re marks 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Maine 
Penobscot N.F. 6 RS stem 1988 

Beddington 2. KS stem 1985 
Kossuth 2 RS stem 1985 

Saddleback Mt. 4 RS 4-mm 1984 2 cores; 2 elevations 
Vermont 

Camels Hump 1.5 RS 4 - m m  1983 3 elevations 
1 KS 5-mm 1982 Matusiewicz and Barnes 

(literature) 
Mt. Abraham 2 RS s t e i n  1985 

Crawford Notch 2 KS s L c m  1985 
New Hampshire 

Vi rg ina 
Whitetop Mt. In progress 
Mt. Rogers In progress 

Tennessee/N. Carolina 
GSMNY - 1 23 KS 1%-mm 1983 Baes and McLaughlin 

17 EH 1 2 - m m  1983 Baes and McLaughlin 
12 FF 1%-mm 1983 Baes and McLaughlin 

GSMNP - 2 5 RS stern 1988 fallen trees: 1985-198/ 
1 YES stem 1988 f a l l e n  tree: 1986 
2 EH stern 1988 fallen trees: 1985-198/ 
2 RS 5-mm 1988 1 core/tree 
2 YB 5-mm 1988 1 core/tree 

New Brunswick KS 1986 Arp et al. (literature) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7k KS=red spruce; EH= eastern hemlock; YB= yellow birch; FF= fraser fir 

148 



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 aIder 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 I-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). 

as a6 87 aa 85 66 e7 a8 
ALDER TO FIR ALDERTOALDER 

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 i s  mediated by removal of the source of nitrogen. The 
leaching may also be further reduced over time due to increased uprake 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. 

alder to fir 

HYDROGEN CALCIUM MAGNESIUM POTASSUM 

alder to alder 

5007 

8 5 8 6 0 7 B B  8 5 8 6 0 7 8 6  8 5 8 6 0 7 8 8  8 5 8 6 9 7 8 6  
HYDRQGUHl CALCIUM MAGNESIUM POTASSIUM 

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 rhe 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 3. Cation/anion balance in soil solutions from red alder control plot, 
alder to alder conversion plot, and alder to fir conversion plot (1988 data). 
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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 SO 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 niay 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 

Object ive and Methods 

The hydrologic subpro jec t  was no t  an o r i g i n a l ,  planned task of t h e  IFS 

p ro jec t .  It was no t  u n t i l  t he  Annual Meeting i n  P inehur s t ,  NC, i n  February 

1988, t h a t  a dec is ion  was made to  conduct hydrologic modeling across IFS si tes.  

Subsequently, E P R I  provided supplemental funding to  Coweeta s c i e n t i s t s  fo r  

water budget analyses and t he  cooperat ive agreement was amended i n  Ju ly  1988. 

Letters reques t ing  the na ture  and format of input  d a t a  needed fo r  water budget 

s imulat ions were t ransmi t ted  to s i te  i n v e s t i g a t o r s  i n  August and September 

1988, 

e f f o r t .  

Therefore,  t h i s  progress r epor t  covers only about 6 months of research  

The purpose of water budget analyses  a t  IFS sites is t o  provide estimates 

of s o i l  water f luxes  commensurate with seasonal  and annual assessments of ion  

concentrat ions i n  s o i l  water c o l l e c t i o n s  and thereby provide a basis for 

es t imat ing  t h e  hydrologic component of n u t r i e n t  losses. 

need by s e l e c t i n g  PROSPER, a phenomenological model of atmosphere-soil-plant 

water f l o w ,  t o  estimate water budgets for  12 f o r e s t  s t ands  a t  9 IFS sites. 

This model was s e l e c t e d  because (1) i t  has  previously been evaluated aga ins t  

experimental  watershed r e s u l t s  f o r  both con i f e r s  and hardwoods (Swif t  e t  a l . ,  

19751, for long-term hydrologic response (Huff and Swank, 1985). and for 

reg iona l  hydrologic s t u d i e s  (Troendle,  1979). and ( 2 )  input  d a t a  required t o  

run the  model are gene ra l ly  a v a i l a b l e  a t  IFS si tes.  

We approached t h i s  
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The model 

A d e t a i l e d  desc r ip t ion  of PROSPER is  given i.n Goldstein e t  a l .  (197’4). 

Br i e f ly ,  PROSPER l i n k s  atmosphere, vege ta t ion ,  and s o i l s  through the  use of 

simultaneous equat ions t h a t  combine energy balance,  mass t r a n s p o r t ,  and s o i l  

moisture dynamics. The evapotranspirat ion ( E t )  sur face  combines canopy and 

l i t t e r ,  and E t  is  dr iven by an energy balance-aerodynamic equat ion.  Network 

equations balance evaporat ive demands and l i q u i d  water flow through the  s o i l  

and vegeta t ion  t o  the  evapora t ing / t ranspi r ing  sur face .  The s o i l  i s  divided 

i n t o  seve ra l  l a y e r s  and root ing  c h a r a c t e r i s t i c s ,  s o i l  po ros i ty ,  unsaturated 

hydraul ic  conduct iv i ty ,  and sa tu ra t ed  hydraul ic  conduct iv i ty ,  determine s o i l  

moisture and flow. PROSPER runs on a d a i l y  time s t e p .  

Current S t a tus  and Resul ts  

The s t a t u s  of PROSPER simulat ions f o r  the IFS p r o j e c t  is summarized i n  

Table 1. Fina l  r e s u l t s  are ava i l ab le  f o r  t he  Coweeta mixed hardwood and white 

pine s t ands ;  i n i t i a l  s imual t ions have been conducted f o r  the  F lo r ida  and 

Huntington si tes;  and a t  l e a s t  some input  d a t a  has been received f o r  a l l  sites 

except Turkey Lake, Duke, and the  two Washington s tands .  To meet the  

objec t ives  and t imetable  f o r  n u t r i e n t  f l ux  analyses ,  hydrologic s imulat ions f o r  

IFS s i tes  w i l l  not  be guaranteed i f  they have no t  provided all i npu t  d a t a  by 

March 31, 1989. 

The hardwood and pine IFS s tudy sites a t  Coweeta are loca ted  on watersheds 

where discharge has been measured with weirs f o r  over 50 years .  

model performance by comparing simulated annual outflow with measured annual 

discharge (Table 2 ) .  For the  1985 water year  (May-April), simulated flow f o r  

mixed hardwoods was i d e n t i c a l  t o  measured flow while f o r  white p ine ,  simulated 

flow was 3 cm ( 6  percent )  less than the  measured value.  Simulated annual 

evapot ranspi ra t ion  f o r  hardwoods and p ine  was 59.6 cm and 89.7 cm, 

respec t ive ly ;  the  30 cm di f fe rence  i n  E t  obtained from the  model compares 

We evaluated 
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Table 1. Sta tus  of PROSPER simulations f o r  IFS sites (February 1989) 

Data Received Simulation S ta tus  
IFS S i t e  C l i m a t e  Parameters Data Input I n i t i a l  Runs Final R e s u l t s  

COWEETA 
Pine X X 
Hardwood X X 

DUKE 

FLORIDA 

GEORGIA 

HUNTINGTON 

NORWAY 

OAK RIDGE 
GSMNP 
Loblolly 

TURKEY LAKE 

WASIPJGTON 
Douglas-fir 
Alder 

X X 

X 

X X 

X X 

X p a r t i a l  
X partial 

X 
X 

X 

X X 
X X 

Table 2 .  Simulated annual water fluxes (cm) and measured flow for  two Coweeta 
fo re s t  ecosystems. 

Simulated Flux Measured 
Ecosys tern Interception Transpiration Outflow Outflow 

Pine 44.4 45*3 53.7 57.1 

Hardwoods 19.4 40.2 74.3 74.2 

favorably with the 27 cm difference i n  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 i n  

1986 and continues t o  the present time. PROSPER is  an E t  model and the 
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boundary of  outf low is t h e  bottom o f  t h e  E s o i l  hor izon  o r  80 cm depth  a t  

Coweeta. I n  c o n t r a s t ,  t h e  r e g o l i t h  a t  Coweeta averages over  6 meters i n  depth  

and is  t h e  source  f o r  sus t a ined  stream discharge  du r ing  extended p r e c i p i t a t i o n  

d e f i c i t s .  Thus, du r ing  drought cond i t ions  some o f  the water f l u x  from t h e  B 

horizon r ep len i shes  s t o r a g e  d e f i c i t s  of deeper  s o i l  l a y e r s  and does n o t  appear 

as s u r f a c e  d i scha rge .  

Another l e v e l  o f  model. v a l i d a t i o n  e n t a i l s  comparing i o n  f l u x e s  based on 

l y s i m e t e r  chemistry and water f l u x  s imula t ions  with stream chemistry e x p o r t .  

Assuming C1 is  a conserva t ive  t r a c e r ,  f l u x e s  from t h e  I3 hor izon  were 

c a l c u l a t e d  over  a 19-manth per iod ,  normalized to annual v a l u e s ,  and compared t o  

measured long-term export. f o r  both hardwood and pine-covered watersheds (Table  

3 ) .  

Stream expor t  of base c a t i o n s  should be h ighe r  than c a l c u l a t e d  val i ies ,  as 

- 

Calcula ted  Cl- f l u x e s  ranged from 13 t o  30 percent. of measured expor t s .  

i l l u s t r a t e d  by 

Concentrat  i oris 

ecosystems and 

K3 i n  Table  3 ,  due t o  mineral  weather ing below t h e  R hor izon .  

of  NO are low i n  both s o i l  s o l u t i o n s  and streams of  both  

f l u x e s  are small. 
3 

Table  3. Comparison of c a l c u l a t e d  and measured expor t  (kg /ha /yr )  o f  select ions 
f o r  two Coweeta f o r e s t  ecosystems. 

- 
NO -N K+ 

3 
c1- 

Ecosys tern _I-̂ Calcula ted  Measured Calcula ted  _._- .Me-c-sL!xed Ca lcu la t ed  ... . ......... Meas-uued 

P i n e  5 .1  4.5 0.02 0.20 2 . 0  3 .4  

Hardwood 4.3 6.2 .02 .02 1 . 6  4.7 

These pre l iminary  ana lyses  i n d i c a t e  t h a t  reasonable  estimates of both water 

and n u t r i e n t  l o s s e s  can be obta ined  us ing  PROSPER and l y s i m e t e r  d a t a .  

Addi t iona l  model eva lua t ions  w i l l  be poss.i.ble f o r  o t h e r  IFS si tes such as 

F l o r i d a ,  Huntington F o r e s t ,  and Turkey Lake where independent hydro logic  and/or  

n u t r i e n t  f l u x  estimates are a v a i l a b l e .  
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TED FOREST STUDY TECHN 

5 . 2 . 9  

nt a f  Nutr ient  Cycling MQ 

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 t o  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 1at.eral flow out o f  the forest plot. The forested ecosystem is 
represented as a series of vegetation components ( F i g u r e  2) and soil layers. The 
major processes to be included are listed below: 

Veqetation I_ Soi 1 
Water Flux 
Dry Deposition 
Fa1 i ar Leaching 
Nutrient Uptake 
Nutrient Translocation 
Li tterfall 
Litter Decay 
Tree B i o m a s s  increment 

Water F1 ux 
Mineralization of Organic Stlatter 
Cation Exchange (Ca, Mg, K, Na, NH,, H, Al) 
Anion Adsorption (S, P, Organic anions) 
Mineral Weathering 
A1 uminum Hydrolysis 
Solid-liquid-gas Phase Equilibrium 
Root Respiration 

L __ -. 
L , A A . %  

.................................................................... Ja 
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Model output will also include total pool sizes, annual and monthly fluxes 
between components, and the relative contribution or loss by process (Figure 3 ) .  
In addition, parameter versus time plots will be generated. 

