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Abstract. Improved methods are required to assess the risks posed by the uptake of potentially toxic
elements such as selenium (Se), boron (B), and molybdenum (Mo) by vegetation on contaminated
sites. In order to develop such methods and assess risk, vegetation was collected from two sites on a
soil-capped coal fly ash landfill near Dunkirk, New York, during June of 1991 and June and August
of 1992. The mean concentrations (µg g−1 dry weight) of Se and Mo in the shoots did not exceed,
respectively, 0.12 and 18.7 in bird’s-foot trefoil (Lotus corniculatusL.), 0.06 and 12.1 in red clover
(Trifolium pratenseL.), 0.07 and 5.3 in timothy (Phleum pratenseL.), and 0.09 and 2.2 in a mixture
of grasses. These concentrations were greater than those in the same species harvested concurrently
from a non-landfill site. The mean concentrations of B at the landfill ranged from 29 to 53µg g−1

in the legumes and from 2 to 11µg g−1 in the grasses, less than those at one non-landfill site but
greater than those at another. Within the landfill, the concentration of Se in grasses was not correlated
with the concentration of Se in soil and fly ash. The concentration of Se in grasses on both landfill
sites was double that of grasses on the non-landfill site despite higher mean concentrations of Se in
the upper soil (0–15 cm) on the non-landfill site. Therefore grass roots seem to be accessing Se from
the ash by means of mass flow or other mechanisms. Based on our findings of significant variation
in trace element uptake among species, harvests, and locations within sites, we recommend that
contemporaneous transect sampling of at least two species be used to assess uptake of potentially
toxic trace elements on landfills or other sites where contamination may occur.
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1. Introduction

The burning of coal in power plants produces fly ash, which contains trace quanti-
ties of many elements including selenium (Se), boron (B), and molybdenum (Mo).
Vegetation growing on soil-capped fly ash landfills in central New York State ac-
cumulated these elements to concentrations consistently greater than those in the
same species at nearby non-landfill (hereafter control) sites (Arthuret al., 1992a, b,
c, 1993; Gutenmannet al., 1979; Weinsteinet al., 1989). Excessive accumulation
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of these elements can be toxic to plants or to the animals that consume them (Page
et al., 1978).

Evidence is scanty on the extent to which elevated concentrations of Se and
other trace elements occur in the flora on fly ash landfills elsewhere, and it is
difficult to estimate for three reasons. First, the concentration of Se in crops grown
on native soils varies considerably both within and among different regions of
the United States. Second, the accumulation of Se by plants may depend on the
concentration of Se in the fly ash, the physical and chemical characteristics of the
soil, and the species of plant. Third, there may be substantial spatial variation in the
concentration of Se and other trace elements in plants growing on fly ash landfills,
even over a distance of a few meters (Arthuret al., 1992a, b, c, 1993).

We undertook a two-year study of the flora inhabiting a soil-capped, coal fly
ash landfill in western New York State to further our understanding of: (1) the
accumulation of Se, B, and Mo by plants; (2) the factors that influence the process;
and (3) the degree to which elevated levels of these elements could pose a risk to the
plants and animals inhabiting the landfill. We also sought to evaluate methods for
the efficient sampling and assessment of trace element accumulation by vegetation
growing on landfills.

2. Materials and Methods

2.1. SITE DESCRIPTION

The study was conducted in Chautauqua County, New York, on a closed coal fly
ash landfill located approximately 5 km southwest from the Dunkirk Steam Station
of the Niagara Mohawk Power Corporation (henceforth ‘Dunkirk landfill’). The
landfill was L-shaped; one arm was completed in 1984 and the other was completed
in 1988. Based on an assessment of the vegetation as well as on the history and
plans of the landfill, two adjacent plots (each 100 by 100 m) were established at the
end of the newer portion of the landfill and two adjacent plots (each 80 by 100 m)
were established at the end of the older portion. The older and newer portions were
considered to be two distinct sites because of the differences in their ages and the
density and species composition of the vegetation. For example, the mean depth
of the soil cap was 87 cm on the older portion and 68 cm on the newer portion of
the landfill. The soil used to cap this landfill was composed of Niagara, Rhinebeck,
and Churchville silt loams.

