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Experiments have been conducted at two locations near Oak Ridge, Tennessee, with radicactive 39S
(87 day helf-life) to examine the cycling behavior of sulfur in yellow popler ( ¢ /riaderndron
tulipitere), red meple ( Acer rubrum ), and loblolly pine ( Pinys teed) trees. Although these
studies are funded uncder Tesk Group Y, some findings pertsin to methods development for
estimating dry deposition of sulfur to forest canopies and the magnitude of sulfur emissions from
naturel sources ( Tesk il).

PROJECT OBJECTIVES

(1) To determine through field studies, the internal cycling, storage, and
biagenic emissien of sulfur, as lraced by 3595042-, in environments
impacted by atmospheric sulfate deposition.

(2) 1o delerming through isatope dilution studies, the contribution of foliar
leaching and dry deposition to net throughfall (NTF) sulfste
concentraticns beneath deciduous and coniferous {rees in such
anvironments.

TECHNICAL APPROACH

Welker Branch Watershed (WBW) is located within 20 km of three coal-fired power plants.
Approximately half of the annual suliete input 1o the WBW forest is in the form of precipitation,
and the other half is dry depositicn (mostly vapors) (Lindberg et al. 1986). Johnson et al.
( 1982) showed that the atmospheric input of sulfur {0 the watershed far exceeded the calculated
total annual sulfur requirement of the forest.

Little is kngwn about the way that forest trees cope with sulfur in envirenments (iike WBW)
heavily impacted by atmospheric sulfate deposition. In this work, sulfur behavior in irees was
studied with radicactive 355 as a tracer for stable sulfur. Trees were radiolabeled by introducing
the isotepe into the transpiration stream (injection into the trunk).

In trees radiolabeled with 355, the initial total activity injected (corrected for radicactive decay)
must balance the sum of aboveground leaching losses, leaf fall, amounts present in aboveground
biomass at harvest, root storage or turnover, and biogenic emissions of volatile sulfur compounds
from the tree. Using an activily balance appreach, the biogenic emission of 39S was estimated as
the difference between the amount injected and remaining amounts measured in girdled trees.

*Research sponsored by the Office of Health and Environmental Research, U. S. Department of
Energy under Contract No. DE-AC0S-840R21400 with Martin Marietta Energy Systems, Inc., and
in part by the Nationa) Acid Precipitation Assessment Program (through the U. S. Department of
Energy). Research conducted or the Oak Ridge National Environmental Research Park.
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Some trees wer2 girdled to prevent the downward translocation of 39S and thereby remove the role
of roots from the activity balance. In pine trees, it was possible to meke field messurements of

355 emissions from fescicles using a 4 L plastic chember.

3ome prior work indicates that throughfall meesurements might be used to estimate dry deposition
of sulfate in forests neer major emission sources. The principle of isotope dilution was used 10
determine the contribution of dry sulfate depasition to sulfete concentrations in net throughfall
(the concentration in total throughfall minus the concentration in wet deposition) collected
beneath deciduous and conifercus trees. Differences between the specific activity of 35S in the leaf
and in net throughfell arise from the dilution of 355 in net throughfall from stable sulfate in dry
deposition (Figure 1). The percent contribution from dry deposition to net throughfall suifate was
calculated based on an equation for the mixing of two sources with known isotopic compaosition.

Each tree was radiolabeled with between 150 and 250 pCi of 355042-. The smount of total S, as

S042-, edded to eech tree in the labeling solution was < 20 pg. At leest one tree of each species was

girdled near the ground by carefully removing the bark, phloem, and cambium several weeks
prior to isotope Isbeling. Stemflow and throughfall were collected at each tree over a pzriod of 13
to 21 weeks after radiolabeling. Leef fall amounts were measured and enalyzed. Foliage, wood, and

stump samples were obtaine¢ at regular intervals to track the cistribution of 355, In order to
obtain a complete accounting of aboveground emounts of 353, the trees were harvested, divided into
sections, weighed, sampled, end analyzed for 395 and total S.
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Figure 1. Schematic representation of 353 and sulfate sources to throughfall (THF) and net
throughfall (NTF) beneath the study trees.

Quality assurance measures included the following: 1) enalysis of background ssmples to correct
for naturally-occurring radioactivity in leaves, throughfell, and stemflow, 2) repested counting
of selected samples to follow the decay rate of 355, 3) triel analyses of leaves end stemflow with
known additions of 35S, 4) replicate analysis of throughfall, stemflow, and tree tissue ssmples,
5) comparison of 355 concentrations in tree tissue samples ashed by the magnesium nitrate
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method and the Schoniger flask method, and 6) comparisen of turbidimetrically determined sulfate
concentrations with analyses by ion chromatography.