The model being developed has an interactive, menu-driven format for IBM- 
compat i bl e microcomputers . Function keys are being programmed to enabl e the user 
t o  quickly move from one parameter or menu to another. Help menus to define the 
variables and t o  provide typical ranges o f  parameters are being included. The 
intent is to make the model easy to use with a variety o f  output options t o  
investigate scientific hypotheses regarding specific soil and vegetaition processes 
and to show the effects o f  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 w i t h  the 
group leaders from the IFS project. The Atmospheric Inputs Workshop, held a t  Oak 
Ridge, covered wet and dry deposition, and canopy processes. The Soi l s  Workshop, 
held at Tetra Tech's Lafayette office, reviewed hydrologic processes as well as 
biogeochemical processes occurring in vegetation and soils. O f  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, E N V S I M ) .  
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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, a majority of ammonium, and half of nitrate and sulfate, although there is 
much uncertainty associated with the absolute values. 

DOUGLAS- FIR DEPOSiTlON (EVENT) 
3 00 

2 0 0  
;; 
f 
\ m 
c. 
0 
v - 

100 

0 
H' Ca Mg K Ne NH, NO, CI SO, 

MPREClPlTATlON 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, ammonium, 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) 

Canopy Release 300 r 
2 0 0  t 

I 

Canopy Uptake L ._ ___ ______ -3QQ 
H' Ca Mg K Na NH, NQ, CI SO, 

QUGLAS-FIR gj 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. 
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). 

Of particular interest is 

SOL S CONCENTRATIONS 

FATE RA 

DF 
A ( 0 - 7  cm) 
A ( 7 - 1 5 )  
B 1 5 - 3 0  
B 130-451 I 

FL 
1 

E(0-12 cm 
Bhs (12-191 
BS ( 1 7 - 4 1 )  
BC ( 4 1 - 3 1 )  ...._I___ .. ...... 

0 5 10 15 20 2 5  

mmol S/kg 
Figure 3 .  Soil sulfur concentrations in Douglas-fir, red alder, arid Findley Lake stands. 



ORGANIC-N/ORGANIC- S 

L-, 
0 10 20 3 0  40  5 6  

mmol N/mmol S 

Douglas-fir and red alder ecosystems. 
Figure 4. Organic-N/organic-S ratio (molar basis) throughout the 

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 
W Org. N umoi/L EES Org. S urnol/L * 10 

- 2 0  0 2 0  4 0  60  80 

DF A 

DF B 

-100 0 100 200 3 0 0  400  
CZZZ 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 P I N E  (LP) IFS  SITES 

S .  E .  Lindberg,  D .  A .  Schaefer ,  D .  S i l s b e e ,  
J .  G .  Owens, and D .  Nikol i  

During 1988 s e v e r a l  s t u d i e s  were performed a t  t h e  ST and LP IFS s i t e s  t o  
t e s t  asswopti.ons o r  address  ques t ions  regard ing  a p p l i c a t i o n  o f  va r ious  methods 
w i t h i n  t h e  IFS. These included 1) s t u d i e s  on the  sources  of ions  i n  coarse  
p a r t i c l e s  dry  depos i ted  t o  i n e r t  s u r f a c e s ,  2 )  development of p l a t e -  to-canopy 
s c a l i n g  f a c t o r s  f o r  coarse  p a r t i c l e s ,  3 )  a p p l i c a t i o n  of s e v e r a l  methods f o r  
estimatiing cloudwater i -n te rcept ion ,  and 4 )  eva lua t ing  s p a t i a l  v a r i a b i l i t y  of i on  
f l u x e s  i n  t h r o u g h f a l l .  

Sources of Drv Deposited Coarse P a r t i c l e s  and Methods f o r  Sca l ing  t o  t h e a r - e - s t  
Canopl 

Coarse p a r t i c l e s  i n  dry depos i t i on  are col . lected on i n e r t  depos i t i on  p l a t e s  
exposed on towers above the  canopy a t  a l l  IFS s i t e s .  There a r e  two important 
ques t ions  regard ing  t h i s  method: how can f luxes  measured t o  p l a t e s  be 
ex t r apo la t ed  t o  t h e  f u l l  canopy and what are the  sources  o f  coa r se  p a r t i c l e s  
measured wi th  t h i s  method? To address  the  f i r s t ,  we developed a s c a l i n g  f a c t o r  
s p e c i f i c  t o  each I F S  f o r e s t  canopy. The methods and r e s u l t s  of t h i s  approach 
have now been publ i shed  (Lindberg e t  al, 1989a) and are summarized below i n  the  
Experimental Task Repor ts .  

Understanding t h e  sources  of dry  depos i ted  coarse  p a r t i c l e s  involves  two 
problems: t he  e x t e n t  t o  which these  p a r t i c l e s  a r e  der ived  from l o c a l l y  der ived  
resuspended d u s t  (where 1.ocal i s  def ined  as w i t h i n  t h e  f o r e s t  p l o t  under s t u d y ) ,  
and the  spec iEic  sources  which c o n t r i b u t e  t o  coarse  p a r t i c l e  dry depos i t i on .  
Addressing the  f i r s t  ques t ion  r equ i r e s  measurement of depos i t i on  o r  a i r  
concen t r a t ion  p r o f i l e s  i n  and above t h e  f o r e s t  canopy. Previous s t u d i e s  have 
shown t h a t  dry  deposi . t ion t o  p l a t e s  i.n open f i e l d s  is  dominated by l o c a l  m a t e r i a l  
(Davidson and E l i a s ,  1 9 8 2 ) .  This  i s  ind ica t ed  by depos i t i on  p r o f i l e s  which show 
an inc reas ing  depos i t i on  r a t e  o f  ions as one moves c l o s e r  t o  t h e  ground- leve l  
source .  The oppos i te  p a t t e r n  (depos i t i on  r a t e s  i nc reas ing  wi th  h e i g h t  above the 
ground) i n d i c a t e s  t h a t  the primary source is  t h e  over ly ing  a i r  mass, and no t  s o i l  
d u s t  immediately ad jacen t  t o  the  sampling s i t e .  

W e  have measured r e l a t i v e l y  h igh  dry depos i t i on  r a t e s  of coarse  p a r t i c l e s  
a t  t h e  ST s i t e  (Lindberg e t  a l ,  1988) ,  a l though t h i s  s i t e  i s  d i s t a n t  from t h e  
ex tens ive  a g r i c u l t u r a l  f i e l d s  arid 
g rave l  roads which a c t  as sources  of 
coarse  a e r o s o l s  a t  Lhe v a l l e y  IFS 
s i t e s  ( L P ,  DL) ,  sugges t ing  1.ocal 
resuspens ion .  The h ighe r  wind speeds 
a t  t h i s  mountain s i t e  can p e n e t r a t e  t o  
the  ground more e f f e c t i v e l y  than  a t  
t he  v a l l e y  s i t e  due t o  t h e  pa t ch iness  
of t he  canopy, p a r t i - c u l a r l y  near  t h e  
tower i t i s e l f .  W e  measured a 
depos i t i on  p r o € i l e  a t  t h i s  s i t e  f o r  48 
hours t o  determine whether l o c a l  
s o i l s  were c o n t r i b u t i n g  t h i s  m a t e r i a l  
( F i g .  1) .  The mean wind speed duri.ng 
t h e s e  experiments was 6 . 2  m s - I ,  and 
the  wind d i - rec t ion  was gene ra l ly  WSW 
(ups lope ) .  
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Fig. 1. Depoaition profiles at 8T. 



The p r o f i l e  c l e a r l y  shows t h a t  ground-level  sources  near  t he  tower and i n  
the  f o r e s t  p l o t  do n o t  con t r ibu te  s i g n i f i c a n t l y  t o  these  f luxes  during t h i s  
experiment.  The s t e e p  s lope  of  t he  p r o f i l e s  f o r  Ca2+ and NO3- i n d i c a t e  t h a t  these  
ions  are e f f i c i e n t l y  scavenged by the  upper canopy su r faces ,  more so  than  SO:". 
We have measured numerous similar p r o f i l e s  i n  f o r e s t s  such a s  LP i n  the  Oak Ridge 
a rea  (Lindberg and Lovet t ,  1985) .  I n  each c a s e ,  t he  dry  depos i t i on  r a t e s  o f  a l l  
major i o n s ,  except  K+, c o n s i s t e n t l y  increase  with inc reas ing  he igh t  above the  
f o r e s t  f l o o r ,  i n d i c a t i n g  i n s i g n i f i c a n t  l o c a l  resuspension.  This i s  no t  
s u r p r i s i n g  given the  r ap id  decay of t he  wind speed p r o f i l e  w i th in  these  low- 
e l e v a t i o n  f o r e s t s ,  and t h e  absence of bare  s o i l  on the  f o r e s t  f l o o r ,  due t o  
ex tens ive  l i t t e r  cover.  

The p r o f i l e s  f o r  K+ a t  both the ST and v a l l e y  f o r e s t s  c o n s i s t e n t l y  e x h i b i t  
a bulge wi th in  the  canopy, decreasing with proximity t o  both the  ground and the  
a i r ,  suggest ing an in-canopy source ,  probably c o n s i s t i n g  of weathering products  
of needle  c u t i c l e  and o the r  b i o l o g i c a l  material. However, because the  f l u x  of 
K+ i n  t hese  f o r e s t s  i s  dominated by f o l i a r  leaching  i n  t h r o u g h f a l l ,  t h i s  l o c a l  
source of coarse  p a r t i c l e s  i s  not  an important b i a s  i n  our es t imates  of KC f luxes  
and behavior a t  these  s i tes .  

For the  o the r  base c a t i o n s ,  t he  most l o g i c a l  sources  of coarse  p a r t i c l e  
dry depos i t i on  are resuspended s o i l  and road dus t  (Gatz e t  al, 1 9 8 5 ) ,  o r i g i n a t i n g  
ou t s ide  of t he  f o r e s t e d  a r e a s .  To es t imate  t h e  r e l a t i v e  importance o f  each 
source type at t h e  LP s i t e ,  we measured the  major ion conten t  o f  a l i m i t e d  number 
of samples of road and s o i l  dus t  c o l l e c t e d  i n  the  Oak Ridge area,  and compared 
t h e i r  composition as r e f l e c t e d  i n  ion  r a t i o s  with the  average composition o f  
suspended ae roso l s  and p a r t i c l e s  c o l l e c t e d  i n  depos i t ion  p l a t e s  over one year .  
The same e x t r a c t i o n  method w a s  used f o r  a l l  sample types .  