A 45 by 50 m plot was established at a control site that was similar to the landfill
in vegetation, soil type, and habitat characteristics and was located approximately
16 km northeast of the Dunkirk Steam Station. This was supplemented by another
control site in 1992 at the Cornell Vineyard Laboratory in Fredonia, New York, in
order to furnish a more broadly based estimate of the background concentration of
B in legumes.
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2.2. SAMPLING PROCEDURES

Vegetation was sampled by clipping all plants within 5 cm of the soil surface on 24
to 26 June in 1991 and on 8 to 10 June and 11 August in 1992. The sites had not
been mowed during the growing season before the harvests in June, whereas the
vegetation harvested in August was regrowth from the same quadrats harvested in
June.

At the landfill, plants were collected from 0.25 m2 square quadrats located at
10 m intervals along a 50 m transect, and vegetation collected from all quadrats on
a transect was combined into a single sample. Each transect proceeded from a point
selected at random on any side of the plot (at 10 m intervals) at a randomly selected
angle of departure (at intervals of 10◦). When a transect intercepted the edge of the
plot, it was reflected into the plot at a 90◦ angle to the original direction. Twenty
transects in 1991 and ten transects in 1992 were established in each of the four
plots on the landfill.

At the control sites, vegetation was collected from 1 m2 quadrats at three ran-
domly selected locations, and all material within a quadrat constituted a single
sample. Only red clover was collected in the three quadrats at the additional control
site in 1992 (other species were not present).

Soil and fly ash were collected on 18 and 19 November 1991 from the center
of each of 1 m2 quadrats at five locations selected at random in each plot on the
landfill and at three locations at the control site. On the landfill, samples were taken
from two depths in the soil cap – 0 to 15 cm and 30 to 45 cm – and from the fly
ash immediately below the cap. Only the upper layer of soil was sampled at the
control site. Samples were extracted directly from the upper layer of soil with a
standard, stainless steel soil corer whereas those from the lower level and the fly
ash layer were extracted with the corer from the wall of a hole 10 cm in diameter
that had been excavated with a motor-driven auger. Vegetation had been collected
from these quadrats at all sites contemporaneously with the transects in June 1991;
all material within a quadrat constituted a single sample.

2.3. EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS

In 1991, the study had a split-unit design wherein the whole-unit factor was the site
(newer landfill, older landfill, and control) and the sub-unit factor was the species
of plant. The plot was the experimental unit for the site whereas the transect or
quadrat of the plot was the experimental unit for the species. When each species
was considered separately, the appropriate model was that of a one-way layout of
treatments arranged in a completely randomized design. In 1992, the study had
a split-split-unit design because two harvests were made: the whole-unit factor
was the site, the sub-unit factor was the species, and the sub-sub-unit factor was
the month of harvest. The same quadrats were sampled in each harvest, in order
to reflect the standard management practice of mowing the sites throughout the
growing season.
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Statistical analyses were performed using the General Linear Model procedure
of SAS (SAS Institute, Inc.) with model statements and F-tests appropriate to the
experimental designs. For tests of statistical significance, main effects and contrasts
were evaluated with respect toα = 0.05 whereas interactions were evaluated with
the more liberal criterion ofα = 0.10. Additional analyses for pair-wise compar-
isons were made using two-tailedt-tests for independent samples with unequal
variances. The natural logarithms of the concentrations of Se, B, or Mo were used
in the statistical analyses because the concentrations of these elements in vegetation
appeared to have a log-normal rather than a normal distribution. The mean con-
centrations were back-transformed from the logarithmic scale to the concentration
scale (µg g−1) for ease of presentation. The back-transformed upper and lower
bounds of the 95% confidence interval about the mean are presented to give a
measure of dispersion on the original scale of measurement because variances do
not retain their meaning with a change of scale (Snedecor and Cochran, 1980).

Tests of association with respect to the concentrations of Se in the plants, soil,
and fly ash in 1991 were based on the partial correlation coefficients derived from
the pooled within-site dispersions after the variation due to the design factors had
been extracted. Comparisons between soil strata and fly ash with respect to the pH
and concentration of Se were based on the two-tailedt-test for paired samples.

2.4. ANALYTICAL PROCEDURES

After the vegetation had been brought to the laboratory, it was stored at 5◦C until
it could be sorted and dried. In 1991, the vegetation from each transect was sorted
into three groups: bird’s-foot trefoil (Lotus corniculatusL.), red clover (Trifolium
pratenseL.), and grasses of which the most common species were timothy (Phleum
pratenseL.), orchard grass (Dactylis glomerataL.), velvet grass (Holcus lanatus
L.), and several fescues (Festucaspp.). In 1992, vegetation was sorted into four
groups by separating timothy from the other species of grasses.

