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stressed state results.

Gaps exist in the current knowledge of foliar reactions to pollution levels,
particularly heavy metais. The possibility of foliar absorption of heavy metals in
Ulmus (elm), Crataegus (hawthorn), Salix (willow), and Quercus (oak) with heavy
contamination using zinc, lead, and cadmium has been demonstrated (Little 1973).
Cadmium reduces water uptake, photosynthesis, and transpiration, and increases dark
respiration in maple (Lamoreaux and Chaney 1977). Sugarcane's leaf callus absorbs
zinc and copper (Kannan 1986). Leaves accumulating heavy metals become inefficient
due to waste accumulation and must therefore be replaced (Chapin et al. 1990).

Spruce in high-elevation areas exposed to acidic cloud deposition demonstrate
susceptibility to pollution levels. However, absorbtion of heavy metals via spruce
needle uptake is unknown, as are the physiological consequences of such absorption.

Objectives
The objectives of the study in relation to heavy metal uptake were twofold:

1. To determine if foliar absorption of heavy metals, in particular lead, copper,
nickel, and manganese, was possible in Engelmann spruce, and

2. Todetermine the effects of heavy metal uptake on Engelmann spruce root and

shoot growth alone, and in conjunction with varying acidity levels.

Hypotheses

Ho: Foliar absorption of heavy metals lead, copper, nickel, and manganese via an

acidic fog treatment will not occur, and root and shoot growth will not be directly
affected by heavy metal uptake either alone or in conjunction with varying acidity
levels.

H1: Foliar absorption of heavy metals lead, copper, nickel, and manganese via an

acidic fog treatment will occur and affect root and shoot growth, both directly and in
conjunction with varying acidity levels.

Methods and Materials
Methodology Selection
When selecting methodology for trace metal analysis the following factors were

considered: (1) instrument detection limits, (2) concentration ranges of samples and
compatibility with instrument, (3) spike recovery data (see Precision and Accuracy
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section), (4) precision and bias, (5) machine interferences from chemicals used in
sample preparation, (6) instrument availability, (7) single and multi-element
analytical techniques, and (8) sample preparation procedures. Graphite furnace atomic
absorption spectrophotometry (GFAA) and inductively coupled plasma emission
spectroscopy (ICP) are the two most frequently used techniques for precipitation
chemistry and trace metal analysis. Since data is available showing comparable
recovery for trace metal analysis between the GFAA and ICP, the ICP instrument was
chosen because of its capability to simultaneously determine all metal levels (Keller et
al. 1988).

Quality Assurance/Quality Control
General Laboratory Practice

Prior to biological preparation of needle material, all chemical glassware was
soaked for 24 hours in a 50% reagent grade nitric acid soak followed by a 24-hour 50%
reagent grade hydrochloric acid wash. Glassware was then soaked 48 hours in sterile
water obtained from a water filtration system under the trade name Milli Q
(manufactured by MilliPore Corporation, Bedford, Massachusetts [ 1-800-645-5476]).
All water used in the following biological preparation was from a Milli Q system.

Analytical grade hydrochloric acid was used in background solutions.

Plant Digestion Technique

Needle material was obtained from conifer foliage treated with an acidic heavy
metal solution (Table 3.1). Plant stems, including foliage, were rinsed for 10 seconds
in three separate washes of 10% HCL, were air dried, and then were placed in drying
ovens at 1129C for 72 hours. The rinsing was done to remove any surface
contamination from the treatment applications. Conifer needles were ground using a
Wiley Mill equipped with a stainless steel blade. Care was taken to clean all parts of the
machine coming in contact with needle material between each grinding of each tree needle
treatment group. Approximately 0.5g of dry needle material was placed into 15ml
porcelain crucibles and ashed at 500°C for 2.5 hours. A drop of water was used to
settle the warm ash, and 10ml of 6 N HCL was added to each crucible and vaporized in a
sand bath for 30 minutes, allowing 50% of the solution to remain. Contents of the
crucible were then poured into a 50ml volumetric flask and diluted to full volume with
10% reagent grade HCL. Blanks, duplicates, spiked samples, and standard reference
materials were included in analyses using the digestion technique for the ICP analyses.
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Standard Reference Materials (SRM)