The b e s t  source i n d i c a t o r  w a s  t he  r a t i o  of  Ca/Mg which was very s t a b l e  
wi th in  any sample type ,  bu t  d i f f e r e d  by an order  of magnitude between s o i l  and 
road dus t  (Table 1). Because the  t w o  source types e x h i b i t  such d i f f e r e n t  ion 
r a t i o s ,  source apportionment methods can be used t o  es t imate  source 
c o n t r i b u t i o n s .  Assuming t h a t  s o i l  and road dus t  are t he  primary sources ,  and 
t h a t  they form an i n t e r n a l l y  mixed a e r o s o l ,  and t h a t  these  samples a r e  
r e p r e s e n t a t i v e ,  i t  i s  apparent  t h a t  s o i l  dus t  dominates the  composition of both 

Table 1.  Ratios of Ca/Mg in  dry deposited part ic les,  suspended aerosols, and two possible sources: s o i l  and 
road dust . 
Samples : Mean r a t i o  
Coarse Part ic les 
LP-GS* 14 
LP-DS 15 
AVE 15 
ST-GS 16 
ST-DS 15 
AVE 16 

Aerosols 
LP-GS 9.1 
LP-DS 10 
AVE 10 
ST-GS 9 . 4  
ST-DS 9.9 
AVE 10 

Standard Error 

1 
1 

2 
1 

0 . 9  
1 

1 .a  
1.4 

Sources : Mean r a t i o  Standard Error 
Road dust 
Sample 1 40 4 
Sample 2 54 5 
AVE 47 

Soil  dust 

Sample 2 4 . 0  
AVE 4 . 0  

Sample 1 6 . 0  

*LP = Oak Ridge Lob\ol ly  Pine s i t e ,  ST = Smoky Mountain Tower s i t e  
*CS = samples col lected during the growing season, DS = dormant season 

0 .3  
0 . 4  



suspended a e r o s o l s  and depos i ted  pa r t i i c l e s ,  account ing f o r  7 2 - 8 8 %  of t he  
material .  The c o n t r i b u t i o n  of road d u s t  ranges from -10-15% i n  ae roso l s  and 
-25-305 i n  depos i ted  p a r t i c l e s .  The h ighe r  contr ibut- ion of road d u s t  t o  dry 
depos i ted  p a r t i c l e s  i s  a r e f l e c t i o n  of t h e  gene ra l ly  l a r g e r  p a r t i c l e  s i z e  of 
ma te r i a l  i n  road d u s t  and depos i ted  p a r t i c l e s  compared wi th  t h a t  i n  suspended 
a e r o s o l s .  

F ig .  2 i l l u s t r a t e s  t he  

ST f o r e s t  p l o t .  The annual hydrologic  
f l u x  v a r i e d  cons iderably  from -30 t o  

v a r i a b i l i t y  i n  annual NTF wi th in  the  

Esictinates of Cloudwater I n t e r c e p t i o n  ST S i t e  

SPATIAI.. VARIABIL ITY I N  NTF HYDROLOGY: 
ST SITE I-OR I YEAR c P P - r = i m m )  

NF (cn) 
80 

THROUG!-IF;U.L NETWORK G4GE NIJU13ER 

MTF - IF-PST 
with n e t  c1oudwat:er i npu t  were loca t ed  

canopy cover o r  very  dense cover 
loca t ed  near  a t r e e  t runk .  The s i t e s  

near  the  o u t e r  edges of i nd iv idua l  
t r e e  crowns o r  near  gaps i n  the  
canopy. 4 good example of t h i s  e f f e c t  
i s  i l l u s t r a t e d  i.n the  gradient: i n  NTF from gages T7 - T10. Gage 10 i s  loca ted  
a t  t he  edge of a win ter t ime gap i n  the  canopy c r e a t e d  by deciduous ove r s to ry  and 
gage 7 i s  s e v e r a l  meters i n t o  the  s tand  from the  edge,  wi th  gages 8 and 9 between 
the  t w o  
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Fig .  3 i l l u s t r a t e s  t he  temporal 
t r end  i n  the  mean NTF f r o m  the  
complete g r i d  of gages.  These da t a  
suggest  a c o n s i s t e n t  seasonal  p a t t e r n  
i n  cloudwater i n t e r c e p t i o n  a t  the  ST 
s i t e ,  wi th  p o s i t i v e  NTF va lues  most 
common during t h e  f a l l / w i n t e r  per iods  
o f  both y e a r s .  Personal  observa t ions  
a t  t h e  s i t e  confirm t h a t  cloud base 
moves down t h e  mountain from the  
summit (2010 m) t o  t h e  ST s i t e  (1740 
m) dur ing  l a t e  summer/early f a l l ,  and 
t h a t  in -c loud  exposure during the  
summer i s  minimal. 

The s t r a i g h t  mean NTF across  
t h i s  network (-14 cm y-', Fig.  2 )  

assuming no n e t  f o l i a r  leaching  o f  these  
i o n s ,  us ing  cloudwater t o  balance the  

HYDROLOGIC FLIJXFS I N  NET TF AT ST 
AS A MEASURE OF CLOUD INTERC.EFTIGt.1 

M T W h L L  COW n+lW 

O X I B d O L I U I M 8 d  
CCbW nEP. {ou y -.( I 

rim 4" Chdwatsr depoaiticln at 8T. 

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

provides  a rough es t imate  of cloudwater i n p u t ,  bu t  inc ludes  the  nega t ive  e f f e c t  
o f  a l l  of t h e  i n t e r c e p t i o n  l o s s e s  during non-cloud per iods .  Summing only the 
events  wi th  NTF>O (Fig .  3 )  provides  a b e t t e r  es t imare o f  annual cl-oudwater 
depos i t i on  a t  t h i s  s i t e  (-24 cm), bu t  does no t  account f o r  i n t e r c e p t i o n  lo s ses  
due t o  evaporat ion f r o m  the  canopy fol lowing cloud depos i t i on .  This e f f e c t  can 
be es t imated  from t he  hydrologic behavior of  the canopy during non-cloud per iods 
(F ig .  3 ) .  When added t o  the  24 c m  y- ' ,  t h i s  c o r r e c t i o n  y i e l d s  the  b e s t  es t imate  
of annual cloudwater input  from the d i f f e r e n t  hydrologic  methods: 

A l l  of t he  e s t ima tes  €or annual cloudwater input  t o  t he  ST s i t e  a r e  
summarized i n  F ig .  4 .  These es t imates  range nea r ly  over a f a c t o r  of  5 ,  bu t  the  
lowest va lue  ( s t r a i g h t  NTF) is  understood 

-37  c m  y-' .  

- 
ESTIMATES OF CLOUDWATER INl~ERCEPTION 

AT ST t ~ s  SITE (4188 - 3 1 m a  

t o  be an underest imate ,  and i s  taken t o  
r ep resen t  t he  lowest cloudwater input  rate 
t h a t  could occur .  The model and d r i p  r a t e  
e s t ima tes  are c o n s i s t e n t l y  low, suggest ing 
chat  our es t imates  o f  cloud immersion time 

Canow ww nn 
(-800 h )  a r e  l o w ,  s i n c e  each o f  these  c0IIRU)IOpI WQ 

V a r i a b i l i t y  i n  ion  Fluxes i n  Throughfall  - 

Throughfal l  f l uxes  a r e  a c r i t i c a l  component of  t he  n u t r i e n t  cyc l ing  
measurements a t  IFS s i tes  because the  d i f f e rence  between depos i t i on  and 
th roughfa l l  is used t o  determine the  f a t e  of ions  depos i ted  t o  the  canopy 
(Lindberg e t  a l ,  1 9 8 8 ) .  However, t h e i r  inherent  v a r i a b i l i t y  pu t s  t h roughfa l l  
f l uxes  among t h e  most unce r t a in  estimates made. Appl ica t ion  of the  dry 
depos i t i on  r eg res s ion  model t o  IFS  d a t a  r equ i r e s  c o l l e c t i o n  of th roughfa l l  a s  
w e t f a l l - o n l y  on an event b a s i s ,  making l a r g e  numbers of r e p l i c a t e  c o l l e c t o r s  
imprac t i ca l .  Numbers of r e p l i c a t e  automatic coLlec tors  used a t  I F S  s i t e s  
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genera l ly  range from 2 - 6  ( t he  WF s i t e  employs 20 manual event th roughfa l l  
c o l l e c t o r s  because of extreme canopy and t e r r a i n  complexity).  To quant i fy  
v a r i a b i l i t y  a t  thesc  s i t e s ,  s p e c i a l  s tud ie s  have been performed on se l ec t ed  
events using r e p l i c a t e  manual c o l l e c t o r s  i n  l a rge  networks. 

A t  the  ST ( 2  permanent c o l l e c t o r s )  and LP ( 6  permanent c o l l e c t o r s )  s i t e s  
we e s t ab l i shed  temporary g r ids  of 1 2 - 1 8  samplers t o  c o l l e c t  th roughfa l l  f o r  4 
(LP)  t o  7 (ST)  events .  Two of the  ST events were mixed rain/cloudwater,  the  
o thers  r a i n  only.  'Table 2 summarizes the  r e s u l t s  a s  r e l a t i v e  s tandard e r r o r s  
( R S E )  of the  s p a t i a l  mean ion f luxes  f o r  each event a t  the  ST s i t e ,  and includes 

Table 2. Re la t i ve  standard e r r o r s  (RSE=SE/mean) o f  mean i o n  f l uxes  i n  t h r o u g h f a l l  f o r  events sampled as 
w e t f a l l - o n l y  a t  t he  Smokies Tower ( S T )  I F S  s i t e .  The 1987 events were r a i n  only, and were sampled w i t h  17-18 
r e p l i c a t e  c o l l e c t o r s .  The 1988 events were mixed r a i n  and cloudwater d r i p ,  and were sampled w i t h  12 r e p l i c a t e  
c o l l e c t o r s .  P o s i t i o n  o f  the 12 pr imary c o l l e c t o r s  remained f i x e d  throughout the study, and were occas iona l l y  
supplemented w i t h  5-6 e x t r a  c o l l e c t o r s  

Event TF-cm@ SO: NO; C L -  H* N H ~ +  K* Na* Ca 2+ "92+ 

- - --- 
5.5% 8.9" 8.5% 

30,7"L 39.3% 24.6% 
9.6% 11.3% 12.3% 
8.8% 10.8% 9.2% 

13.0% 12.0% 12.3% 
8.5% 10.4% 9.9x 9.1% 9.4% 

10.3% 12.1% 10.5% 8.8"' 14.9x 

_ _ -  
9.8% 

33. TL 
7.7x 

12.4% 
11.6% 
9.4% 

1o.Q% 

I _ - -  

9.3% 
37.4% 
10.4% 
9.or 

14.9x 
10.4% 8.6% 11.8% 
11.9% 10.1% 13.2% 

Means 8.3% 12.4% 15.0% 10.2% 12.1% 12.1% 13.64 11.1% 14.2% 12.5% 

Mean LP* 2.3X 3.9" 5.0% 6.1% 7.8% 18.oX 10.3% 7.7% 10.6% 9.2% 
P 

aTF-cm i s  the t h r o u g h f a l l  amount i n  cm. 
*LP i s  the low e l e v a t i o n  L o b l o l l y  Pine s i t e  a t  Oak Ridge where t h r o u g h f a l l  was sampled 
w i t h  12 r e p l i c a t e  c o l l e c t o r s  f o r  4 events. 

the  mean RSE f o r  a l l  events a t  the  LE' s i t e  for comparison. A s  expected from 
canopy and t e r r a i n  he te rogenie ty ,  the  mean RSE values  f o r  ST events genera l ly  
exceeded those f o r  events a t  the  l o w  e l eva t ion  LP s i t e .  A t  the  ST s i t e  the RSE 
values  were su rp r i s ing ly  s imi l a r  f o r  a l l  i ons ,  suggest ing t h a t  canopy 
c h a r a c t x r i s t i c s  inf luence the  v a r i a b i l i t y  i n  throughfal l  f luxes  o f  a l l  ions 
s i m i l a r l y .  