RESULTS

Sulfur-35 concentrations in the study tress reached asymptotic levels within two weeks after
radiolabeling. Analysis of 395 concentrations in tree stumps confirmed thet girdling prevented
significant basipeta) translecation of 395 in the trees. With the exception of the girdied maple, the
highest 355 concentrations were usually found in the upper portions of each tree.

The final distributton of 39S in the nongirdled trees ( Table 1) indicated }ittle aboveground storage
of sulfur in biomass and sppreciable (> 60%) capacity to cycle sulfur either to the belowground
system by mesns of translocation or to the atmnsphere by mesns of biogenic sulfur emissions.
Foliar leaching of the 355 and leaf foll represented reletively unimportant return pathweys to the
fores: soil. Losses of volstile 355 were estimated from the emount of isotope missing (spprox.
33%) in the final inventories of girdled trees (Table 1). Estimated 395 emissien rates from the
girdled trees were approximately 1075 tg 10-4 uCi g leaf d-!, and corresponded to an
estimated geseous sulfur emission of approximetely 25 to 250 pg Sg! leof ¢!

Table 1. Activity batence for 353 in the four study trees; )1 amounts are a percentage of the
amaunt injected (1).

Nongirdied Girdled Nongirdled Girdled

item Msaple Maple Poplar Poplar

Leached prior to harvest (L) 0.5 <0.1 2.4 0.4
Cumulsative leaf fall (LF) 6.2 0.2 13.1 22.1
Tolal in aboveground

biomass et harvest (W) 24.0 68.1 21.7 43.8
Yolatile sulfur emission

¥=f-(L+LF+W) 29.38 316 4328 33.7
Root storage and 1os9es

R=1-(L+LF+W+YV) 40.0 (b) 19.7 (b)

8 Estimate based on 358 loss rate from girdled trees.
D Root losses were considered negligible in girdled trees.

The study of isotope dilution in net throughfall was divided into four time periods prior to autumn
lecf fell ond 6 scporate period during sutumn leaf fell. The first period (June 25 to July 3)
consisted of the eight days immediately after isolope labeling end corresponded to the time required
for foliar 355 concentrations to resch asymptotic 1evels in each tree. During the other time
periogs (July 4 to October 15), 335 concentretions and the specific activity of 355 in tree leaves
varied by less then a factor of two.

During the period from July 4 to Oct. 15 (104 days), the contribution of foliar leaching to the
sulfate concentration in net throughfall below red maple and yellow poplar trees ranged from 1 to
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243 (Figure 2). The contribution of foilar !saching to net throughfall sulfate increased to
epproximately 100% during sutumn leef fall (October 15 to November 12) in the nongirdied=
popiar tree (Figure 2). Tne large contribution of foltar eaching to sulfate In net throughfall-
during the week sfter isotope labeling wes en apparent artifect of isolope labeling; foliar 35g
concentrations were increasing end there was more leaf 355042~ relative to leaf sulfate as
measured by extracticns with dilute HCl.

The mean contribution of follar leaching (0 net throughfall sulfete concentrations was celculated to
be between 1 and 1938 during the summer mgnihs. Therefore, dry deposition accounted for 81 to
98% of the sulfate in net throughfall beneath the deciduous trees over the seme time period.
Although the cantribution of stemflow to the total sulfate flux beneeth the trees was < 108, the
mean contribution of foliar leaching to the net stemflow sulfaie concentrations wes similar to that
in net throughfell.

Figure 2. Percent contribution of foliar leeching to net throughfell (NTF) sulfate
concentrations benesth the study trees prior to lesf fal) (June 25 - October 15) and
during autumn lesf fall (Octeber 16 - November 12).
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Experiments with loblolly pine trees were begun fn summer 1987 and the trees were harvested in
October and November 1987. The pines ranged from 8.5 to 11.6 m in height. Aboveground
portions weighed between 85 and 138 kg diy weight at harvest. Sample analyses from the pine
tree study are proceeding; few data were available at the time this summery was written.