All samples of vegetation, soil, and fly ash were dried to a constant weight
at 40 ◦C – low enough to avert the loss of Se through volatilization (Fourie and
Peisach, 1977). The samples of vegetation were ground in a stainless steel mill to
pass a 1 mm sieve. The samples of soil or fly ash were ground in a mortar and
pestle and then passed through a 2 mm sieve.

Selenium was analyzed by measuring the fluorescence of the Se-diaminonaptha-
lene complex after a one-gram aliquot of vegetation, soil, or fly ash had undergone
wet digestion in nitric (HNO3) and perchloric (HClO4) acids (Olson, 1969). One
or two one-gram blind samples of a Boyce Thompson Institute (BTI) standard
reference material or a National Institute of Standards and Technology (NIST)
certified reference material were included in each batch of 12 samples analyzed
– constituting a total of 10% of all samples. When the value for the vegetation
reference sample was outside of the certified or control range, the entire batch was
re-analyzed. Two BTI standard reference materials were used for vegetation: (1) a
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mixture of clover and orchard grass harvested from another fly ash landfill (Arthur
et al., 1992c), which yielded 0.60±0.05µg g−1 in 1991 and 0.58±0.005µg g−1

in 1992; (2) alfalfa from the same landfill (Arthuret al., 1992b), which yielded
3.11± 0.04µg g−1 in 1991 and 3.10±0.04µg g−1 in 1992. A rice flour certified
reference material (NIST 1568a) was used periodically, and the observed mean
concentrations both in 1991 (0.35±0.004µg g−1) and in 1992 (0.34± 0.004µg
g−1) were within the range of the certified value (0.38±0.04µg g−1). A coal fly
ash certified reference material (NIST 1633a) was used with samples of soil and
fly ash, and the observed concentration (9.5±0.1µg g−1) was consistently lower
than the certified value (10.3±0.6µg g−1).

Twenty percent of the samples of vegetation from the transects within each plot
and harvest were selected at random and analyzed for B and Mo using a Jarrell
Ash inductively-coupled argon plasma emission spectrometer (ICP). Vegetation
(0.2 g aliquots) was dry-ashed at 450◦C before analysis. With soil or fly ash (0.2 g
aliquots), analysis for B was performed on a hot-water extract and analysis for Mo
after dry-ashing.

The pH of soil or fly ash was measured by mixing 5 g of the material with
5 mL deionized water, shaking the mixture for 10 min, allowing it to stand for
one hour, and then inserting a standard glass electrode into the supernatant liquid
(Corning flat-surface combination electrode No. 476550 connected to a Markson
Model 800-528-5114 pH meter).

3. Results and Discussion

3.1. ACCUMULATION OF SE, B, AND MO BY VEGETATION

3.1.1. Selenium
The concentration of Se in vegetation (Table I) differed significantly among the
three sites both in 1991 and in 1992 (p<0.001). However, the occurrence and
magnitudes of these differences varied with the species of plant in 1991 and with
both the species of plant and time of harvest in 1992, as indicated by interactions
between site and species in 1991 (p<0.001), site and harvest (p<0.001), and
site, species, and harvest in 1992 (p = 0.066). The concentrations of Se at both the
newer and the older portions of the landfill were greater than at the control site
in June of 1991 and 1992 in bird’s-foot trefoil (p≤0.030), red clover (p≤0.034),
mixed grasses (p≤0.001), and timothy (p≤0.023). In August of 1992, on the other
hand, the concentrations of Se at the landfill sites were lower than at the control
site for mixed grasses (p<0.018), there were no significant differences between
the landfill and control sites for red clover or timothy, and the concentration of
Se was greater at the landfill than at the control for bird’s-foot trefoil only on the
older portion (p = 0.005). The concentration of Se was greater at the older than at
the newer portion of the landfill for red clover in June of 1991 (p<0.001) and for
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TABLE I

Concentrations of selenium (Se), boron (B), and molybdenum (Mo) in the shoots of legumes and grasses obtained by transect sampling from newer and
older portions of a fly ash landfill and from a control site near Dunkirk, New York

