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ABSTRACT

Yellow foxtail (Setaria glauca L. P. Beauv) growing on a cadmium-contaminated site was
sampled to determine the extent of cadmium bioaccumulation in aerial tissues and the impact of
cadmium on growth and development. Water-extractable Cd concentrations in the soil ranged
from 5.0 to 18.0 mg L. Aerial tissues contained elevated concentrations of Cd (16-48 ng g'1
DW), with mean concentration ratios of >3.0. Since foxtail frequently colonizes disturbed sites,
the bioaccumulation of Cd in aerial tissues of foxtail suggests that wildlife feeding upon this plant
species could be exposed to elevated Cd levels. A significant negative correlation (r2=0.98) was
observed between water-extractable Cd in the soil and seed head length in foxtail, indicative of

an adverse effect of Cd on reproductive development. This correlation further suggests seed
head length as a biomarker for soluble Cd in contaminated soils.
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l. INTRODUCTION

Cadmium is an important environmental
contaminant due to its toxicity and because
it is accumulated in plants as an analog of
zinc. Phytotoxicity resulting from Cd uptake
has been described in numerous studies,
most of which focus on the impact of Cd on
vegetative growth and development (see
Balsberg Pahlsson [1] and Das et al. [2] for
reviews). Such studies typically discuss
phytotoxicity in terms of decrease in tissue
biomass, chlorosis, and effects on specific
physiological (e.g., xylem transport) or
biochemical (e.g., nitrogen fixation)
processes. Fewer studies have focused on
the impact of Cd on development of
reproductive tissues. From an ecological
perspective, Cd bioaccumulation in plant
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tissues may also pose a risk to wildlife in
terrestrial food webs.

The Crab Orchard National Wildlife
Refuge (CONWR), near Marion, IL (USA)
was added to the National Priorities List in
1987, due to contamination arising from
decades of industrial activity. Cadmium is
among the pollutants that the U.S. Fish and
Wildlife Service has identified on specific
sites within the refuge, particularly in
proximity to a sewage treatment plant at the
refuge (M. Vick, personal communication).
Cadmium was introduced to the soil in part
from nearby plating operations. The site has
been colonized by native and naturalized
plant species and likely serves as a foraging
area for wildlife at CONWR. A dominant
plant species on the site is yellow foxtail
(Setaria glauca L. P. Beauv). The objectives
of this study were to examine the effect of
Cd contamination on yellow foxtail in terms
of tissue bioaccumulation and the impact on
morphology.
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Il. MATERIALS AND METHODS

This study was conducted on a
contaminated site at the Crab Orchard
National Wildlife Refuge (CONWR), near
Marion, lllinois, USA. The site contains
three primary contaminants, PCBs, PAHSs,
and Cd emanating in concentric rings from a
point source on the site. Data on
contaminant distribution at the site provided
by the U.S. Fish and Wildlife Service (M.
Vick, personal communication) allowed for
the identification of a zone containing only
Cd contamination, with total soil Cd
concentrations of up to 400 nug g'1 DW. The
data obtained for this study was collected
from a north-south transect across this Cd-
contaminated area.

A dominant species (>75% ground
cover) in the Cd-contaminated area during
2001 was yellow foxtail, Setaria glauca L., P.
Beauv (=Setaria pumila (poir.) Roem &
Schult). Foxtail plants of a similar age class
were selected from five random 1-m? plots
along the transect. Within each plot, ten
individual stalks with developed seed heads
were randomly selected and harvested. The
height of the stalk from base to the tip and
the length of the seed head were measured.
A composite soil sample was also collected
from the upper 100 mm of the soil in the
plot.

Harvested seed heads were dried to
constant mass at 60° C. The ten samples
from each plot were combined to form a
composite sample and ground to a fine
powder. Samples (5 g) were ashed in a
muffle furnace by gradually increasing the
temperature from 25° to 450° C over a 1.5 hr
period, followed by 2 hr at 450° C. The ash
was re-suspended in 20 mL of aqua regia
(HCI:HNO3, 3:1 v/v) and diluted 1:20 with
deionized water for analysis via graphite
furnace atomic absorption spectroscopy
(GFAA, Perkin-Elmer model 4100ZL,
Cupertino, CA). The soil samples from the
contaminated zone were sieved to < 5 mm
and oven dried to constant mass. Extraction
of a 5 g subsample of soil was performed
with water (1:1 w/v) overnight on a shaker.
The soil extract was recovered by vacuum
filtration using No. 42 Whatman filter paper
followed by filtration through a 0.45 pm
Millipore filter. The soil extract was also
analyzed for Cd via GFAA. Regression
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analysis of the data was performed using
SPSS for Windows (Version 11, SPSS, Inc)

