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PLANT-ANIMAL INTERACTIONS - ORIGINAL PAPER
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Abstract Some plants can hyperaccumulate the element
selenium (Se) up to 10,000 mg Se kg¡ 1 dry weight. Hyper-
accumulation has been hypothesized to defend against her-
bivory. In laboratory studies high Se levels protect plants
from invertebrate herbivores and pathogens. However, Weld
studies and mammalian herbivore studies that link Se accu-
mulation to herbivory protection are lacking. In this study a
combination of Weld surveys and manipulative Weld studies
were carried out to determine whether plant Se accumula-
tion in the Weld deters herbivory by black-tailed prairie
dogs (Cynomys ludovicianus). The Se hyperaccumulator
Astragalus bisulcatus (two-grooved milkvetch) occurs nat-
urally on seleniferous soils in the Western USA, often on
prairie dog colonies. Field surveys have shown that this Se
hyperaccumulator is relatively abundant on some prairie
dog colonies and suVers less herbivory than other forb spe-
cies. This protection was likely owing to Se accumulation,
as judged from subsequent manipulative Weld experiments.
When given a choice between pairs of plants of the Se
hyperaccumulator Stanleya pinnata (prince’s plume) that
were pretreated with or without Se, prairie dogs preferred to
feed on the plants with low Se; the same results were
obtained for the non-hyperaccumulator Brassica juncea
(Indian mustard). Plants containing as little as 38 mg
Se kg¡ 1 DW were protected from herbivory. Taken
together these results shed light on the functional signiW-
cance of Se hyperaccumulation and the possible selection

pressures driving its evolution. They also have implicatio
for the use of plants in Se phytoremediation, or as Se-fo
Wed crops.
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Introduction

While many plant species growing on soils with high co
centrations of metals or metalloids have elevated tiss
concentrations of those elements (Brooks 1987), some plant
species hyperaccumulate these elements to levels sev
orders of magnitude higher than other plant species fou
on the same site (Baker and Brooks 1989). Over 400 spe-
cies of plants have been reported to be hyperaccumula
of elements such as Ni, Zn, Cd, Cu, Co, Mn and Se (Ree
and Baker 2000). Selenium hyperaccumulators contai
greater than 1000 mg Se kg¡ 1 dry weight (DW) and typi-
cally occur on seleniferous soils, such as those found in
Western USA (Beath et al. 1939a, b; Feist and Parker
2001). Some species of Astragalus and Stanleya, both
native to the Western USA, accumulate upwards 
1000 mg Se kg¡ 1 DW from soils containing 4–10 mg Se
kg¡ 1 DW (Shrift 1969; Feist and Parker 2001; Pickering
et al. 2003).

Selenium is an essential trace element for mamm
(Stadtman 1990), and Se hyperaccumulating plants may 
a useful source of dietary Se (Ellis and Salt 2003; Freeman
et al. 2006a). However, Se is toxic at higher levels, an
ingestion of hyperaccumulators is responsible for a loss
livestock valued at $330 million annually in the USA
(Rosenfeld and Beath 1964; Wilber 1980). Selenium toxic-
ity is thought to result from its chemical similarity to sulfu
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(S), leading to inadvertent uptake and replacement of S by
Se in proteins and other redox-important S compounds
(Stadtman 1990). It is unlikely that Se serves an essential
role in higher plants, but elevated levels of Se are toxic to
plants (Anderson 1993). As a result of its similarity to sul-
fate, selenate is incorporated into selenocysteine (SeCys)
via the sulfate assimilation pathway. SeCys replaces cyste-
ine in proteins, resulting in a loss of protein function; this
process is in part responsible for Se toxicity (Stadtman
1990; Anderson 1993). Selenium hyperaccumulators have
evolved a tolerance to Se by methylating SeCys into meth-
ylselenocysteine (MeSeCys), which is not easily incorpo-
rated into proteins (Brown and Shrift 1981).