Species Harvest Sitea Number of Concentration of Sec Concentration of Bc Concentration of Moc

Samplesb Confidence bound Confidence bound Confidence bound

Mean Lower Upper Mean Lower Upper Mean Lower Upper

(µg g−1 dry weight)

Bird’s-foot June ’91 Landfill-newer 14 5 0.05 0.04 0.06 52.5 35.4 77.8 2.0 0.2 18.5

trefoil Landfill-older 36 8 0.07 0.06 0.09 51.6 45.4 58.7 18.7 5.8 60.4

Control 3 3 0.04 0.04 0.04 63.7 48.4 83.8 0.3 <0.1 2.3

June ’92 Landfill-newer 10 4 0.10 0.07 0.14 40.8 30.3 54.9 7.0 2.5 19.3

Landfill-older 20 4 0.12 0.08 0.17 44.7 39.0 51.2 8.5 1.3 54.0

Control 3 3 0.03 0.02 0.05 52.5 38.4 71.7 0.4 0.2 0.5

August ’92 Landfill-newer 13 4 0.06 0.05 0.08 37.7 32.6 43.6 9.3 3.6 23.7

Landfill-older 20 4 0.09 0.07 0.13 38.8 36.1 41.8 14.8 1.7 130.0

Control 3 3 0.06 0.04 0.07 53.0 39.2 71.6 0.3 0.2 0.5

Red clover June ’91 Landfill-newer 33 9 0.04 0.04 0.05 40.0 34.9 45.9 1.8 0.7 4.2

Landfill-older 39 8 0.06 0.05 0.06 41.0 37.4 45.0 12.1 5.0 28.9

Control 6 3 0.03 0.03 0.04 46.5 20.1 107.3 0.3 0.2 0.7
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TABLE I

(continued)

Species Harvest Sitea Number of Concentration of Sec Concentration of Bc Concentration of Moc

Samplesb Confidence bound Confidence bound Confidence bound

Mean Lower Upper Mean Lower Upper Mean Lower Upper

(µg g−1 dry weight)

Red clover June ’92 Landfill-newer 18 4 0.05 0.04 0.06 34.5 24.8 48.1 8.7 3.6 21.0

Landfill-older 6 2 0.05 0.03 0.09 32.8 24.5 43.8 5.6 <0.1 >500.0

Control 6 3 0.03 0.02 0.05 44.7 27.7 72.0 0.2 0.2 0.3

Controld 3 – – – 26.2

August ’92 Landfill-newer 20 4 0.05 0.04 0.06 33.4 29.0 38.4 4.7 1.3 17.5

Landfill-older 13 3 0.04 0.04 0.05 28.8 21.6 38.4 5.8 1.0 31.8

Control 5 4 0.04 0.03 0.06 55.9 42.2 74.2 0.1 <0.1 0.5

Mixed grasses June ’91 Landfill-newer 40 8 0.09 0.09 0.10 11.1 8.1 15.3 1.6 1.1 2.2

Landfill-older 40 8 0.09 0.08 0.10 8.1 7.3 8.9 2.2 1.3 3.6

Control 3 3 0.06 0.04 0.07 6.8 6.5 7.2 0.5 0.1 2.7

June ’92 Landfill-newer 20 7 0.08 0.07 0.09 2.7 1.2 6.4 0.3 0.1 1.4

Landfill-older 20 6 0.08 0.07 0.09 2.2 0.5 9.3 1.0 0.2 6.1

Control 3 3 0.03 0.02 0.03 9.2 4.1 20.3 0.5
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TABLE I

(continued)

Species Harvest Sitea Number of Concentration of Sec Concentration of Bc Concentration of Moc

Samplesb Confidence bound Confidence bound Confidence bound

Mean Lower Upper Mean Lower Upper Mean Lower Upper

(µg g−1 dry weight)

Mixed grasses August ’92 Landfill-newer 20 7 0.09 0.08 0.10 1.6 0.4 6.3 0.2 <0.1 1.9