An important use of  thesc da t a  
i s  i n  e v a l u a t i o n  o f  t h e  
representa t iveness  o f  the  permanent 
sampler po in ts  a t  each s i t e .  Fig.  5 
i l l u s t r a t e s  the  s p a t i a l  pa t t e rns  i n  
the t o t a l  f l uxes  o f  SO:- and NO3- i n  
the 7 th roughfa l l  events sampled a t  
the  ST s i t e ,  where c o l l e c t o r s  ACMl and 
ACM2 represent  the  permanent s i t e s  I 

The s p a t i a l  t rends i n  t o t a l  
th roughfa l l  f luxes  f o r  both ions a r e  
s i m i l a r ,  and a r e  genera l ly  comparable 
with the  p a t t e r n s  seen f o r  each 
ind iv idua l  event (eg .  s i t e  t 4 -  loca ted  
near the  edge of a dense canopy- i s  
consistc.nt:ly among tlie h i g h e s t ,  and t 6  
the lowest:). 

SPATIAL VARIABILITY IN NET THRQUGHFALL 
Total NTF Fluxes at ST for 7 Events 

. . . . . WTF flux (mRs m-') 
at5 

REPLICATE 8AMPLER 

804- m 2 * N O s -  

Flu. 5. Ion fluxen In net ihroughfali. 
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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 S O : - ,  but 
somewhat below the median for NO3-. 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 SO:-. For these 7 events, the 
permanent samplers underestimated the 
total throughfall ion fluxes averaged 
across the network by 10% f o r  H*, 13% for 
SO2- 21% for K*, 228 for NO,-, and 25% for 
Ca . Although the effect on annual 
throughfall fluxes cannot be quantified 
directly, these data (if representative) 
suggest that the permanent throughfall 
collectors may be an important source of 
bias  for some ions at the ST site. The 
magnitude of  this bias has been used to 
estimate the uncertainty in fluxes 
measured at the ST site, as discussed 
elsewhere in this report. 

At the LP site (with its flat 

4+ , 

FLUXES AT REPIXATE TF WMPLtNG WTES: 
SOT at ST With Small and Large Grids 

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%). 
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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 

I n t r o d u c t i o n  

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 NO3-, SO4*-, and Al in the Tower red spruce site. 

Distribution of Organic 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 Bccch and Loblolly sites, 

whereas the Beech and Tower sites have greater soil organic mattcr and N contents 

than the Loblolly and Recking 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 S042- was greatest in the Beech plot and least in the two spruce 

plots. Robb Harrison has noted previously the unusually high soil S042- in the Beech 

site; this may be related to the pyrite in the bedrock (Anakeesta formation) at this 

s i te .  
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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 on1 

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 Smokies 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 NQ3-. 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 NO3- 

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 CI/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 W 0 3 -  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 N03-  leaching in the Smokies 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 i s  a scenario that we are interested in testing with 

the IFS nutrient cycling model. 

Soil Salution AI in the Smokies Sites 

Soil solution chemical equilibrium equations dictate that Al3+ 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 arc extremely acid (base saturations of 3-8%, 
neutral salt CEC) and that concentrations of mineral acid anions ( N 0 3 -  followed 
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closcly by are rclatively high. Thus, i t  is not surprising that thc cationic 

component o f  soil solutions from these sites i s  dominated by I$* and Al3+ (Johnson et 

a1 in press). 'I'homton et a1 (1987) find that red spruce roots begin to show 

morphological effects o f  ~13-1-  at concentrations of 200 ~MOI /L ,  or more. 

In the late winterharly spring of  1987-88, we noted soil solution total AI levels 

approaching 200 uMol/L associated with pulses of both NQ3- and S042-  in the A 

horizon of the Tower Site (Figure 1). We did not analyze for monomeric A1 in these 

particular solutions, but analyses in other solutions have indicated that total A1 was 

>SO% monomeric in solutions from this horizon. 

The concentrations of both N 0 3 -  and SO42- vary with time, but the concentrations of 

N 0 3 -  vary to a greater extcni, and NO?- was by far the predominant anion during the 

spring 1988 pulse (Figuie 1). This NO3-/Al pulse may well have been associated with 

the drought of the previous surnnncr, as has been shown for N 0 3 -  pulses at the Solling 

Site in Germany (Ulrich 1987). Monitoring of soil solutions from the Tower site 

(including more analyses for monomeric .41) will continue through 1989, thanks to 

funding from the Spruce-Fir Cooperative, and we will be watching carefully for 

further NO3-/Al pulscs. 
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Ulrich, B. 1987. Stability, elasticity, and resilience of terrestrial ecosystems with 

respect to ~riatter balance. pp 11-49 IN: E.D. Schulz and H. Zwolfer (eds.). 
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172 



Table 1. Organic Matter, Nitrogen, Sulfur, and Calcium Distributions and Fluxes in the Oak Ridge Loblolly 
pine, Smokies Beech, Becking Spruce, and Tower Spruce Sites 

Vegetation 
Forest Floor 
Soil** 

Vegetation 
Forest Floor 
Soil 

. E u  
Deposition 
Leaching 

Vegetation 
Forest Floor 
Soil, Extr. 
Soil, Total 

ELurr 
Deposition 
Leaching 

Vegetation 
Forest Floor 
Soil, Exch. 
Soil, Total 
Ellbx 
Deposition 
Leaching 

118100 
9600 

1 1  6340 

190 
110 
5260 

9 
0.5 

85 
250 
250 
1160 

14 
15 

160 
60 

6900 
8570 

6 
14 

190800 
27300 
142500 

hlrtroaen 
560 
70 

9050 

7 
7 

Sulfur 

100 
N.D. 
560 
1570 

13 
5 

sLikiua 

400 
30 
100 
2560 

8 
5 

263900 
1661 00 
86400 

39 0 
1920 
5360 

1 1  
35 

160 
240 
100 
1270 

30 
26 

510 
170 
10 

2480 

12 
15 

273300 
151100 
2061 00 

520 
2200 
9040 

26 
24 

162 
305 
200 
1490 

34 
35 

470 
31 0 
130 

3240 

16 
10 

* 

+* 
N.D.: Data not available as of this writing. 

The Beech site flux values are very tentative because of the predominance of 

Assumes soil organic matter is 44% carbon 
a large nitrate pulse from the fall of 1985 to the spring of 1987. 
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Figure 1. S o i l  s o l u t i o n  A1 ( t o t a l  ) , NO3-, and SO 2-  i n  A hor izon  o f  t h e  Smokies 
Tower s i t e .  ( S t a n d a r d  Errors a r e  showfi.) 
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6 . 3  
PROGRESS REPORT 

COWEETA HYDROLOGIC LABORATORY 

March 1989 

Wayne T. Swank and Lee J. Reynolds 

Overview 

During the  p a s t  yea r ,  rou t ine  sample c o l l e c t i o n  was conducted fol lowing 

e s t ab l i shed  pro tocols .  Sampling for the  n u t r i e n t  cyc l ing  tasks was concluded 

i n  October 1988 and sampling fo r  depos i t ion  t a sks  was terminated i n  March 1989. 

Monitoring of ambient 03 has continued t o  present .  A sepa ra t e  situ study on 

HNO uptake by white p ine  f o l i a g e  was i n i t i a t e d  (Vose e t  a l . ,  I n  Press), 

f o r e s t  f l o o r  and s o i l s  were assayed f o r  n i t rogen  t ransformation,  and seve ra l  

small s t u d i e s  were conducted t o  assess uncer ta in ty  and v a r i a b i l i t y  f o r  

components of n u t r i e n t  f l ux  es t imates .  R e s u l t s  from most of our  research  a r e  

included i n  group l eade r  and experimental  t ask  r epor t s .  Therefore ,  t h i s  s i te  

r epor t  w i l l  only inc lude  f ind ings  from the  small s epa ra t e  s t u d i e s .  

3 

Throughfall  V a r i a b i l i t y  

Event-only throughfa l l  was rou t ine ly  sampled during the  1988 growing season 

by th ree  Aerochem Metrics (Model 301) automatic wet/dry c o l l e c t o r s .  Four 

storms during June and J u l y  1988 were more in t ens ive ly  sampled t o  assess 

s p a t i a l  v a r i a b i l i t y  i n  throughfa l l .  The add i t iona l  c o l l e c t o r s  were white 

p l a s t i c  buckets mounted on s t a k e s  about 4 f e e t  high--the same type of bucket 

and he ight  as used i n  the  Aerochem c o l l e c t o r s .  The buckets were opened 
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manually, 4 hours o r  less before  the  onse t  of  r a i n .  

moved dur ing  t h e  course  of t h e  s tudy .  

d i s t i l l e d  water between s torms,  o r  a f t e r  be ing  l e f t  open f o r  s e v e r a l  hours  i n  

a n t i c i p a t i o n  of r a i n  t h a t  d i d  no t  m a t e r i a l i z e .  

The s t a k e s  were never  

Buckets were washed and soaked i n  

A comparison of th roughfa l l  and ion  f l u x e s  f o r  each storm and f o r  t h e  t o t a l  

per iod  are shown i n  Table 1, Differences i n  th roughfa l l  amounts between 

Aerochem and o t h e r  t h roughfa l l  c o l l e c t o r s  ranged from less than 1 pe rcen t  t o  12 

percent  f o r  i n d i v i d u a l  storms and averaged less than 1 pe rcen t  f o r  t h e  t o t a l  

volume of  t h e  fou r  storms sampled. These r e s u l t s  are c o n s i s t e n t  wi th  a s imi la r  

s tudy  of t h roughfa l l  v a r i a b i l i t y  conducted i n  1987 i n  which 11 storms t o t a l i n g  

16 cm of p r e c i p i t a t i o n  showed an average d i f f e r e n c e  i n  t h r o u g h f a l l  volumes of 

only 4 percent  between Aerochem and o t h e r  c o l l e c t o r s .  

l o c a t i o n  of Aerochem samplers appear t o  provide r e l i a b l e ,  r e p r e s e n t a t i v e  

estimates of  p l o t  t h roughfa l l  volume. Examination of  i o n  f l u x  d a t a  i n  Table 1 

i n d i c a t e  the  same l e v e l  of  confidence i n  estimates of SO C1, N a ,  Ca, and M g  

f l u x e s ,  Comparison of o t h e r  i on  f luxes  shows t h a t  Aerochem va lues  for NO 

and H are 15 t o  20 percent  h igher  than  t h e  a d d i t i o n a l  c o l l e c t o r s  while  PO4, 

NHl+, and K are lower. 

i ons  represented  i n  t h e  Aerochem f l u x  estimates. The s tandard  e r r o r  of 

estimates f o r  water and ion  f l u x e s  are 10 percent  o r  less i n  most cases, even 

though means are based on only fou r  storms (Table  2 ) .  The low v a r i a b i l i t y  and 

r e l a t i v e l y  high l e v e l  of  c e r t a i n t y  obta ined  from t h e  small sample s i z e s  i n  t h i s  

f o r e s t  s t a i d  is probably due t o  t h e  complete, uniform canopy of a s i n g l e  

spec ie s .  