National Bureau of Standards (NBS) SRM 1575 Pine Needles were included, plus
blanks, with each digestion process. Two standards and two blanks were included with
every ash process. The original ashing furnace held 16 samples, of which two were
standards and two were blanks. The blank was an empty crucible that was ashed as
though it contained needle material; the 10ml of 6N HCL were added after removal from
the furnace and then treated as a sample in all respects. The blank served as an
indicator of contamination during preparation or analyses and as a calibration check
during ICP processing. As more quality controls were added (see Precision and
Accuracy) a larger ash furnace was used, and standards were 10% of the total samples

for each furnace capacity.

Precision

Two sample duplicates were included for each ash process to obtain an estimate of
precision for element analysis. During the ICP analysis, after every 10 samples
analyzed, four were randomly picked and rerun to obtain an estimate of precision for
that particular series of sample analyses and also to check the precision of the machine

over time.

Accuracy

Accuracy for element analysis was determined using spiked samples. This is a
standard accuracy check. The difference in concentration between the spiked and the
unspiked sample is used to calculate a method percent recovery. An additional 10% of
standards were prepared with a 50% spike of each heavy metal analyzed. Half were
ashed and half were not. The spike was conducted with instrument standards for
manganese, lead, copper, and nickel prepared 50% in excess of the NBS 1575 metal
levels. An Eppendorf automatic pipet was used for delivery. Such a standard group
gives an industry-accepted indication of any material lost due to ashing procedure and
errors in preparation.

Instrumentation

Heavy metal uptake analyses were performed on a Jarrell-Ash Atom Comp 800
simultaneous ICP (Inductively Coupled Argon Plasma Emission Spectrometer) equipped
with Thermospec hardware and software. Instrument calibrations included internal
element corrections and interference and background corrections for each element
analyzed.
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Agreement with Standards

Initial runs of samples with standards during the fall of 1989 indicated a lack of
agreement with our standard analysis data and NBS published standard data for #1575
pine needles. Thus resuits were unacceptable. After consulting with Dr. Jerry
Bromenshenk, Department of Biology at the University of Montana and author of EPA
methodology for heavy metal uptake by bees, a sample preparation problem seemed to be
at fault.

Use of reagent grade acids, inadequate glass preparation, use of distilled water,
inadequate number of standards, and standard methodology were addressed. Chemical
glassware and nalgene containers used in sample preparation were soaked for 24 hours
in a 50% reagent grade nitric acid distilled water bath followed by a 24-hour 50%
reagent grade hydrochloric acid distilled water bath. The glassware was then rinsed for
48 hours in Milli Q water. Analytical grade hydrochloric acid and Milli Q water were
used in chemical preparation of samples. New porcelain crucibles were employed in the
ash portion of the sample preparation. In addition, standard samples were increased to
include metal standards spiked with reference solutions for copper, nickel, lead, and
manganese prior to ashing and a set of nonspiked standards; both the spiked and
nonspiked group numbers were equal to 10% of the samples to be analyzed.

Further standard analyses indicated agreement with NBS #1575 except for
magnesium. Samples were sent to the State Water Quality Laboratory at Helena and
were run with a comparable preparation system and ICP. Their results for magnesium
agreed with our resuits; therefore, | judged the laboratory chemical preparation was
under control.

Results and Discussion

The levels of heavy metals manganese, lead, copper, and nickel uptake according
to treatment level are given in Table 4.1. This was the final ICP analyses needed to
double-check SRM precision and accuracy prior to a full analysis with complete
treatment groups; not all quality control values are given, nor the complete breakdown
by treatment groups. Rather, the table is to be used as an indication of the possibility of
cation uptake.

in April 1992, during the analyses presented in Table 4.1, a fire broke out in
the duct work above the ICP, terminating the analyses. In June 1992, | was in an auto
accident. Due to these events and the fact that prepared sample viability is only six
months and no further needle material was available, the final analyses were not
completed.
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From Table 4.1, an uptake of cations for needles receiving the fog treatment is

noticeable in the ambient and twice-ambient metal levels at pH 3.5 and 5.4. The
exception is manganese, which may not be part of the heavy metal uptake process, or
part of a translocation process. At pH 2 and twice-ambient metal levels, a clear loss of
heavy metals is apparent for needles receiving the fog treatment. This may be part of
the foliar damage symptomology; a general leaching not only of nutrients, but also any
metals present. Another possibility is translocation to the stem or root tissue. The
roots were not analyzed for metal uptake. There would appear to be a correlation
between the amount of heavy metal uptake by the needles receiving the fog treatment at
the 5.4 and 3.5 pH levels and the high stem mass levels noted in Chapter 3, particularly
at the pH 3.5.