Landfill-older 20 6 0.08 0.07 0.10 1.6 0.4 7.5 1.6 0.3 9.1

Control 3 3 0.10 0.09 0.12 8.1 6.4 10.1 0.9 0.3 2.5

Timothy June ’92 Landfill-newer 15 4 0.05 0.03 0.06 9.7 7.4 12.6 0.4 0.1 1.3

Landfill-older 17 3 0.04 0.04 0.05 10.0 6.1 16.5 3.4 0.9 12.3

Control 3 3 0.02 0.01 0.04 9.5 4.7 19.1 0.3 0.1 0.8

August ’92 Landfill-newer 11 4 0.07 0.06 0.08 8.5 5.2 14.1 0.4 0.2 0.9

Landfill-older 13 4 0.06 0.04 0.08 7.5 5.5 10.1 5.3 1.3 21.0

Control 3 3 0.07 0.05 0.10 8.6 4.7 15.7 0.5 0.2 0.9

a The newer and older portions of the landfill were closed and capped in 1988 and 1984, respectively.
b The first value represents the number analyzed for Se; the second value represents the number analyzed for B and Mo.
c Values of the mean and the 95%-confidence interval (computed with the standard error of the mean) were obtained by back-transform from a logarithmic
scale.
d An additional control site in Fredonia, New York.
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bird’s-foot trefoil in June of 1991 (p = 0.004) and August of 1992 (p = 0.037) but
there were no significant differences between the older and newer portions of the
landfill with respect to the grasses.

The major difference among plant species in 1991 was a greater concentration
of Se in the grasses than in the legumes on the landfill. In 1992, however, the
concentration of Se was greater in bird’s-foot trefoil and mixed grasses than in
red clover and timothy, and an interaction between species and harvest (p<0.001)
indicated that differences among the species varied with the time of harvest. The
greater concentration of Se in the grass mixture relative to timothy (p<0.001) did
not vary with site or harvest.

There was no consistent pattern to the changes in the concentration of Se that
occurred between June and August of 1992. At the landfill, there was a decrease in
bird’s-foot trefoil (p = 0.014) on the newer portion and in red clover (p = 0.005) on
the older portion of the landfill but an increase in timothy (p = 0.028) on the newer
portion. At the control site, there were increases in bird’s-foot trefoil (p = 0.015),
timothy (p = 0.005), and mixed grasses (p<0.001). Although no statistical com-
parisons were made between 1991 and 1992 (with respect to harvests in June), Se
in bird’s-foot trefoil was about twofold greater in 1992, but site-to-site differences
in the concentration of Se were similar in both years.

3.1.2. Boron
The concentration of B in vegetation (Table I) differed among sites, plant species,
and harvests (p = 0.005). There were also interactions between the effects of site
and species in both 1991 and 1992 (p≤0.046) and between site and harvest (p =
0.061) in 1992.

In the legumes, there were no differences between the control and landfill sites
in June of 1991 or 1992, but the concentration of B was greater at the control site
than at the landfill for red clover and bird’s-foot trefoil in August of 1992 (p≤0.005
and p≤0.040, respectively). These differences in the concentration of B from site
to site in August were related to a greater decline at the landfill sites than at the
control. Within individual species and sites, however, only in bird’s-foot trefoil on
the older portion of the landfill was there a change (decline, p = 0.038) between
June and August.

In mixed grasses, the concentration of B was greater at the landfill than at the
control site in June of 1991 (p≤0.009) but lower at the landfill than at the control
site in June and August of 1992 (p≤0.043). There were no differences between
the newer and the older portions of the landfill with mixed grasses although there
was a nearly significant difference (newer> older) in 1991 (p = 0.053). There
were no significant differences among the sites for timothy in 1992, and there was
a significant (p = 0.016) difference between timothy and mixed grasses in June but
not in August of 1992.

For the legumes, the site-to-site differences were similar in 1991 and 1992,
although the concentration of B was lower in 1992 by about 7 to 10µg g−1. For
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the mixed grasses, on the other hand, the concentration of B was greater at the
landfill than at the control site in 1991 but greater at the control site in 1992.

Some circumspection should be used in interpreting the concentrations of B that
were found in vegetation at the landfill vis-a-vis those at the control site. The mean
concentration of B in red clover at a second control site, where only this species
was available, was 26.2µg g−1 in comparison with 44.7 and≈33 µg g−1 at the
control and landfill sites, respectively, in June of 1992.