Thus, t h e  number and 

4’ 

3 

Thus, t h e r e  appears  t o  be no c o n s i s t e n t  b i a s  ac ross  



P r e c i p i t a t i o n  V a r i a b i l i t y  

We have two independent sources  with which to  compare the EPRI r e s u l t s  for  

temporal v a r i a b i l i t y  i n  event-only p r e c i p i t a t i o n .  ( I )  It is  rou t ine ly  

monitored a t  Coweeta Watershed 6 (WS 61, a s i te  about 650 meters d i s t a n t  from 

the  p ine  and hardwood p l o t s ,  and a t  a similar a l t i t u d e .  

event-only p r e c i p i t a t i o n  i s  co l l ec t ed  wi th  an Aerochem Metrics wet/dry 

sampler. 

f o r  TKN o r  TP) on s i te  a t  Coweeta. 

week, if there has been s u f f i c i e n t  r a i n f a l l  (approximately 2 m m ) .  There were 

85 such c o l l e c t i o n s  during the per iod of i n t e r e s t ,  4/1/86 to 3/31/88. 

weeks were no t  sampled due t o  equipment f a i l u r e .  

p r e c i p i t a t i o n  t h a t  occurred i n  events  of less than 0.35 cm, usua l ly  too small 

t o  sample by the  EPRI pro tocols  s i n c e  the re  is i n s u f f i c i e n t  th roughfa l l  under 

the  white p ine  canopy f o r  ana lys i s .  (2)  There is  also an NADP s t a t i o n  loca ted  

a t  Coweeta about 600 meters from the  EPRI p l o t s .  

co l l ec t ed  here  and s e n t  to  the  NADP labora tory  f o r  ana lys i s .  

p r e c i p i t a t i o n  chemistry is  a l so  measured weekly a t  t h e  NADP sampling s i t e  and 

is  included f o r  comparative purposes. 

A t  the  WS 6 s i t e ,  

Nearly a l l  p r e c i p i t a t i o n  is analyzed for pH and major ions  (but  not  

Samples are normally co l l ec t ed  once each 

A few 

These samples inc lude  much 

Event-only p r e c i p i t a t i o n  i s  

Bulk 

I n  t h e  f i r s t  year  (4/86-3/87) of comparison, the  WS 6 and NADP anion-cation 

balance shows good agreement bu t  t h e  EPRI ana lys i s  shows a 12 ueq/ l  anion 

d e f i c i t .  S u l f a t e  dominates the anion composition of  Coweeta P r e c i p i t a t i o n  and 

W dominates the  ca t ions .  

o the r  s t a t i o n  values  and H is 2 t o  5 ueq/ l  higher .  

comparison, WS 6 again shows good charge balance but  t he  EPRI ana lys i s  g ives  a 

12 ueq/ l  anion d e f i c i t .  

values  are about 12 ueq / l  lower than WS 6. 

concentrat ions between sites could be expected because t h e  amount of 

p r e c i p i t a t i o n  sampled va r i ed  s u b s t a n t i a l l y  between sites; however, t h i s  does 

EPRI values  for SO4 are 4 t o  5 ueq/ l  lower than the  

For t h e  second year  of 

Values of H ions  are within 3 ueq/ l  b u t  EPRI SO4 

Differences i n  s o l u t e  
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no t  exp la in  a discrepancy i n  charge balance.  

samples ac ross  l a b o r a t o r i e s  c u r r e n t l y  underway may provide  i n s i g h t  i n t o  reasons 

f o r  these  d i f f e r e n c e s .  Otherwise, ion  concent ra t ion  d a t a  f o r  p r e c i p i t a t i o n  

events  dur ing  t h e  year  f o r  the EPRI s tudy  i n d i c a t e s  t h a t  va lues  are 

r e p r e s e n t a t i v e  of t h e  e n t i r e  yea r .  

Chemical ana lyses  of p a i r e d  
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7 3  Aenchem: 1.09 2294 111 2 2 9  96 1361 7 7  123: 564 125 1313 
160 1635 79 1180 5 8 5  

Percent Difference 2.5 -1.0 14.9 -'I.? -41.0 21.4 - 2 2 . 0  -19,1 - 1 0 3  4.8 -3,6 
13 VAR TP: 1,06 2317 619 248 162 1121 

7 5  Aerochen: I 4 2  7 2 9  41 99 2 2  304 46 465 40 !E2 115 

Percent Difference -12,O -6.5 7 4 , 8  -14,2 -47,2 17.1 j a 1  -24-6 -10,9 -!:+!I - 1 4 , :  
75 VAR TI: ,48 7 7 9  24 115 4: 260 44 617 54 409 2 2 8  

71 Aerochem: 1.12 E51 164 134 39 5 3 2  52 691 66 529 245 
1 7  VAR TP: 1,13 137 !44 155 5 2  465 74 895 6'1 5 2 2  2 6 7  

PerEent Difference - , 9  2 , 4  17,O -13.1 - 2 5 . 2  14.6 -29,6 - 2 2 . 8  - ?  ..&. ' 1.4 - 8 , :  

T A B L E  2 ,  P,e!ative standard ?rrors in throughfall water and :XI fluxes at m e  sites 
unde: the White Pine canopy, c o a b i m g  data from both Aerochem and  fianuaily 
sperated collectors, [(Standard error/ mean) * 10Cl 
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6.4a 

INTEGRATED FOREST STUDY REPORT 

B .  F. GRANT FOREST, GEORGIA 

(GL S I T E )  

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, i s  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 6. F .  
Grant pine forest. 
similarity of precipitation collection results from seven, calibrated 
Aerochemetric collectors. 
f o r  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 o f  the relative standard error, RSE, the ratio of standard error to mean. 

The first study consisted of a direct comparison o f  the 

The “Aerochems“ were placed i n  an open grassy area 

Variability was minimal for precipitation volume and pH (Table l ) ,  ranging 
from 0.1 to 0.7% for four events which represent the range of volumes collected 
over ten events. 
suggest that a single aerochem collector is adequate f o r  measurements 
representing precipitation input to the IFS forest plots. 

These results, including one event with a 4% RSE f o r  volume, 

The variability for base cation concentrations among the replicate 
aerochem collectors was a factor o f  10 or more greater than for pH and 
precipitation measurements (Table 1). Sodium, Mg, and Ca had RSE’s o f  1 t o  5% 
with an occasional value up to 10% out of the full set o f  ten events. Potassium 
had RSE’s of 4 to 34% with some values as high as 20%. 
concentrations were near detection limits which may explain the decreased 
precision for the K measurements. 

The potassium 

The aerochemetric wet-dry fall collectors, if properly calibrated, will 
provide measurements o f  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 
C O ~  1 ectors . 

Variability of the annual throughfall flux o f  chemical elements was 
assessed by chemical and volumetric measurements o f  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 t o  5/1/88. The relative standard error i s  used as an index o f  
precision since the standard error is routinely reported for the IFS event 
data. 
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The annual vol ume-weighted throughfal l  f l ux  f o r  an element i s  cal cul ated 
by summing the  t o t a l  microequivalents over a l l  storms, d iv id ing  t h i s  by the  
hydrological f lux f o r  the  storms t o  determine the  weighted average 
concentrat ion,  and f i n a l l y  multiplying the  average concentrat ion by the t o t a l  
throughfal l  f o r  the  annual period. The e r r o r  term appropriate  f o r  t h i s  annual 
f l ux  i s  obtained from the  f luxes  f o r  each event.  The standard e r r o r  f o r  the  
mean event f luxes  i s  scaled t o  an annual f l ux .  

The throughfal l  r e s u l t s  f o r  the  1987-88 year  suggest good t o  reasonable 
v a r i a b i l i t y  f o r  the  throughfal l  measurements (Figure 1) with 24% being the  
highest  RSE ca lcu la ted  f o r  the  year .  The R S E ' s  f o r  throughfal l  a t  t h i s  uniform 
lob lo l ly  pine canopy ranged from 3 t o  24%. 
was found f o r  S04, C1, H, and Na. Var i ab i l i t y  was higher ,  15 t o  24%, f o r  N03, 
Ca, Mg, and K .  The r e s u l t s  f o r  phosphate and ammonium a r e  quest ionable  due t o  
a r e l a t i v e l y  small s e t  of measurements. 

The lowest v a r i a b i l i t y ,  3 t o  12%, 

These throughfal l  r e s u l t s  represent  a typ ica l  l o b l o l l y  pine "monoculture" 
of the  southern Piedmont. There i s ,  however, a hardwood component associated 
with these pine f o r e s t s .  
the  pine canopies,  as  understory p lan ts  reaching 20 t o  30 foot  heights  and  as 
climbing vines which can reach pine canopy height .  
throughfal l  d a t a  f o r  the  individual Aerochems revea ls  one aerochem c o l l e c t o r  
with f luxes  t h a t  a re  cons i s t en t ly  d i f f e r e n t  from the  o the r s .  The canopy o f  t h a t  
c o l l e c t o r  has a g rea t e r  deciduous canopy t h a n  the  o the r s .  
G r a n t  s i t e  may be considered "homogeneous'', the  RSE f o r  each element w o u l d  be 
lower in the  absence of the  deciduous canopy e f f e c t .  

Deciduous p l an t s  may occur as occasional t r e e s  w i t h i n  

Examina t ion  of the  

While the  6 .  F .  

182 



183 



FIG. 1. Mean annual thrau F. Grant Forest 
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6 . 4 b  

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 anaiyses. 

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: 

where: 
t9 is the volumetric moisture content 
h is the hydraulic head 

z is the depth 
K(8) is the unsaturated hydraulic conductivity 

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 rnm 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 piotted 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 cm in the A and A/B horizons, and that 45 percent of the roots 
were located between 20 and 60 crn in the Bt horizon. Several other root distribution were 
simulated with no substantive differences in water flux. 