Table 4.1 Foliar cation uptake by Engelmann spruce needles exposed to various treatment
combinations of deposition type, acidity, and heavy metal concentrations. Results are
preliminary and are based on 8 full ICP runs between 10/89 and 12/91.

Cation Concentration (ug/g) Mn Pb Cu Ni
NBS standard 1575 675 (£15) 10.8 (¢.5) 3.0 (x.3) 3.5
published value

NBS standard 1575 660 11.7 2.6 3.4
ICP values

Normal Plant lon Content 3-30 20-30
pH Metal concentration

Immersion

3.5 ambient 337 12.1 4.0 2.0
2.0 twice ambient 101 7.0 6.7 2.4
Fog

7.0 no metals 631 12.1 4.1 5.8
5.4 twice ambient 437 20.3 15.5 2.7
3.5 twice ambient 502 26.4 8.5 2.5
2.0 twice ambient 141 5.7 1.9 1.3
5.4 ambient 426 19.6 9.3 5.6
3.5 ambient 104 13.0 21.0 26.2
2.0 ambient 337 12.1 4.0 2.0
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Recommendations

The study needed to be more focused. As the proposal was originally written,
only one age-class of newly gemninating seedlings was to be treated. The 2/0 seedlings
were added as a complete repetition of the treatment combinations to be applied to the
germinating seedlings. The doubling of the workload with another age-class addition was
an important factor during the processing of the 2/0 seedlings after the treatments were
terminated in the fall of 1989. The three phases-processing 2/0 seedlings,
germinating and transplanting seeds for the Conviron, and the initial ICP analyses-were
conducted simultaneously. The author, because of demands on her time during this
period due to growth problems in the Conviron and methodology problems with the ICP
analyses, was not able to adequately monitor data sampling of the 2/0 seedlings,
resuiting in some data loss. This took place despite checklists being provided for
workstudy help showing work completed.

Finishing all three phases in fall 1989 after the summer of 2/0 applications
would have been complicated enough. However, problems were encountered with
growing germinated seedlings in the Conviron. Test trials were conducted in growth
chambers without the strong air circulation present in the Conviron. Five repeated
transplants were carried out to overcome numerous problems with germination and
transplanting in the large growth chamber. Further transplant trials could not be
conducted because of competition for use of the Conviron.

In addition, supervision of the work-study students was not complete due to the
compounding of problems in the fall demanding more of my time. This happened even
though | had prepared checksheets for task completion to be filled out by the work-study
students. Seedling sampling that appeared to be complete, was not. This was the major
factor responsible for the unequal subclass numbers in subsequent ANOVAS presented in
Chapter lll. Thus either an experiment using 2/0 seedlings should have been attempted
or one using newly germinated seedlings, but not both.

While the toxicology approach and the determination of useful treatment
combinations were necessary, employing the immersion technique was not necessary.
The aerosol particle as a unique entity and pollutant phenomena has been addressed by
researchers interested in cloud and fog pollutant impact. It is my opinion that the
aerosol particle research was adequate as a study. Verification of results did not require
a comparison study. Thus the immersion portion of the study was not necessary. By
eliminating the immersion portion of the study, the sample size could have been
redistributed so that more sample material would have been available for the ICP
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analyses.

Needle dry biomass would have been the only posttreatment measurement. [t
would have been used in conjunction with heavy metal analyses. More emphasis should
have been placed on foliar uptake of the heavy metals and other cations. [CP analyses
could have been performed on the roots aswell. Thus the study would have addressed
(1) cation uptake by foliage of heavy metals, (2) foliar uptake of nitrogen, sulfate, and
ammonium, (3) or emphasis placed on calcium and magnesium content (current
literature contains aluminum, calcium, and magnesium ratios). However, a more
accessible and reliable ICP would have been required, as well as access to better
laboratory preparation facilities.

