Reports

Atmospheric Deposition of Metals to Forest Vegetation

Abstract. Atmospheric deposition during the growing season contributes one-third
or more of the estimated total flux of lead, zinc, and cadium from the forest canopy
to soils beneath an oak stand in the Tennessee Valley but less than 10 percent of the
flux of manganese. The ratio of the wet to dry deposition flux to the vegetation during
this period ranges from 0.1 for manganese to 0.8 for lead to ~ 3 to 4 for cadmium
and zinc. Interactions between metal particles deposited on dry leaf surfaces and
subsequent acid precipitation can result in metal concentrations on leaves that are
considerably higher than those in rain alone.

Forest vegetation is the initial point of
contact between the atmosphere and the
ground for much of the eastern United
States, and yet the atmospheric deposi-
tion of trace elements to forested ecosys-
tems has not been studied in detail. With
the recent emphasis on understanding
acid precipitation, extensive monitoring
programs for atmospheric deposition in
general are being considered (/); howev-
er, the information on the temporal and
spatial character of deposition is insuffi-
cient to permit one to design a widely
applicable sampling strategy. We de-
scribe here an investigation of the rates
and processes of Cd, Mn, Pb, and Zn
deposition to a forest canopy at Walker
Branch Watershed, a catchment in the
Tennessee Valley known to receive acid
precipitation [2-year mean pH ~ 4.1
(2)]. Our data illustrate the variability in
atmospheric deposition, its particular
importance in the biogeochemiical cycle
of Pb, and the need to consider the
interaction between acid precipitation
and deposited particles.

These measurements provide a data
base useful in the design of deposition
monitoring networks. Our data on dry
deposition are limited but are presented
to explore the potential importance of a
process for which there are no generally
accepted sampling methods. We used
flat-plate and foliage collection tech-
niques to estimate dry deposition to the
oak canopy during the 1977 growing sea-
son (3) and wetfall-only collectors to
sample rainfall above and below the can-
opy on an event basis. Details of the
sampling and analytical methodology
and precision are available (2).

The forest canopy is exposed to a wide
range of conditions resulting from vari-
able deposition rates and mechanisms.
The atmospheric deposition to upper
canopy surfaces in this deciduous forest
during wet-dry cycles lasting several
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days (Table 1) may consist of compara-
ble contributions by wet and dry pro-
cesses or may be dominated by either.
The ratio of wet to dry deposition input
during these periods (not including 9
to 16 May) ranges from 0.07 to 26
(mean = 5.0, standard deviation = 7.7).
For short-duration, small-amount rain
events (storms of < 0.5 cm occur with a
frequency of ~ 40 percent), wet deposi-
tion gives rise to a more intense inunda-
tion of the vegetation surface with trace
metals than dry deposition. Single-event
wet deposition rates exceed dry deposi-
tion rates during the intervening periods
by factors ranging from 40 to 11,000
(Table 1). However, the residence time
of dry-deposited material is generally
longer than that of precipitation-deliv-

Fig. 1. Adaxial surface of a chestnut oak leaf
(Quercus prinus) collected in the upper cano-
py (scale bar, 30 pm). Deposited particles
(resolution, ~ 0.5 wm) are heterogeneously
distributed on the leaf, often occurring as
aggregates in surface irregularities of the leaf.
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ered material. The mean duration of dry
periods at this site is ~ 5 days (range,
0.2 to 16 days), whereas that for rain
events is 0.7 day (0.04 to 2.4 days); this
finding suggests that the leaf contact
time for dry deposition is considerably
longer than for wet deposition. The pro-
nounced differences in the temporal
character of wet and dry deposition may
have important implications for ecologi-
cal assessment. Exposure dynamics
have a strong influence on the effects
that gaseous air pollutants may have on
plants (4); however, data necessary to
assess such effects of wet- and dry-de-
posited metals are not yet available.

Wet and dry deposition interacting
with the canopy over a period of several
weeks results in a considerable variabili-
ty in the water-soluble metal concentra-
tions on leaves collected over a range of
spatial scales from millimeters (disks cut
from same leaf) to kilometers (leaves
collected across the watershed). Mean
surface concentrations (in nanograms
per square centimeter) generally vary
over an order of magnitude: 0.035 to 0.30
for Cd, 0.60 to 18 for Pb, 1.9 to 37 for Zn,
and 91 to 120 for Mn, with no consistent
trend in concentrations between spatial
scales. The degrees of variability within
each spatial scale are considerable, on
the order of 30 percent (coefficient of
variation of the mean, that is, the stan-
dard deviation divided by the mean) for
Mn, 75 percent for Pb, and 120 percent
for Zn and Cd, and are relatively inde-
pendent of spatial scales ranging from
1073 to 10° m. Examination of leaves by
scanning electron microscopy reveals a
heterogeneous distribution of particles
on adjacent leaves as well as on the same
leaf (Fig. 1), reflecting the variability in
metal concentrations.