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

SELECTED ION FLUXES 

Ion fluxes were calculated using the WATFLO water flux estimates of 42.7 cm at 20 cm 
depth, 22.1 crn at 80 cm depth, and 21.3 ern at 120 ern depth (labeled model in Figures 2 
through 6 ) .  For comparison, ion flux estimates using a constant of 42.7 cm were calculaced 
(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 model mass flux. For Calcium 
(Figure 2), the trends are similar, if less pronounced in the constant flux. Similarly with 
chloride (Figure 3), the reduction of mass flux in the B, by consfanf is less pronounced than 
by model. Again, the trends are similar, with the consfant method predicting a greater mass 
flux than the model method at depth. 

Figure 4 illustrates the estimated sulfate flux. The trends are clearly similar, and the 
water prediction method has little affect on the results. Total nirrogen 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 R t  is greater 
than the input to the Bt by the consrant method. In contrast, the madel method yields a 
decrease in mass flux in both cases. 

E) IS@ WSSXON 

These results illustrate potential difficulties encountered in interpretation of the mass 
flux results. IFS sites that assume constant 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 soil t h a  may no6 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 p r ~ n ~ ~ n ~ e d  inn t e trend. This difference will 
be greatest where transpiration is high, such as in the southeastern US. 

LITERATURE CITED 

Wagenet, K.J. and J.L. Hutson. 1987. LEACHM: leaching esrimation and chemistry model. A 
process model o f  water and soluie movemen&, trans formalion. plant uprake and chemical 
reacfiorrs in the unsarurased zone. Water Resources Institute, Cornell University,  Ithaca, 
N Y  14853. 80pp. 
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In t eg ra t ed  Fores t  Study 01-1 Effec t s  
of Atmospheric Deposit ion 

1988 Annual Report 

6 . 5  

Duke Fores t  Loblo l ly  Pine (DL) S i t e  

I n v e s t i g a t o r s :  

Ken Knoerr, School o f  Fores t ry  and Environmental S tud ie s ,  Duke Univers i ty ,  
Durham, NC 23706 (919-684-2619) 

Dan Binkley, Department of Fores t  and Wood Scfences,  Colorado S t a t e  
Univers i ty ,  Ft.  C o l l i n s ,  CO 80523 (303-491-6519) 

A s s i s t a n t s  

Paul. Conklin,  Terry Schneider ,  Ute Valent ine ,  Dave Valent ine  

Summary 

The Duke F o r e s t  L o b l o l l y  P ine  (DL) S i t e  h a s  now been  o p e r a t i n g  a l l  o f  i t s  
f i e l d  d a t a  c o l l e c t i o n  t a sks  s i n c e  September 1, 1986. Thus as of December 
3 1 ,  1988 w e  had a c c u m u l a t e d  t w e n t y - e i g h t  (28 )  months o f  d a t a .  I n  
conjunct ion  wi th  i n v e s t i g a t o r s  from the  o the r  s i tes  we have i n i t i a t e d  some 
p re l imina ry  c r o s s - s i  t e  comparison i n  both the  atmospheric depos i t i on  and 
s o i l  n u t r i e n t  cyc l ing  a reas .  Ken Knaerr and Dan Binkley are se rv ing  as the 
Hf i o n  t a s k  c o o r d i n a t o r s .  I n  a d d i t i o n  t o  s e r v i n g  a s  i n i t i a l  s t e p s  i n  
s y n t h e s i s ,  t h e s e  c r o s s - s i t e  c o m p a r i s o n s  have h e l p e d  11s t o  e v a l u a t e  t h e  
reasonableness  and q u a l i t y  of our  f i e l d  data .  A s  a r e s u l t  of t h i s  w e  have 
i d e n t i f i e d  concent ra t ions  f o r  s e v e r a l  of tlie i o n s  t h a t  appear too  hiEli f o r  
some o f  our  f i e l d  samples. Thus we have been r e -eva lua t ing  t h i s  s e c t i o n  of 
o u r  d a t a .  

Because of our  moderate c l i m a t e  w e  are a b l e  t o  main ta in  r egu la r  f i e l d  d a t a  
c o l l e c t i o n  f o r  b o t h  t h e  a t i u o s p h e r i c  depos i t i on  and s o i l  n u t r i e n t  cyc l ing  
t a s k s  on a r e g u l a r  b a s i s .  F o r  d e p o s i t i o n  e v e n t  t a s k s  w e  s t r i v e  t o  s e t  up 
f o r  e v e r y  w e t  and  d r y  e v e n t .  F o r  t h e  we t  e v e n t s ,  o u r  S U C C E S S  r a t i o  h a s  
been  q u i t e  h i g h .  Between 80 and  90 p e r c e n t  of  t h e s e  e v e n t s  have  b e e n  
c o l l e c t e d .  For t-he dry events ,  our  success r a t i o  has  been lower.  Between 
40 and 50  p e r c e n t  o f  t h e s e  e v e n t s  have  been  sampled .  The g r e a t e s t  
d i f f i c u l t y  i n  the  dry depos i t i on  event  sampling is g e t t i n g  a good f o r e c a s t  
o f  the  end of  t he  event  ( i . e .  the  s t a r t  of  p r e c i p i t a t i o n )  during the win te r  
s e a s o n .  A s  c u r r e n t l y  d e s i g n e d ,  t h e  p r o t e c t i v e  c o v e r s  f o r  t h e  c o a r s e  
p a r t i c l e  depositrion p l a t e s  d c 9  not  respond r ap id ly  enough t o  p r o t e c t  them 
from p r e  c i p i t a t  i on. 

A b r i e f  summary o f  ou r  measu remen t s  of  ozone c o n c e n t r a t i o n s  above and  
beneath the  f o r e s t  canopy and our  eva lua t ion  of t h roughfa l l  v a r i a b i l i t y  a t  
t h i s  s i t e  fo l lows ,  



Ozone Gradient Sampling at the Duke Forest S i t e  

During t h e  f a l l  of  1987 we made two p o i n t  measurements o f  the ozone 
g r a d i e n t  w i t h i n  t h e  f o r e s t  canopy a t  t h e  Duke S i t e .  We used two equa l  
l e n g t h  sample l i n e s  and a h igh  volume pump t o  draw samples  from our  
in s t rumen t  tower t o  t h e  work shed. A p a i r  o f  so l eno id  v a l v e s  a l lowed 
a l t e r n a t i n g  s a m p l e s  from t h e  two l i n e s  t o  be f e d  i n t o  a s i n g l e  ozone 
monitor. 

After sampling with the two l i n e s  s ide by s ide  t o  ensure tha t  l i n e  losses  
were s imi l a r ,  we measured two d i f f e r e n t  two p o i n t  g r a d i e n t s ,  F i r s t  w e  
sampled with one l i n e  two meters above the top of  the canopy and the other 
1.5 meters  above t h e  ground. Then w e  moved t h e  ground l i n e  up t o  t h e  
bottom of  the canopy, about 18 meters above the ground and 9 meters below 
t h e  top  l i n e .  

Our results show a small b u t  measurable decrease i n  ozone through t h i s  
lob lo l ly  canopy. The ozone concentration above the canopy averaged 38 ppb 
fo r  the e n t i r e  measurement period. The concentration decreased by 6% from 
t h e  top  o f  t h e  canopy t o  t h e  bottom o f  t h e  canopy and by 15% from t he  top  
of the canopy t o  the ground. 

Ozone Profile 
s/ig/as to 8/27/87 
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____ Thoroxlifall Variability 

Throughfall measurements from five (5) replicate collectors have been made 
€or over two ( 2 )  years ( 9 / 8 6  through 11/88) at this site. The following 
table summarizes the variations in the volume weighted mean concentrations 
f o r  the various ions over this period. The relative standard error o f  these 
means ranges from 2 to 1 3  percent. Thus on the average we believe that the 
estimates of the throughfall fluxes at o u r  site are within about; 10 
percent. 

Throughfall Variability f o r  Duke Loblolly Site 
Shown by variation in the Volume weighted mean concentration 
for 5 replicate collectors, for the period 9 / 8 6  through 11/88 

Concentrations in ueq/ l  
S04= N03- C 1 -  P04= H+ NH4+ K+ Na+ Ca++ Mg++ 

I- 

C o 1 1 e C t or 

94 58 67 0 1 2 3  26 3 4  26 4 9  1 6  
7 1  38 46 0 9 2  23 2 5  25 45 1 2  
6 2  2 9  6 2  0 95 2 4  18 2 0  35 9 
89  47 6 3  0 100 2 3  27 2 4  4 7  1 7  
7 2  3 2  40 0 7 4  23 17 18 3 3  8 

Arithmat:ic Mean 7 8  41 56 0 97 2 4  2 4  23 4 2  1 2  
Standard Error 5 5 5 0  7 0  3 1 3 2 
R e  l a  t ive 
Standard Error 7% 1 2 %  9% 0% 7 %  2% 1 2 %  6% 7 %  13% 
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6 . 6  

ISTEGRATED FOREST STUUY SUklllrlAKY 

N. Foster  
Canadian Forest Serv ice  
Turkey Lakes Watershed 

Int oductio 

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 1938 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 f o r  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 s o i l "  was prepared and submitted to Water, Air, Soil Pollution. 

Nut29ient Leaching from Deciduous Vegetation und Podzolic S o i l s  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"LS'W). 

Changes in Ion Concentrations within the ,i$eosystem 

Solutions collected below the canopy and within the tree rooting 
zone were generally enriched in ions in relation t o  precipitation (Table 
1). The exceptions were @ at a11 levels, NH4+ in throughfall, stemflow 
and mineral s o i l  solution, and 1403- in stemflow. The increases in total 
concentration of anions and cations below canopy and a decrease in i@ 
concentration were consistent with results from events (Cronan and 
Reiners 1983)l and 5- to 7-month examinations of t o l e r a n t  hardwood 
forest in other areas (Eaton et a l .  1 9 7 3 2 ,  ?lollitor and Raynal 19823). 

lOecologia 59 : 216-223. 
2J. Eco~. 61:495-508.  
3 S o i l  Sci. S O C .  Am. J. 46:137-141. 
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The e n r i c h m e n t / d e p l e t i o n  p a t t e r n s  a t  TLW were g e n e r a l l y  c o n s i s t e n t  trorn 
y e a r  t o  y e a r ,  a l t h o u g n  t h e  magni tude  of t h e  r a t i o s  v a r i e d .  'The h i g h e s t  
c a t i o n  r a t i o s  were k i n  s t emf low,  f o r e s t  f l o o r  p e r c o l a t e  and through-  
f a l l ,  and Ca2+ and Xg2+ i n  m i n e r a l  s o i l  s o l u t i o n , .  The a n i o n  w i t h  t h e  
h i g h e s t  r a t i o  i n  t h r o u g h f a l l  and s t emf low w a s  t lCO3- ,  and i n  f o r e s t  f l o o r  
and m i n e r a l  s o i l  s o l u t i o n  i t  w a s  NO3-'. 