The ICP portion of the study should be regarded with a positive attitude. If the
analyses had been sent to an outside laboratory, or if the analyses had been without
problems, | would have been shortchanged a learning experience. | have a working
knowledge of the ICP machine and software. |am able to troubleshoot sample
preparation methodology problems, critique and implement quality assurance and
quality control procedures acccording to Environmental Protection Agency standards. |
can interact on a professional basis with published professionals using a sophisticated

instrument analyzing organic or inorganic material.
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Chapter V

A Perspective

In the late 1960s and 1970s, Scandinavian scientists recognized acid rain's
regional influence and began a disciplined study of its effects. Concurrently, German
scientists were studying acidic pollution effects in the Bavarian Fichtelgebirge Forest
situated about 25km from the Czech border.

Ecologists Gene Likens and colleagues at Cornell University, after visits to
Sweden (Likens et al. 1972; Cogbill and Likens, 1974; Likens and Bormann, 1974),
identified regional acidic precipitation changes between 1950 and the 1970s in the
United States and discussed terrestrial and aquatic ecosystem impacts. The reports were
the basis for development of a new area of study in science (Zehr 1994).

Further opportunities for research were aided with the First International
Symposium on Acid Precipitation and the Forest Ecosystem in 1975. At this symposium
a precipitation monitoring network in the United States was proposed with coordinated
programs of research on the effects of airborne chemicals (1978). The Acid Rain
Network planned project was called the National Atmospheric Deposition Program
(NADP) (Galloway and Cowling 1978).

In implementing the network, a standardized protocol for collection of
precipitation was developed. Separate protocols for both wet and dry deposition were
researched. However, agreements on procedures for collection of dry deposition proved
controversial and research was discontinued.

The analytical laboratory at the lllinois Water Survey at Champaign was the
central laboratory for sample analyses. This laboratory was selected because of the
quality of the facility; it was a research organization already examining the chemistry of
rain; the scientific members of the NADP trusted the laboratory's methodology and
science; and the Department of Energy funded research at the lab. Thus, a strong tie to
an important research funding agency was made by members of the NADP, facilitating
research money to projects of the NADP. The network started with 18 stations and grew
to more than 200 by 1987 (Zehr 1994). The acid rain coliection protocol was
published first by the Department of Energy and then by the Environmental Protection
Agency. The protocol manual was important for two reasons: (1) it was a strong mode!
for conducting precipitation chemistry analyses and almost a procedural requirement, if
doing research in this area (these procedures were used in the present study); and,
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(2) the protocol outlined also served to discourage criticism of data analyses procedures.

The NADP was aided in their efforts by the U.S. Department of Agricuiture, the
U.S. Forest Service, the U.S. Geological Survey, and various State Agriculture
Experiment Stations. Such affiliations strengthened ties to possible research grants
from such agencies but also helped to support a monitoring network linking researchers
from a variety of disciplines.

To join the network, scientists needed to raise $4,000-$5,000 per monitoring
site to purchase equipment and pay for laboratory analyses. Once a member, the
scientists had access to data coilected by fellow members. There was an interdependence
and yet an independence because each researcher pursued individual research goals.

Moreover, the NADP increased the political and public impact of acid rain as a
research problem. An interesting crossover took place in the scientific research
community as NADP members sought support from bureaucrats, legislators, and the
public. The scientists raised public awareness of acid rain and posed the solution as
scientific research (Zehr 1394).

So successful was the group that the Council of Environmental Quality under
President Carter in 1977 asked NADP administrators to develop a national acid rain
research program. The National Acid Precipitation Assessment Program (NAPAP) was
formally created in 1981 as a direct result of the work of the NADP. Funding for a 10-
year research program on acid rain was in place. Furthermore, the Secretary of
Agriculture, the Administrator of the Environmental Protection Agency, and the
Administrator of the National Oceanic and Atmospheric Administration served as joint
chairmen (NAPAP 1982). The outstanding feature of the program was the success of
the NADP scientists in designing the federal program so that diverse and long-term
research goals could be conducted and funded without allowing legislators and
administrators to supervise the research or influence its outcome. The benefit of the
NAPAP to the federal legislators and administrators was the appearance that the
government was taking action on the problem (Zehr 1994).