3.1.3. Molybdenum
The concentration of Mo in vegetation (Table I) differed among the sites (p<

0.001) and among the plant species (p≤0.006) and there was an interaction be-
tween the effects of site and species both in 1991 and in 1992 (p≤0.002). Although
there was an interaction between site and time of harvest in 1992 (p = 0.067),
differences between the harvests of June and August were not significant either
overall or for any species at any site. The differences among sites were manifested
as: (1) a greater concentration of Mo at the older portion of the landfill than at the
other sites in 1991 (p = 0.040) in mixed grasses; (2) a greater concentration of Mo
at the older portion of the landfill than at the newer portion (p≤0.006) or at the
control site (p≤0.008) in both June and August of 1992 in timothy; (3) a greater
concentration of Mo at the landfill than at the control site (p≤0.011) in the legumes
(except for bird’s-foot trefoil on the newer portion in June of 1991 and red clover
on the older portion in June of 1992); and (4) a greater concentration at the older
than at the newer site (p≤0.049) in the legumes only in June of 1991.

The site-to-site differences were about the same in 1991 and 1992 with respect
to the harvests made in June. The major differences between the two years were
that the concentration of Mo in 1991 was about twofold greater in all species on
the older portion of the landfill but lower in the legumes on the newer portion of
the landfill.

3.2. SELENIUM IN FLY ASH , SOIL, AND GRASSES

The concentration of Se in the upper stratum (0 to 15 cm) of the soil did not differ
significantly among the three sites (Table II). However, in the lower stratum (30 to
45 cm), the concentration of Se was greater at the older than at the newer portion of
the landfill (p = 0.047), and there was a similar difference (about two-fold greater
in the older portion) in the fly ash (p = 0.054). The concentration of Se in the
shoots of the grasses collected from the soil-sampling locations was greater at the
landfill than at the control site (p≤0.002) but did not differ between the older and
newer portions of the landfill. Additionally, there was no association between the
concentration of Se in grasses and the concentration of Se in the soil or fly ash
within the sites.

The pH of the upper soil stratum was significantly higher at the older portion
than at the newer portion of the landfill or at the control site (p = 0.015). The pH
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TABLE II

Concentration of selenium (Se) in fly ash, soil, and shoots of overlying grasses from fly ash
landfill and control sites near Dunkirk, NY

Species Sitea Number of Mean Concentration of Seb

samples pH Confidence bounds

Mean Lower Upper

(µg Se per g dry weight)

Grasses Landfill-newer 10 – 0.10 0.08 0.12

Landfill-older 10 – 0.10 0.08 0.13

Control 3 – 0.05

Upper soil Landfill-newer 10 5.68 0.51 0.29 0.91

(0–15 cm) Landfill-older 10 6.54 0.38 0.21 0.70

Control 3 4.80 0.61

Lower soil Landfill-newer 10 5.63 0.30 0.19 0.48

(30–45 cm) Landfill-older 10 6.53 0.57 0.35 0.92

Fly ash Landfill-newer 10 7.43 0.82 0.48 1.41

Landfill-older 9 4.83 1.68 0.94 3.02

a The newer and older portions of the landfill were closed and capped in 1988 and 1984,
respectively.
b Values of the mean and the 95%-confidence interval (computed with the standard error of the
mean) were obtained by back-transform from a logarithmic scale.

of the lower soil stratum did not differ significantly between sites at the landfill
(p = 0.084), but the pH of the fly ash was lower at the older than at the newer
portion of the landfill (p = 0.001). There were no significant associations between
the concentration of Se in grasses and the pH of the underlying fly ash or soil within
or between sites at the landfill.

The processes involved in the speciation of Se and its reactions and movement
in the soil are complex, and the uptake of Se by plants is influenced by the physical
and chemical properties of the soil and fly ash. For example, the pH of the soil
or fly ash can affect the oxidation state of Se and thereby its availability to plants
(Elrashidiet al., 1989), and pH was negatively correlated with the concentration
of Se in alfalfa (Medicago sativaL.) in the San Joaquin Valley of California (Sev-
erson and Gough, 1992). However, neither the total concentration of Se nor the
pH of the substrata explained the spatial variation of Se observed in grasses on
the Dunkirk landfill, and more refined measures of the geochemistry of Se may



282 P. B. WOODBURY ET AL.

have been needed to determine what factors were controlling the uptake of Se by
vegetation.