Changes i n  Ion FZuxes &thin the  Ecosystem 

Acid d e p o s i t i o n ,  by i n c r e a s i n g  t h e  c o n t e n t  of Sob2- and NO3- i n  
s o i l  s o l u t i o n ,  i n c r e a s e d  t h e  p o t e n t i a l  f o r  c a t i o n  l e a c h i n g  f r o m  t h e  s o i l  
of b a s i n  31. T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  S042- ,  even  though w e  have  
found indirect e v i d e n c e  s u g g e s t i n g  t h a t  S t r a n s f o r m a t i o n s  i n  s o i l  are  
c o n t r i b u t i n g  S042- t o  m i n e r a l  s o i l  s o l u t i o n  and water p e r c o l a t i n g  f roin 
t h e  m i n e r a l  s o i l  ( T a b l e  2 ) .  N i t r o g e n  t r a n s f o r m a t i o n s  i n  s o i l ,  on t h e  
o t h e r  hand ,  added i n o r g a n i c  N, p a r t i c u l a r l y  NO3-, t o  s o i l  s o l u t i o n .  
Even i f  a l l  XH,J++-N i n  p r e c i p i t a t i o n  i s  assumed t o  n i t r i f y ,  a t m o s p h e r i c  
i n p u t s  of i . no rgan ic  N were e q u i v a l e n t  t o  o n l y  50% of t h e  o u t p u t  of NO3-N 
f r o m  t h e  r o o t i n g  zone ( T a b l e  2). The a d d i t i o n a l  o u t p u t  must be d e r i v e d  
from s o i l  o r g a n i c  N s e s o u r c e s  i n  t h e  f o r e s t  f l o o r  and s u r f a c e  m i n e r a l  
h o r i z o n s .  P o t e n t i a l  N m i n e r a l i z a t i o n  i n  t h e  uppe r  s o i l  p r o f i l e  of t h e  
T L W  so i l .  may approach  14  kmol h a - l y r - l ,  unde r  soi.1 m o i s t u r e  and tempera-  
t u r e  c o n d i t i o n s  t h a t  are optimum f o r  m i c r o b i a l  a c t i v i t y  ( F o s t e r  e t  a l .  
1 9 8 6 4 ) .  Only N t h a t  i s  i n  e x c e s s  of t h e  needs  of t h e  v e g e t a t i o n ,  a l o n g  
w i t h  any N produced d u r i n g  t h e  dormant  s e a s o n ,  i s  l i k e l y  t o  a c c u m u l a t e  
i n  s o i l ,  n i t r i f y ,  and c o n t r i b u t e  t o  c a t i o n  l e a c h i n g .  Atmospher ic  NO3-, 
t h e r e f o r e ,  l a r g e l y  augments  t h a t  which i s  produced  n a t u r a I . l y  i n  t h e  TLW 
s o i l .  

Acid d e p o s i t i o n  i n  t h e  TLW w a t e r s h e d  w a s  p a r t i a l l y  n e u t r a l i z e d  
by i o n  exchange  i n  the d e c i d u o u s  f o r e s t  canopy and m i n e r a l  s o i l .  We 
estimate t h a t  on ly  25X of t h e  H+ t h a t  e n t e r s  b a s i n  31 Leaches  t h r o u g h  
t h e  v e g e t a t i o n  and s o i l  t o  ground and s u r f a c e  waters ( T a b l e  2 ) .  The 
a c t u a l  pas sage  of p r e c i p i t a t i o n  t? i s  p r o b a b l y  even less because  iii+ pro-  
duced  wit .hin t h e  s o i l  undoub ted ly  a c c o u n t s  f o r  some of t h e  h i +  l e a c h e d .  
h a t e r  p e r c o l a t i n g  th rough  t h e  f o r e s t  f l o o r  g a i n e d  H" ( T a b l e  2 ) ,  p o s s i b l y  
f rom o r g a n i c  a c i d  p r o d u c t i o n ,  n i t r i f i c a t i o n  o r  an  e x c e s s  u p t a k e  of 
c a t i o n s  by t h e  v e g e t a t i o n .  The dominant c a t i o n  l e a c h e d  f rom t h e  s o i l  
was Ca2$-, a c c o u n t i n g  f o r  a p p r o x i m a t e l y  h a l f  of t h e  p o s i t i v e  c h a r g e  i n  
t h e  l e a c h i n g  s o l u t i o n .  S u l f a t e  w a s  an  i m p o r t a n t  c o u n t e r - i o n  f o r  Kf 
l e a c h e d  from t h e  v e g e t a t i o n .  Acid d e p o s i t i o n  had a minor  i m p a c t  on t h e  
q u a l i t y  of s temrlow and f o r e s t  f l o o r  p e r c o l a t e ,  which were en r - i ched  i n  
K+ and Ca2+ m o b i l i z e d  i n  a s s o c i a t i o n  w i t h  o r g a n i c  a n i o n s .  Calc ium and 
C.ig2f were leached from t h e  m i n e r a l  s o i l  i n  a s s o c i a t i o n  w i t h  S 0 4 2 -  and 
NO3- .  

$Water, A i r ,  S o i l  P o l l . u t .  31:879--859. 
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Table 1. Solution flux (mm) and mean annual volume-weighted ion con- 
centrations ( pequiv L-I) in solution (* standard deviaiton 
for spatial variation per collection and coefficient of varia- 
tion in parentheses €or year-to-year variability). 

li+ Ca2+ .Cations 5042- NO 3- Anions 

Precipitationa 38f4 
( 7 )  

28f2 
(18) 

16f2 
( 2 7 )  

86.8 
( 9 )  

Throughfalla 19f4 
( 2 5 )  

3 2f6 
(12) 

129.7  
( 6 )  

7 Of8 
(11) 

3 3*7 
( 2 2 )  

130 .2  
(10) 

2 40f 3 3 6 
(9 )  

719.5 
( 2 6 )  

268&274 
( 4 )  

452.4 
(10) 

Forest floora 2 8 f l l  
(30) 

7 9f4 7 
(29 )  

313.1 
(22 )  

156 1 

(18) 

Xineral soil= 20f8 
( 7 1 )  

288.7 
(2 )  

106*14 
(9) 

270.0 
( 7  1 

a1981-1985 
b198 1- 1983 
C1983-1985 

Table 2. Mean annual fluxes of ions (kg ha-l)  i n  solution (with range) 

Precipittiona 0.5 3 . 9  
0.4-0.5 2.9-5.1 

3.0 
2.6-3.4 

29.2 
26.6-31.9 

4 . 7  
4.0-5.7 

Throughfall 0.2 7 .o 
0.1-0.3 5.8-7.7 

2 .9  
2.5-3.3 

37 .1  
32.1-44.4 

5 . 1  
4 * 0-6 5 

Stemflowb 0.1 0.2 
0.2-0.2 

0.1 1.0 
0.7-1.5 

0.1 

Forest floora 0 . 3  2 9 . 8  
0-2-0 .4  24.6-41.1 

5.7 
2.2-10.5 

34 .9  
28.3-41.5 

10.5 
5.6-13.1 

Xineral soilc 0.1 2.6 
0.1-0-15 27.3-34.0 

0.3 
0.2-0.4 

37.9 
35.1-40 2 

17.9 
15.5-21.7 

a1981-1985 
01981-1983 
'1983-1985 (calculated from water balance equation (Thornthwaite and 
?lather 1957)  
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6 . 7  

HUNTINGTON FOREST S I T E  

INTEGRATED F O R E S T  STUDY 

1989 

Personnel: 

Dr. Myron J. Mitchell, Dr. Dudley J. Raynal, Dr. Edwin H. White, 
Dr. James Shepard, Mr. Thomas Scott, M r .  N e a l  Buelow, Ms. 
Marianne Burke, Ms. Ann Moore, Mr. James Porter, and Mr. Yi-Min 
Zhang . 
HIGHLIGHTS FOR YEAR: 

A net loss (wet -I- dry deposition minus soil leaching) of 
Ca2' and lp2+ 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 4 8  kg ha-', 
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 I F S  sites and t h u s  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 whsle-tree harvesting. 

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 ackiic deposition. 
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, 

At the 

The wet input, dry input, and leaching loss of SOq*- were 
estimated at 5.7, 2.1, and 9.2 kg ha-' y-' at the Huntington 
Forest, resulting in a net l o s s  o f  1.3 kg ha-' y-l. Some studies 
have circumvented the difficulty of measuring dry deposition by 
measuring wet inputs and soil losses in a watershed and 
calculating dry SO,*- input assuming that S is entirely 
conservative, with inputs equal to losses. Such an assumption at 
the Huntington Forest would result in a dry input of 3.4 kg ha-' 
y-', 1.6 times the dry input we measured. The fluxes o f  anions 

194 



and cations at this site is driven primarily by the movement of 
SO:- both in the canopy and the soil. 
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 inputs of this ion are 

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 (e3 mm) production and turnover were 
quantified during the past two years. 
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 i.n July 
and August and culminated in October; a total of 5 months of 
production. Fine root periodicity was governed by s o i l  
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. Fine 
root mortality was about 4 0 %  of the total detrital pool. The 
contribution of fine roots is within the range found previously 
f o r  other northern hardwood sites. 

Periodicity of root growth 

Decomposition averaged 1.1 Mg ha-' y-'. 

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. 
IFS sites with younger forests characterized by greater net 
primary production and thus greater nitrogen requirements have no 
nitrate leaching whereas older forests with l o w  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. 

Other 
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U E I  I f lPU:  DRY INPUT 

150 
110 
70 

: 30 

-10 
E -50 

-93 

........ ___ .... _l-̂ .. .. .. ~ . . . ~ ,  

7 0  ' 
H t  N d +  K +  Nlilt Ca2t Mg2t NC3-  C l -  SO42 

ORNL- -CHESTNUT ORK S I T E  (LIP) 

Figure 1. C?-ir)?rison of i-nputs between Huntington Forest arid 
Walker Branch, Tennesse (Shepard et al., 1989)' 

UET l l lFJT DRI' I t P U T  FLUX F R O 1  6 NET R E T E N T I O N  

-L:l' 

Figure 2. Lnput, outputs, and net retention at Huntington 
Forest I 1 

'Shepard, J . P . ,  M.J. Mitchell, T.J. Scott, Y.M. Zhang. 1989. 
Measurements of wet and dry deposition in a nor the rn  hardwood 
forest. Water, A i r  and Soil Pollution (In Review). 
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6.8 
ANNUAL REPORT’ 

THE HOWLAND, MAINE IFS SPRWCE-FIR SITE 

Ivan J. Fernandez 
Gregory 8. Lawrence 
S. Michael Gol tz  

Un ivers i ty  o f  Maine 
Orono, Maine 

OVERVIEW 

The study site a t  Howland, Maine is one o f  the newest in the  EPRI/ORNL 
IFS program w i t h  instal lat ion beginning in the  1987 f ie ld  season. ?he 
s i te  is considered a non-funded cooperator .  Funding f o r  t he  nu t r i en t  
cycling and atmospheric sciences research  a t  t he  Howland s i t e  is f r o m  the  
US. Fosest Service Fo res t  Response Program where Howland r e p r e s e n t s  the  
only low elevation, commercial spruce- f i r  stte m t he  Spruce-Fir Research 
Cooperative. Meteorological and depositton work a t  t he  s i te  is suppor ted 
through t h e  US. Environmental Pro tec t ion  Ag@ncy’s Mountain Cloud 
Chemistry Program. The si te has been developed as a long-term nu t r i en t  
cycling s tudy  s i te  t h a t  w i l l  provide informat ion on questions r e l a t e d  t o  
t h e  effects o f  su l fur  and n i t rogen deposition, as w e l l  ab concerns 
regarding f o r e s t  management and potent ia l  climate change. Being a 
mid-latitude f o r e s t  located within t h e  regional ecotone between boreal 
spruce-frr t o  the  n o r t h  and nor thern  hardwoods t o  the South, this s i t e  
o f f e r s  t h e  potent ia l  f o r  being sensitive t o  Sh i f ts  in successional 
pa t te rns  and ecosystem funct ion as a r e s u l t  o f  s h i f t s  rn climate. 