During the 1980s, acid rain research was a predominant and publicized problem
both in lay and scientific literature. NAPAP funding began at $11 million in 1980,
increased to more than $80 million in the late 1980s, and to $560 million in the 10-
year period. EPA administered about 60% of the money, while the remaining 40%
funded university scientists' research. These scientists had published 1,000 papers by
1987 covering various aspects of acid rain's impact (NAPAP, 1987).

By the mid-1980s, NAPAP was expanded to include research on other pollutants,
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such as ozone. A great deal of atmospheric research would not have been conducted
without the NAPAP.

My research problem, developed in 1986, was a direct result of interest shown
by foresters and atmospheric research scientists in the impact of fog (or aerosol
particles) on the acid rain problem. The research targeted areas with unanswered
questions: (1) the relevance of the aerosol (fog) particle as an acidic deposition
pollutant consideration; (2) the ability of the needle to sustain damage, thus addressing
the question of foliar leaching and adsorption of heavy metals.

My research might better have been served with more emphasis on how the heavy
metals might possibly interfere with key nutrient uptake processes. Rather than
strictly focusing on the heavy metals, a broader perspective addressing foliar leaching of
key nutrients might have been advisable.

Such a tact was taken by Tumer and Tingey (1990). Douglas fir ( Pseudotsuga
menziesi i ) seedlings were exposed to twice weekly fogs over a 2-week period. Rates of
foliar leaching and root uptake of calcium, magnesium, and potassium were determined.
At the end of the treatment, seedlings were harvested for comparisons of dry weights and
tissue nutrient concentrations using ICP methodology.

Throughfall enrichment of calcium, magnesium, and potassium was considerably
higher in a pH 3.1 fog than in a pH 5.6 fog under similar nutrient regimes where
nitrogen-to-sulfate ratios were 2:1. Increasing foliar biomass was noted at this pH.
The greatest nutrient enrichment was for potassium,; the ratio of potassium to calcium
removed was greater at the 3.1 pH.

Root uptake rates were greatest for potassium, followed by calcium and
magnesium. No effect of visible foliar injury was noted at pH 3.1. SEM analyses
indicated no damage to epicuticular wax crystals.

Fog pH treatments at 3.1 and 5.6 proved not to be statistically significant;
however, over the experimental time frame, growth and foliar nutrient concentrations
responded to nutrient availability and not to pH. The seedlings were grown in a nutrient
solution, and any leaching losses were compensated by nutrient uptake. (Note the
similarity in biomass increase in both the Turner and Tingey [1990] work [pH 3.1] and
present study at pH 3.5).

Conclusions reached in prior studies are not in agreement with the results of
Turner and Tingey (1990) and my dissertation work. Mean shoot dry biomass
production of soil-grown Douglas-fir seedlings in exposures to acid fog (Turner et al.
1989) or acid mist (McColl and Johnson 1983; McColl and Firestone 1987) was not
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detrimental in effect at pH ranges from 3.0 to 5.6.

Such research resuits further amplify this study's focus. Using a true fog
particle, under approximately the same nitrogen-to-sulfate ratio of 2.5:1, but with the
variance in heavy metal concentrations, mean shoot dry biomass increase was significant
at pH 3.5. At pH 3.5 and ambient metal level in the fog treatment, mean shoot dry
biomass increased 233% (2.1g to 4.9g) from the pH 5.4 and ambient metal level using
the full data set means and 316% (3.1g to 9.8g) using the truncated data set means
(Table 3.6). For the immersion treatment, mean shoot dry biomass increased at the pH
3.5 at all metal concentrations. When comparing Turner and Tingey's (1990) study to
the present study, the question of heavy metals' role becomes more focused. Both
studies show an increase in mean shoot biomass production at the pH 3.1 or 3.5. For
the fog treatment, the ambient metal level showed the greatest increase. For the
immersion treatment, biomass increase was non-metal concentration specific.