3.3. COMPARISON WITH OTHER LOCATIONS

The concentrations of Se in vegetation from the Dunkirk landfill were substantially
lower than those found in the same species of plants at other fly ash landfills in
central New York State (Weinsteinet al.. 1989). For example, median values were:
10 to 20 times lower in mixed grasses (0.09µg g−1 versus 0.89 to 1.73µg g−1);
2 to 6 times lower in timothy (0.06µg g−1 versus 0.13 to 0.39µg g−1); 3 to more
than 50 times lower in bird’s-foot trefoil (0.08µg g−1 versus 0.28 to 4.67µg
g−1); and more than 5 times lower in red clover (0.05µg g−1 versus 0.27µg g−1).
Additionally, the concentrations of Se in plants at the control site near Dunkirk
were lower than those found in the same species at four control sites in central
New York State (Weinsteinet al., 1989); for example, the concentration of Se in
bird’s-foot trefoil in this study was 0.04µg g−1 whereas it ranged from 0.10 to
1.10µg g−1 at other control sites. Moreover, the concentrations of Se found at the
Dunkirk landfill and nearby control sites were at the lower ends of the ranges of
values for vegetation growing on native soils in North America: for grasses, 0.01
to 0.21µg g−1; for timothy, 0.03 to 0.13µg g−1; for bird’s-foot trefoil, 0.03 to
0.17µg g−1; and for red clover 0.011 to 0.075µg g−1 (based on: Arthuret al.,
1992c; Ihnat, 1989; Walker, 1971; Weinsteinet al., 1989). The concentrations of
Se in the fly ash in the newer and older Dunkirk landfill sites were lower than at a
site in central New York (0.82 and 1.68 versus 3.77±0.16) – which could explain
the differences in the accumulation of Se by plants. The concentration of Se in fly
ash nationwide ranges from 1.2–17µg g−1 (El-Mogaziet al., 1988).

3.4. RISKS TO PLANTS AND ANIMALS

The concentrations of Se, B, and Mo in plant species found on the Dunkirk landfill
were below those associated with phytotoxicity. The greatest concentration of Se in
any sample of vegetation from the Dunkirk landfill was 0.63µg g−1 (in bird’s-foot
trefoil) whereas estimated thresholds for toxicity in plants range from 3 to 30µg
g−1 (in the tissue) for some species of legumes and small grains (MacNicol and
Beckett, 1985). The foliar concentrations of B associated with the thresholds for
phytotoxicity, i.e., the lowest concentrations above which decreased growth may
occur, have been estimated to be 60µg g−1 for red clover and 68µg g−1 for
bird’s-foot trefoil (Adriano, 1986). Although these values were approached by the
concentration of B in these species at the landfill in the harvest of 1991, greater
concentrations of B occurred in the same species at the control site. This site may
have had abnormally high concentrations of B, since the concentration of B in red
clover at a supplementary control site was almost 50% lower in 1992. Moreover,
similar concentrations of B have been observed occasionally in forage crops in
New York State, and B-containing fertilizer is sometimes applied to them (personal
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communication, Prof. W.S. Reid, Cornell University). The greatest concentration
of Mo in any sample of vegetation at the Dunkirk landfill was 97µg g−1 (in bird’s-
foot trefoil), well below the toxicity threshold of 135µg g−1 in barley or 500µg
g−1 in other species of plants grown in solution culture (Adriano, 1986).

Selenium is an essential trace nutrient for mammals, but the range between
dietary requirement and toxicity is relatively narrow (Lo and Sandi, 1980; Combs
and Combs, 1986). Estimates of the concentrations of Se required in the diet are
0.5 to 1µg g−1 (Maylandet al., 1989) and 0.1 to 0.3µg g−1 (National Research
Council [NRC], 1980), whereas the estimated dietary concentrations of Se that
can cause chronic toxicity are 5 to 15 (Maylandet al., 1989) and 2 to 10µg g−1

(NRC, 1980). Inasmuch as the highest concentration of Se found in any sample
of plant shoot was only 0.63µg g−1, there does not appear to be any significant
risk of Se-toxicity to herbivores on the Dunkirk landfill. The mean concentration of
Mo found in bird’s-foot trefoil growing on the older Dunkirk landfill sites in 1991
exceeded 15µg g−1, which is a level that could result in chronic toxicity to cattle
if insufficient copper is present in the diet (Barshad, 1948, as cited in Jones, 1991).