SITE DESCRIPTION 

The intensive nu t r i an t  cycling s tudy a t  Howland is located in a law 
elevation (60 meters), commercial spruce- f i r  f o r e s t  owned and opera ted  by  
lnternational Paper Company. The s tand consists o f  con i fe rs  w i t h  a minor 
component o f  hardwoods as shown in the f igure.  Balsam fir is losing 
importance a t  the site as a resu l t  o f  the natural expression 00 dominance 
within these stands, as well AS t he  influence o f  some spruce budworm 
infestat ion during the 1970”s. Being on t h e  southern edge o f  the 
spruce-f i r  region there  exists a s t rong presence of hemlock w i t h  a few 
la rge  white pine individuals remaining f r o m  the  las t  rotat ’ ion. 

The nutr ient  cycling studies are  concentrated on two 0.2 ha (40  X 5 0  
meter) p io ts  divided into a I sq. meter gr id system. The Tower s i te is so 
named Secause adjacent t o  it is a 26 meter tower w i t h  various 
meteorological  and deposi t ion instrumentation. Within each s tudy p l o t  
t h e r e  a r e  2 0  funnel- type th roughfa l l  col lectors,  12 stemflow co l lectors ,  
2 0  l i t t e r f  a l l  co l lectors ,  6 snowmelt collectors, 36 zero-tension 
lysimeters, and 18 tension lysimeters w i t h  a constant  10 kPa tension 
created w i t h  an electr ic vacuum pump system. A t  the Tower s i te  there  are 
three wet-only co l lec to rs  f o r  event sampling o f  throughfa l l  and open 
precipitation, All t r e e s  on the  site are tagged and numbered w i t h  
mensurational data presented f r o m  1987 measurements. A t  twelve ! O C a t i O n S  
witbin each site, quant i tat ive soil p i ta  have been excava ted  by depth 
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increments. In addition, soils f r o m  f a c e  p i ts  have been sampled based on 
morphological f e a t u r e s ,  and all soi l  samples co l lected a r e  being 
chemically analyzed. Sampling of r e d  sp ruce  and balsam fir fol ia  
occurred during 1987, and sampling a f  afl  majo r  vegetat ive components f o r  
all species tQok place during 1988, 

Both on the tower a t  the Tower site, and in an open orchard 
approximately two ki lometers east  o f  the Tower site, t h e r e  is a complete 

pressure, wind speed/clirectisn, precip. depths,  and f o g  occurrence)  and 
a i r  qual i ty moni tors  ( s u l f u r  dioxide, ozone, f i l t e r  packs, and wet-only 
co l lector ) .  A t  t h e  Tower s i t e  t h e r e  is also one locat ion w i t h  continuous 
soil t e m p e r a t u r e  and wate r  p o t e n t i a l  monitor ing a t  six depths in t h e  
soil. l n t c r m i t t e n t  ane rgy  budget  and f l u x  measurements include water ,  
vapor, sensible heat,  soil h e a t  flux, n e t  radiat ion,  ozone and s u l f u r  
dioxide. 

ica l  package (solar radiat ion, a i r  temp., RH, $ai-omstric 

For- the Howland s i te  1988 rep resen ted  t h e  f i r s t  f u l l  growing season o f  
d a t a  col lect ion f o r  all f l u x e s  in t h e  ecosystem, and quant i ta t ive 3ail pit 
excavations as w e l l  as biomass sampling were completed w i t h  chemical 
analyses o f  these mater ia ls t o  be c a r r i e d  o u t  during 1989. Monthly 
foliage samples were col lected f r o m  r e d  spruce and balsam fir dur ing t h e  
1987 growing season t o  examine temparal  var iabi l i ty  o f  f o l i a r  chemistry.  
Results showed t h a t  only N, P, K, and Ca showed d is t i nc t  ternpara! 
pa t te rns .  For  these f o u r  n u t r i e n t s ,  @a ahowed a cont~nuoua increase in 
concen t ra t i on  f o r  all t issues believed t o  r e f l e c t  the accumulation o f  Ca 
in maturing vegetative t issues. The p a t t e r n  for N, P, and K was similar 
t a  t h a t  o f  N shown here  whereby concentrat ions rapidly decreased in 
c u r r e n t  year foliage ear ly in the  growing season due: t o  di lut ion and t h e n  
leveled o f f .  F o r  previous year  fo l iage in b o t h  species sl ight  increases 
in concen t ra t i on  o c c u r r e d  p r i o r  t o  leveling o f f  which as a t t r i b u t e d  t o  
increased uptake and availabil ity o f  n u t r i e n t s  in the  soil. Comparing t h e  
n u t r i e n t  concen t ra t i ons  in this s t u d y  t a  nu t r i t i ona l  guidelines f o r  r e d  
spruce and balsam fir revealed t h a t  b o t h  species a r e  below optimum levels 
o r  def ic ient  w i t h  r ega rds  t o  N and P. 

Cur ren t  vegetat ion analyses a r e  f o c u s e d  on quant i fy ing biomass 
n u t r i e n t  poois and samples o f  fol iage, branches, b a r K ,  bolewood, and r-oot: 
f r o m  all species p r e s e n t  a r e  being analyzed. Stemf low concentr-at ions wert 
typical ly g r e a t e r  than throughfa l l ,  but stemflow a t  this s i te  c o n t r i b u t e s  
less than one percent  o f  t he  nutrient and water- f l ux  t o  the f o r e s t  f l oo r .  
Al l  salritions will  continue t o  be collected and monitored i n to  t h e  f u t u r e  
and d a t a  analysis ove r  t h e  n e x t  yea r  w i l l  c o n c e n t r a t e  on r e f i n i n g  nut r ien i  
budget est imates f o r  the site. More intensive work  is planned f o r  t h e  
Howland s i te  t o  examine t h e  c h a r a c t e r i s t i c s  o f  events  and t h e i r  inf luence 
on soil solcltion p r o p e r t i e s ,  as well a s  evaluating t h e  inf luence o f  
d e c r e a s e d  soi l  mo is tu re  on soil solution chernhcal Composition. 
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Integrated Forest Study 6.9 
Norway Spruce 1988 Annual Summary 

Investigators: Arne 0. Stuanes, Ingvald Rasberg, and Magne Huse, 
Norwegian Forest Research Institute 
Einar Joranger, Norwegian Institute for Air 
Research 

Nutrient Cfclinq 
During 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 
years with less Sod2- throughfall flux than bulk precipitation 
flux. This holds f o r  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 A1 
(total reactive Al, acid digested) varies seasonally for the' 
0 and E horizon, but n o t  for the Bs and BC horizons. The AY 
concentration leaving the BC horizon is low. 
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Figure 1. Concentration of total A1 in Soil solution leaving 
different s o i l  horizons in the A-4,  R1 plot. 

Almost all A1 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 A1 in the main rooting zone is in a nontoxic organic 
form. Some of the AI-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 . Concentration of organically complexed A 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 f o r  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 p u t  a lot of effort into producing values for the coarse 
particle deposition. This summer and f a l l  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 f o r  the dormant season due to too few samples 
of wet-only throughfall. The wet-only samplers do not work within 
the f o r e s t  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-csnlytl collectors. 
Increasing the number of collectors does not change the difference. 
One possibility is that the 10 81wet-only81 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. 
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6.10 
AnnualjStatus 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, FL 3261 1,904-392-4,851, BITNET 
HLG @ IJFFSC 

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. F i 1 t e r 
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 (1985) 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 LA1 and stomatal conductance data now available for 
this site, as well as to the wind direction variable. Unfortunately, analyses for ions oiher than S04, 
N03, Cl and HP04 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 EA1 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 IF'S 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 (Ewe1 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 

203 



sampling of root respiration, soil C02 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 IES/ 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 
impii-ical 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 i s  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. '4lthough 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 - June 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 ( 5 )  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 (Tablc 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 

Elevation 1220 m 1110 m 1025 m 700 m 
Annual Water 
Deposition 264 cm 380 cm 131 cm 132 cm 

NH VT NY NH 

H+ 3.90 3.89 1.27 0.98 
NH4-N 16.0 nm 6.34 2.3 
Na +- -7.5 nm 0.76 1.59 
Kf 5.4 Ilfrl 1.39 0.89 
so4-s 56.8 85.8 17.6 12.8 
N03-N 28.2 37.5 15.9 4.5 

Data from Mt. Moosilauke, Lovctt 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 
(0.01 85 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 (620% 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 
SO4 and NET4 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 
thc 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 coilectors 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 IIFS 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 cm2 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 Throughfa11 Water Amount and 
Ion Concentration for Events Sampled in 1985 

Event DEP Water W Na NI-I4 K @1 NO3 SO4 
# (cm) <---------- Coefficient of Variation -- ----------> 
2 3.08 0.14 0.33 0.73 0.62 0.78 0.81 0.36 0.43 
3 0.50 0.34 0.27 0.41 0.66 0.46 0.55 0.38 0.38 
4 0.94 0.21 0.40 1.70 0.76 0.72 0.81 0.40 0.55 
6 3.01 0.40 0.26 0.61 0.27 0.67 0.58 0.36 0.33 
7 1.48 0.18 0.69 0.67 0.85 0.57 0.67 0.75 0.75 
8 0.73 0.23 0.36 - - - - - - - no analysis - - - - - - - 
9 0.94 0.41 0.31 0.38 0.73 0.52 0.34 0.31 0.22 

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 (< lcm), 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 watcr 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 seasons 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 havc in the adequacy of our five permanent collectors to accurately 
estimate throughfall fluxes to thc 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. 

208 



I on Concentrations on Whiteface Mou n ta i n 
500 I 1 

ki 
5 400 

& 6 SO4-S 
300 Q N03-N 

NH4-N 

Q 
Q) 

5 200 Mg 
a Ca 
E l "  v) 

0, 

100 
- 
3 

0 

PRCP T F  F F  Bs 

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 3 1 September 1987 the 
concentration of total solution aluminum in monthly integrated samples remained below 
the 250 micromole per liter Al3+ (Table 3) toxicity threshold suggested for red spruce 
seedlings. 

Table 3, Total aluminum concentration range and quartile values. 

Total Aluminium (pmoles 1-I) 
Horizon MIN 25% 50% 75% MAX 

0 3.3 40.8 74.1 103.8 207.6 
A 5.9 29.7 44.5 70.4 126 
B 7.4 29.7 40.1 51.9 146.6 
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