Further emphasis on the importance of nutrients and acid deposition effects are
noted in two key papers highlighting soil effects since 1990. Schulze (1989) has
argued that acid deposition containing nitrogen stimulates trees to shunt abnormal
amounts of energy into growth. Studying in the Fichtelgebirge Forest of Germany, he
believes these trees are suffering from pollution-caused chemical imbalances,
weakening the trees to a state whereby insects, fungal attacks, and weather extremes
become threats that a healthy tree could accommodate. Schuize et al. (1994) and Durka
et al. (1994) noted a nitrogen saturation effect in these forests in the early 1990s .
Atmospheric nitrate is passing through the forests without further adsorption by trees
or microbes. In polluted stands of Norway spruce, nitrogen has affected forest vitality
nutritionally, microbally, and hydrologically.

Schulze (1989) used ratios of heavy nitrate coming from air pollution to light
nitrate coming from soil microbes. Nitrate ratios were measured in spring runoff. In
the slightly declining stands, 23 to 30% of the nitrate in runoff came from air pollution.
In two dying stands, 60 to 100% of the nitrate came from air pollution.

The effect on soil nutrition is evident. Being negatively charged, nitrate moves
through the soil attracting the cations calcium and magnesium. Over a period of time, a
forest can be transformed from a system readily absorbing nitrogen to a system satiated
by nitrogen but starved for alkaline (base) cations, thus becoming more acidic. Acidity
impairs plant roots, affects microbes using and storing nitrogen, and aides the movement
of aluminum, toxic to plants and aquatic life if leached to streams. If a forest is not
utilizing nitrogen efficiently, productivity drops. This has ramifications to carbon
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models and carbon storage.
In a 1996 paper, Likens et al., using 30 years of data from the Hubbard Brooks

Experimental Forest, demonstrated that acid rain has been leaching the soil of base
minerals essential to neutralize acid. Given the rate at which calcium and magnesium
are being depleted, recovery of the forests could take decades.

Vegetation growth has dramatically slowed in the U.S. Forest Service's Hubbard
Brooks Experimental Forest, New Hampshire, since 1987. Calcium and magnesium
levels have been dropping since 1970. The calcium pool, in itself, has dropped more
than 50% in the past 45 years. Calcium to aluminum ratios for soil water from high-
elevation stands are in a range affecting forest productivity.

Several implications are present in these papers. The depletion of calcium in
the soils will not be readily corrected, since present levels were reached through
centuries of soil weathering. Likens et al. (1996) argue that even with major
reductions in pollutants as a resuit of 1990 amendments to the Clean Air Act, forest
ecosystem recovery will be slow due to the calcium depletion.

Forest ecosystems seem to be more susceptible to strong acids than was apparent
in the 1970s and 1980s. The limited availability of relatively long-term data sets such
as those of Hubbard Brooks Experimental Forest poses a problem in ascertaining forest
ecosystems susceptibility. Additionally, a great deal of previous acid deposition
research was based on short-term studies lasting months.

Also, the acidity problem was believed to be reversible. As a corrective measure
in the 1980s, liming of soil seemed a means of raising soil pH. It has proved to be
relatively expensive and with negative ramifications for wildlife.

The situation is further complicated by recent research in atmospheric aerosol
particles. Aerosols, composed primarily of sulfates, would seem to increase
atmospheric reflection of sunlight back into space before it reaches the earth's surface
and adds to the global warming effect (Charlson and Wigley, 1994). Because of a large
amount of data collected by climatologists in studies of acid rain, sulfates are the best-
understood aerosol particle. This knowledge is particularly important to researchers
quantifying sulfate aerosol effects at Stockholm University in Sweden and the University
of Washington, Seattle.

Scientists in climatology and those studying soil effects of acid deposition agree on
the importance of reducing sulfate and nitrogen loads. In 1995, the Environmental
Protection Agency had not backed new reguiatory approaches. Thisis due to the EPA's
uncertainty regarding scientific research related to nitrogen deposition. The bulk of the
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acid deposition research in the 1980s focused on the effects of sulfur. The EPA has

concluded that scientific uncertainty of nitrogen's role in the acidification of forested
watersheds is too great to warrant regulatory action (Renrier 1995). The EPA has
requested more funding for watershed research.
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