Interactions between moisture on vege-
tation and previously dry-deposited mate-
rial can result in dissolved metal concen-
trations at the leaf surface that are ~ 50 to
500 times higher than those we measured
in rain alone (5). Leaf moisture - arising
from light showers or intercepted fog is
common, has high initial metal concentra-
tions and acidity, wets the leaf but does
not necessarily flush it, and is often evapo-
rated before runoff (2). For example, the
events occurring during 16 to 20 May
(Table 1) result in the following estimated
metal concentrations (in micrograms per
liter) in solution on the leaf surface due to
particle dissolution in rain and partial mois-
ture evaporation (6): Cd ~ 13; Zn ~ 120,
Pb ~ 230, and Mn ~ 1300. Surface-de-
posited metals can be absorbed by vegeta-
tion, but their physiological effects are not
clearly defined (7, 8).

We determined particle deposition ve-
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locities (Vy, in centimeters per second)
(9) to individual surfaces in the upper
canopy from the ratio of the dry deposi-
tion flux (Table 1) to the concentration in
air (10). Particle-associated metals char-
acterized by larger mass median diame-
ters (MMD, in micrometers) exhibited
higher deposition velocities [for Mn,
MMD =34 0.7, V4= 6.4 = 3.6; for
Cd, MMD=15=0.7, V4=037x
0.18; for Zn, MMD = 0.9 £ 0.2, V4 =
0.38 = 0.10; for Pb, MMD = 0.5, V4 =
0.06 = 0.01 (means and standard errors
of four experiments for each metal)].
These data indicate that the use of the
often-cited V4 value of 0.1 cm sec™! (11)
may lead to large errors in €stimates of
dry deposition fluxes to forests, particu-
larly when one is considering the fully
foliated canopy (12).

The degreé of spatial and temporal
variability in metal deposition rates and
limitations in the extent of our dty depo-
sition sampling permit only rough ap-
proximations of deposition fluxes during
the 208-day forest growing season (13).
Such estimates ‘are uséful in assessing
the potéential importance of deposition to
forest ecosystems.’ Deposition appears
to be of particilar importance in the
biogeochemical cycle of Pb; nearly 100
percent of the estimated total growing-
season flux to the forest floor (~ 8 mg
m™2, which includes wet and dry deposi-
tion to the canopy, foliar leaching; leaf
fall, and diy deposition directly to the
forest floor) can be accounted for in
terms of the atmospheric deposition to
the catiopy alone. This external flux ex-
c¢eeds the internal flux (leaf fall plus foliar
leaching) by a factor of ~ 90. The esti-
mated ratio of wet to dry deposition of
Pb to the canopy during the growing
season (0.8) suggests a comparable con-
tribution by each process.

Atmospheric deposition does not dom-
inate the estimated total growing-season
flux to the forest flootr of Cd, Zn; or Mn;
the dtmosphere contributes 30 to 40 per-
cent of the Cd and Zn and ~ 10 percent
of the Mn flux (total fluxes ~ 0.8, 20,
and 200 mg m™?, respectively). Atmo-
spheric deposition is dominated by pre-
cipitation for Cd and Zn (estimated wet
to dry flux ratio ~ 3 to 4) but by dry
deposition for Mn (ratio ~ 0.1). Foliar
leaching appears to be the major initernal
pathway for the transfer of Cd from the
forest canopy to soils, exceéding leaf fall
by a factor of 10, whereas leaf fall is
comparable to foliar leaching as transfer
pathways for Mn and Zn. ,

The atmospheric deposition of soluble
metals results in both long-term and epi-
sodic exposure of forest canopy sur-
faces. Light rain, fog, and dew solubilize
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Table 1. Atmospheric deposition rates and fluxes to upper-canopy surfaces-in Walker Bra
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particulate trace metals on leaves, en-
hancing the potential for interaction with
internal tissue (8) and possibly increasing
the depositioni of SO, and its associated
acidity through the catalytic action of
Mn®*" (14). Rainfall removes some frac-
tion of both soluble and particulate met-
als from the canopy and produces an
episodic flux to forest soils. The concen-
trations and speciation of metals in rain
will be modified by interactions in the
canopy among rain, particles, and dis-
solved organic material leached from
plant tissue (2, 5, 15).