[l RESULTS AND DISCUSSION

In the United States, the range of
total cadmium levels for contaminated
surface soils in sludge-amended, irrigated,
or fertilized farmland is 2.6-8.3 mg L™ total,
with some sites showing significantly higher
concentrations [3]. The water extractable
cadmium level in the soil from the study site
ranged from 4.9-18.0 mg L", was nearly
double the range of total Cd in soil
Cadmium concentrations in the harvested
foxtail tissues were loosely correlated (r2 =
0.31 with extractable soil Cd (Figure 1), but
this correlation was stronger (r2 =093, p<
0.04) if a single inconsistent data point was
excluded. This data point was from a
sample taken from the extreme northern
edge of the transect, farthest from source of
contamination. The reason for this
inconsistency cannot be explained, but
could possibly relate differences in growth or
seed maturity between these plants and
those obtained from the other plots. Tissue
concentration ratios (CRs), expressed as the
ratio of tissue concentration (DW) to water-
extractable Cd, were = 3.0 for all data
points except the inconsistent data point
(CR = 1.0). While there was no correlation
between water-extractable Cd and stalk
height (©* = 0.04), there was a significant
negative correlation (r2 = 0.98, p < 0.01)
between extractable Cd and seed head
length (Figure 2).

Yellow foxtail is widely distributed
throughout North America following its
introduction from Eurasia in the early 19"
century. As a naturalized weedy species,
foxtail is among the first plant species to
colonize disturbed landscapes. At the time
this study was conducted, yellow foxtail
represented >75% of the ground cover on
the Cd-contaminated site and was
ubiquitous in the areas surrounding the site.
Vegetative tissue of yellow foxtail can serves
as forage for wildlife prior to flowering in
early summer. Seeds of yellow foxtail also
serve as a food source for a variety of bird
species.

There is little current literature on
the bioaccumulation and phytotoxicity of
heavy metals in foxtail. The concentration
ratios observed here indicated that Cd



AMERICAN JOURNAL OF UNDERGRADUATE RESEARCH

VOL. 3 NO. 1 (2004)

Tissue Cd (ug g DW™)

O 71 T
0 5 10

I ! I !
15 20 25

Water-extractable Cd (mg kg DW'I)

Figure 1. Relationship between water-extractable Cd in the soil and Cd concentrations in seed
heads of yellow foxtail. Data represent the Cd content of a composite sample of 10 seed heads
harvested within a given 1-m? plot. The two lines reflect the relationship between these two
parameters when an inconsistent data value is included (r2 = 0.31) and excluded (r2 =0.93).

bioaccumulated in the seed heads of foxtail.
In most plants, cadmium is typically found at
higher concentrations in vegetative tissue
than in reproductive tissues like seeds. The
Cd concentrations (16-48 pg g' DW) for
seed heads observed here are high in
comparison to the typical concentrations
reported for the aerial tissues of plants
growing in Cd-contaminated soils [3].
Cadmium in grass tops growing on mining
areas or sites impacted by industry or
sludge amendment range from <1.0 to 8.2
ug g' DW. A study of Cd accumulation in
tissues of giant foxtail (Setaria faberii
Herrm.) growing on sludge-amended soll
(1.5 ug g' DW total Cd) reported that Cd
concentrations were highest in roots but
lowest in seeds [4]. However in other
grasses such as wheat, the Cd
concentration in leaves and grain becomes
more similar as soil Cd concentrations
increase [5].