Emissions of 35S from pine fascicles (approx. 10 g fresh weight) were meesured using 8 4 L
plestic chiamber. Air exiting the csmber ( 1.25 L min~1) passed through two traps contsining an
alkaline cadmium hydroxide suspension. Baced on litersture data, this solution wes > 95%
efficient for trapping Ho35S emissions from the pine fascicles. Preliminary data indicated an
emission rete of 10~6 t0 10~4 uCi g~! teaf d~! and corresponded to an estimated range in volatile
sulfur emission of 0.2 10 20 pg Sg~! leaf d-!. This measured biogenic emission rate was shout 10
to 100 times less than that derived for deciduous trees using a mass balence approech.
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DISCUSSION

Dry deposition dominates the stmiospheric sulfate Nux to WBW during the growing season
(Lindberg et al. 1986), but dry depesition is difficuli to quantify because of the prohlem of
calibrating or scaling indirect measurement methods to the complex architecture of the forest
canopy. The present experiments show that foliar leaching does not contribute more than 20% to
sulfate in net throughfall and net stemflow benesth these red maple and yellow pople: trees over
the growing season. Minor leeching of folisr incorporated sulfur by rainfall is consistent with

experiments showing an apperent agreement between dry deposition rates measured to inert
surfaces and estimates based on briefly washing tree leaves (Lindberg and Lovett, 1985).
However, the importance of foliar leaching to net throughfall sulfate concentraticns appesrs to
very seasonslly (Figure 2). Autumnal pesks in throughfell sulfste concentretions heve been
previgusly attributed to sulfate leaching sccompanying lesf senescence ( Parker et al., 1980).

Dry deposition estimates calculated from net throughfall measurements should complement other
types of indirect estimates because the tree canopy itself is used to measure how much dry
deposition occurs. The dry deposition sulfate-S flux to the trees was calculated based on the
sulfate concentrations in nel throughfsll, estimetes of the percentsge coniribution of dry
deposition to net throughfell sulfate (Figure 2), and the measured amounts of throughfaell
collected beneath the nongirdied trees ever the time period June 25 - Oct. 15. The dry deposition

sulfate-S flux to the trees ranged from 0.27 t6 0.35 g m~2, respectively.

Based on monthly mean $0p concentrations (10 pug m~3) end a canopy-scale SO» deposition
velocity of 0.5 cm s~ 1 (Lindberget al., 1986 ), the S02-S flux to the trees from June 25 to Oct.
15 was 0.24 g m~2. Dry deposition of auditional submicron eerosol sulfate (0.05 g m™2) was
estimealed empirically for the seme time period using natural radionuclide-derived, biomass-
normalized deposition velocilies, radionuclide-suifete relationships, 8 sulfate concentration of
10 pg m~3 air, and leaf biomass densities. The calculated totel S flux, 0.29 g m~2, compared
favorably with the abave estimates based on net throughfell sulfate, indicating that the sum of
gaseous and aerasol S deposition was estimated by messurements of sulfate In net throughtatl.

The present data are consistent with prior studies (Meyer end Ulrich, 1978; Lindberg et al.,
1986) indicating that rainfall leaching of sulfur from deciduous foliage is a minor contributor to
the sulfate flux reaching the forest soil in watersheds tmpacted by etmaspheric sulfate pollution.
In environments where there is little dry depesition of S, foliar leaching could still be a
significant contributor to net throughfall sulfate.

CONCLUSIONS

1) During the growing season, follar leaching accounted for <20% and dry deposition
accounted for >80% of the sulfate in net throughfall beneath deciduous trees on a
watershed impacted by deposition of atmespheric sulfate, therefore dry deposition
of sulfur to some deciduous species in similer environments cen be reasonably
approximated during the summer from the messurement of sulfate flux in net

throughfall.

2) The final distribution o1 355 in the study trees indicated little eboveground
storage of sulfur in biomass and apprecieble (»60%) capecity to trenslccate
sulfur o the tree roots or release S o the atmosphere by meons of biogenic sulfur
emissions. Research on forest biogeochemical sulfur cycles should further
explore biogenic sulfur emissions from trees as a potential process of sulfur flux

from forest ecosystems.
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RELATICNSHIP TO OTHER WORK

This work was originally funded through the Office of Health and Environmental Reseerch, U.S.
Department of Energy, es part of a larger proposel entitled "Redionuctides in the Environment.”
Results from the described study will be applicable to atmospheric deposition resesrch at 8 nearby
site that is pert of the integreted Forest Study (IFS) supperted by the Electric Power Reseerch
tnstiute.

ACTIVITIES

“Whole tree studies with suifur- 35 tracer.” Presentstion st NAPAP Terrestrigl Effects Research
Peer Review, Atlants, March 8-13, 1987

“Whole trez studies with sulfur-3S tracer.” Presentation at 194th ACS National Meeting, New
Orleans, August 30 - September 4, 1987.

“Contribution of foliar leaching end dry deposition to sulfele in net throuahfell.” Presentation at
Fourth Annusl Oetlinburg Acid Rain Conference, Gatlinhurg, October 26-27, 1987.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
pility for the accuracy, completeness, or usefulness of any information, appz.atus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence hercin to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those uf the
United States Government or any agency thereof.