The quantification of the interactions
between wet and dry deposition and the
resulting conditions to which vegetation
is exposed requires monitoring networks
to sample wet and dry deposition sepa-
rately, and on an event basis. Our esti-
mates of the ratio of wet to dry deposi-
tion and of atmospheric deposition to the
total flux to the forest floor suggest that
atmospheric deposition of metals should
not be neglected and that dry deposition
must be included in future sampling
strategies. If the primary sources of at-
mospheric Pb, Cd, and Zn are anthropo-
genic (/6), man may be exerting a signifi-
cant influetice on the cycle of these ele-
ment$ in the forest environment. More
attention should be focused on the com-
bined effects of trace metal and acid
deposition in studies of atmosphere-bio-
sphere interactions.
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Global Sea Level Trend in the Past Century

Abstract. Data derived from tide-gauge stations throughout the world indicate
that the mean sea level rose by about 12 centimeters in the past century. The sea
level change has a high correlation with the trend of global surface air temperature.
A large part of the sea level rise can be accounted for in terms of the thermal
expansion of the upper layers of the ocean. The results also represent weak indirect
evidence for a net melting of the continental ice sheets.

Sea level change is of current interest
because of its possible sensitivity to cli-
mate change. It has been suggested, for
example, that global warming due to
increasing atmospheric CO, could melt
the marine West Antarctic ice sheet,
raising the global sealevel 5to 6 m (7). A
sea level rise of as little as 15 cm may
double the probability of damaging storm
surges on the coast of Britain (2). Such a
rise would also cause substantial beach
erosion and the intrusion of seawater
into low-lying areas that are now fresh-
water regions.

Many processes affect the sea level
position measured on shorelines. Among
the most important are eustatic sea level
changes due to changes in the ocean
water volume, caused mainly by the
melting or growth of ice sheets, and
isostatic adjustments of the earth’s crust,
caused mainly by ice sheet growth or
decay and the associated change in the
ocean water mass (3, 4). Tectonic move-
ment and river sedimentation can gener-
ate local sea level trends comparable to
eustatic and isostatic changes, as can
changes in ocean currents and prevailing
winds, although such trends are of limit-
ed duration.

We used tide-gauge measurements to
estimate global sea level change in the
past century. Data from more than 700
stations were obtained from the Institute
for Oceanographic Science; Birkenhead,
England. We excluded stations with rec-
ords shorter that 20 years (a majority of
the stations) and stations in seismically
active areas such as the Pacific coast of
Japan and in rapidly subsiding localities
such as Galveston, Texas, and the Mis-
sissippi delta. The remaining 193 stations
were divided into 14 regions on the basis
of geographic proximity and the expect-
ed similarity of isostatic or tectonic be-
havior.

We reduced the individual station rec-
ords to a common reference point by
fitting a least-squares regression line to
sea level as a function of time and by
defining the zero point to be the value of
the regression curve for 1940. The annu-
al mean sea level curves for stations
within a geographical region were then
averaged to yield a mean sea level curve
for each region. We obtained the global
mean sea level curve by averaging the

regional mean sea level curves, weight-
ing each region equally (excluding the
isostatically uplifting region of Scandina-
via). Sea level trends, obtained by fitting
a regression line through the mean sea
level curves, are summarized in Table 1.

We also attempted to remove the long-
term (usually 6000-year) sea level trends
from the station data in order to obtain
short-term sea level fluctuations, which
are perhaps more appropriate for corre-
lation with global climate variations in
the past century. The cause of the long-
term trend is uncertain. It has been ar-
gued that as much as 90 percent of it is
residual isostatic uplift of continents due
to the removal of the Wisconsin ice
sheets (4). However, the long-term trend
may contain a eustatic component, for
example, due to a change in volume of
the Antarctic or Greenland ice sheets.

The estimates for long-term sea level
change are based on '“C dating of mea-
sured positions of shoreline indicators in
the geologic records, for example, mol-
lusks, corals, and brackish-water peats
(5). The 6000-year time interval was cho-
sen to be as large as possible without
approaching the period of the North
American and European ice sheets, thus
minimizing the effect of errors in the
estimated sea level trend. However, for
Scandinavia, where there has been a
high rate of isostatic uplift since the last
deglaciation, we used as a time interval
the last 2500 years to improve the likeli-
hood of obtaining a linear trend applica-
ble to the past century. We corrected the
dating of sea level positions to use the
recent 5730-year estimate for “C half-
life (6), rather than the 5570-year stan-
dard that had been used for most of the
records (5), and to account for past at-
mospheric “C fluctuations (7).

The raw global sea level trend that we
obtain for the past century is a rise of
about 12 cm per century. After subtrac-
tion of the long-term trend, the resultis a
rise of 10 cm per century or 1 mm/year.
The inferred long-term trend of 2 cm per
century is very small as compared to the
long-term trends of 1 m per century or
more that are common at times of conti-
nental ice sheet growth or decay (3).
Evidently the past few millennia have
remained too warm to permit ice sheet
formation on the North American or
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