The significant correlation between
seed head length and water-extractable Cd
demonstrated a possible adverse effect of
elevated Cd concentrations on aspects of
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reproductive development in foxtail. The
majority of studies addressing Cd
phytotoxicity have considered effects on
vegetative tissues or seed germination.
Fewer studies have focused on the impact
of Cd on morphology and reproductive
processes [1]. Cadmium has been shown to
induce cytological changes in tissues of
foxtail millet (Setaria italica cv. Saket-4),
resulting in anomalous epidermal and guard
cell development [6, 7]. These effects are
due in part to Cd-induced damage of
chromosomal material [8]. Adverse effects
on cells have been observed at Cd
concentrations of 1.5 to 10 mg L™, similar to
the range observed here. Cell wall
metabolism and elongation are also inhibited
by Cd [2, 9]. Related effects on cell division
or elongation could have contributed to the
decrease in seed head length observed
here. Whether this decrease in seed head
length also translated into a decrease in
seed viability or plant fitness was not
examined here. If this increased Cd
concentration also decreased seed viability,
then foxtail would not be expected to remain
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Figure 2. Relationship between water-extractable Cd in the soil and length of yellow foxtail seed
heads. Data represent the mean and standard error for 10 stalks harvested from each 1-m? plot.

a dominant species on Cd-contaminated
soils for long periods of time. In contrast,
some studies have indicated that Cd does
not have an adverse effect on seed
germination and early development. Root
elongation by ryegrass (Lolium perenne L.)
is relatively unaffected by Cd concentrations
up to 20 mg L [10]. Germination of some
tree seeds can increase in the presence of
Cd [11].

The significant linear relationship
between water-soluble Cd and seed head
length implies that this morphological
characteristic may provide a biomarker for
soluble Cd in the soil. Several studies have
sought to identify markers that accurately
relate soil contaminant levels to tissue
concentration or to some measurable
biological characteristic. For example,
ammonium nitrate extracts of soils spiked
with Cd showed a significant correlation (r* =
0.97) with Cd concentrations in radish
leaves [12]. Bioassays, such as the
Tradescantia stamen hair assay [13] and the
frequency of Vicia faba L. mitotic root
micronuclei [14], have been utilized to
assess the mutagenicity of various
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pollutants.  Metabolic biomarkers, based
upon synthesis of phytochelatins [15, 16] or
peroxidase activity [17], have also been
proposed as indicators of metal-related
stress in plants.

The data presented here suggest
that yellow foxtail could provide regulators
and site managers with a tool for the
biomonitoring of Cd contamination. The
collection and analysis of soil and plant
tissue samples is a critical aspect of
ecological risk assessments. Seed head
length would provide a simple, readily
obtainable parameter to assess the
distribution of soluble, vadose-zone Cd on a
site. Such measurements could help focus
subsequent soil and tissue sampling on
areas with the greatest contamination.
Moreover, data on Cd bioaccumulation in
seed heads of foxtail could aid in identifying
wildlife species potentially impacted by the
Cd contamination present. For example,
given that the foxtail distribution was
continuous between the Cd-contaminated
zone and surrounding areas at CONWR,
wildlife feeding upon these seed heads may
be exposed to elevated levels of Cd.
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Potential exposure could be extrapolated

based upon factors such as Cd
concentration and feeding pattern, and total
consumption. This particular site is

relatively small (<30,000 m?) compared to
the surrounding refuge area, so the impact
on wildlife may be minimal as there have
been no reported incidents of Cd toxicity to
wildlife at CONWR. Nevertheless, these
results suggest that other Cd contaminated
areas colonized by foxtail may provide a
pathway for Cd bioaccumulation in terrestrial
food chains if the Cd contamination persists
for an extended period of time. This trophic
transfer would be dependent upon the
continued presence of foxtail as a dominant
plant species in that terrestrial ecosystem.

Additional field and greenhouse
experiments are planned to confirm and
extend these results, particularly with
respect to the relationship between soluble
and tissue Cd levels. Data here were based
upon a single composite measurement of
tissue Cd concentration. Establishing a
quantitative relationship between these two
factors will require more extensive sampling
and analysis. The contribution of physical
and environmental conditions such as slope
aspect, soil mineralogy, soil moisture, and
nutrient content will also have to be
excluded to demonstrate that Cd is
responsible for the alteration of seed head
morphology. Future experiments with foxtail
will also examine the effect of Cd on seed
production and viability. One factor that was
not evaluated in this work was whether the
reduction in seed head size also reflected a
difference in individual seed mass or
viability. The reduction in seed head size
could represent a form of stress response,
but may be accompanied by a smaller
number of viable seeds. This is a potentially
important  distinction that should be
addressed.
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