3.5. EVALUATION OF METHODOLOGY

3.5.1. Design
Two methods were used in this study to assess the concentration of trace elements
in vegetation growing on a landfill: (1) transect sampling to estimate the mean
values at each site; and (2) point sampling (quadrats selected at random locations)
to estimate spatial variability and test for an association with the composition of
the underlying soil and fly ash. The goal of the former was to detect differences
of 1 µg g−1 in the true mean concentration of Se between sites for any species of
plant with 95% confidence. Forty samples of each species from each landfill site
and three from a control site were estimated to be adequate for this purpose based
on the variation in the concentration of Se in plants that was encountered at other
fly ash landfills and control sites in central New York State (Arthuret al., 1992b,
c).

The concentration of Se in vegetation at the control site near Dunkirk had the
same, low variation as that found at other control sites, but the variation found in
plants at the Dunkirk landfill was less than 1% of that found previously at other
landfills (all discussions of variance are based on non-transformed data). Accord-
ingly, fewer than 40 samples of each species could have been taken at the landfill
to achieve the desired level of confidence for the mean concentration of Se. In
actuality, fewer than 40 samples were collected because each species did not occur
in every transect.

On the other hand, the variation encountered in the concentrations of B and Mo
in plants at the Dunkirk landfill was greater than what had been found in legumes
and grasses at other landfills (Weinsteinet al., 1989), and the number of samples
analyzed for B and Mo (20% of those collected for Se) represented a compromise
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between cost of analysis and statistical requirements. The disparity between the
two control sites with respect to the concentration of B in red clover demonstrates
that more than one control site should be selected.

Although the transects were designed to furnish random samples in each of the
plots, the transects were slightly too short in relation to the size of the plot to assure
that the entire plot was sampled with equal probability. Unequal sampling could
also have occurred in the plot because the transects were sampled every 10 m and
originated at 10 m increments along the perimeter of the plot. Enough transects
were sampled to reduce the likelihood of any biologically important bias in the
results. Nevertheless, we recommend that the length of a transect be no less than
one-half the length of the longest diagonal of the plot and that the origins of the
transects be selected with intervals of one meter along the perimeter of the plot.

3.5.2. Species of plant
Mixtures of plant species may be collected more quickly and at less cost than
individual species. If the purpose is to assess the risk posed by trace elements
to livestock, a mixture of species representative of the selective grazing patterns
of livestock should be used. However, if the purpose of the study is to compare
different landfills or different sites within a landfill, individual species of plants
should be collected and identified. For example, statistically significant differences
between the older and newer portions of the landfill were present in the legumes
but not in the grasses for Se, but significant site-to-site differences were more nu-
merous in the grasses than in the legumes for B. A difference between the control
and landfill sites occurred in bird’s-foot trefoil, whereas a difference between the
newer and older portions of the landfill occurred in timothy for Mo. Consequently,
it is recommended that at least two species be used to avoid having interspecific
differences in abundance, in rate of growth, or in the propensity to accumulate an
element confound the spatial and temporal patterns that may be present.

3.5.3. Temporal factors
No single sampling time during the growing season will be optimal for all purposes.
If only one harvest per growing season is to be used, its timing should be conso-
nant with the goal of the monitoring program and element of greatest concern.
For example, a harvest early in the growing season would be better for detecting
differences among sites for Se, but a harvest later in the season would be better for
discriminating among sites for B or Mo. Although an increase in the concentration
of Se during the growing season was found in several species, including red clover
(Arthur et al., 1992b), there was no such trend at the Dunkirk landfill nor were
there significant differences between the harvests for the concentrations of B or
Mo in any plant species. On the other hand, the differences between the landfill
sites and the control site were more apparent in the regrowth in August than in the
first cutting in June, particularly in the legumes, and a harvest during the latter part
of the growing season would be better for the detecting of elevated concentrations
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of Se in plants. Because of the potential effects of the plant’s developmental stage
on its accumulation of trace elements, more than one harvest is recommended.

The site-to-site differences within each species were generally consistent be-
tween the first and second years of the study. However, there were differences
in the legumes between the two years in the June harvests: the concentration of
B was greater in 1991 than in 1992, and the concentrations of Se and Mo were
significantly greater on the older than on the newer portion of the landfill in 1991
but not in 1992. Therefore, we recommend sampling for at least two years in order
to adequately characterize the uptake of trace elements from landfills or other sites.
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