Many hypotheses for the functional signiWcance of metal
and metalloid hyperaccumulation by plants have been pro-
posed, including allelopathy, drought resistance and protec-
tion from both herbivores and pathogens (Reeves et al.
1981; Boyd and Martens 1992). There is considerable evi-
dence for the latter, termed the elemental defense hypothe-
sis. For example, high levels of Ni in plants have been
shown to protect them from a variety of herbivores and
pathogens (Boyd et al. 1994, 2002; Martens and Boyd
2002). Zinc and Cd can also protect plants from inverte-
brate herbivory (Pollard and Baker 1997; Jhee et al. 1999).
Mounting evidence suggests that Se can protect plants from
a variety of herbivores and pathogens, including rats, Lepi-
doptera larvae, aphids and fungal pathogens (Franke and
Potter 1936; Vickerman and Trumble 1999; Bañuelos et al.
2002; Hanson et al. 2003, 2004; Freeman et al. 2006b). In
further support of a defensive role, it appears that the Se in
hyperaccumulators is concentrated in organs and tissues
that are most susceptible to both herbivory and pathogens
(Freeman et al. 2006a; Galeas et al. 2007). Selenium in
hyperaccumulators is most concentrated in young leaves
and reproductive tissues, and in trichomes and epidermal
cell layers, all of which are the Wrst to come into contact
with attackers and often contain chemical defense com-
pounds.

Ecologically relevant Weld studies examining the role of
Se as an elemental defense in native hyperaccumulator
environments are currently lacking. Boyd (2007) pointed to
the lack of elemental defense studies regarding mammalian
herbivores in his recent review of elemental defense litera-
ture. The study reported here expands on laboratory experi-
ments, testing the ecological signiWcance of Se
hyperaccumulation in the Weld, and examines the possible
role Se plays in protecting plants from mammalian herbiv-
ory. SpeciWcally, this study explores the role Se may play in
protecting plants from black-tailed prairie dog (Cynomys
ludovicianus) herbivory. This small, burrowing mammal is
one of the predominant herbivores in the natural habitat of
Se hyperaccumulators in the Western United States. Prairie
dogs live in large colonies and act as ecosystem engineers

(Jones et al. 1997), altering various aspects of their habitat,
including plant community structure and species composi-
tion (Whicker and Detling 1988; Weltzin et al. 1997). Prai-
rie dogs are voracious herbivores, both consuming and
clipping vegetation. This facilitates predator avoidance by
increasing visibility (Summers and Linder 1978; Uresk
1984; Hoogland 1995; Detling 1998). Since prairie dogs
and Se hyperaccumulators are native to the same region, it
is possible that prairie dog herbivory has acted as a selec-
tion pressure for the evolution of Se hyperaccumulation as
an elemental defense. In this study several Weld surveys and
manipulative Weld experiments were conducted to test the
hypothesis that hyperaccumulated Se protects plants by
deterring prairie dog herbivory.

Materials and methods

Field sites

Two Weld sites with similar characteristics were chosen to
conduct experiments: Prairie Dog Meadow in South Fort
Collins, Colorado (40°30.37N, 105°03.69W), and Pine
Ridge Natural Area in South-West Fort Collins
(40°32.70N, 105°07.87W). Both sites harbored the native
Se hyperaccumulator Astragalus bisulcatus (two-grooved
milkvetch, Fabaceae), which is an indicator of seleniferous
soils. While Prairie Dog Meadow has a dense prairie dog
population throughout the entire site, the prairie dog colony
on Pine Ridge Natural Area occupies only about half of the
area, making it particularly appropriate to study the eVect of
prairie dogs on the abundance of Se hyperaccumulators.
The vegetation at both sites consisted of native grasses and
forbs.

Surveys of herbivory damage to both Se hyperaccumulators 
and non-hyperaccumulators on prairie dog towns

Survey I

At Prairie Dog Meadow, a 160-m-long transect was
selected on the prairie dog colony containing the Se hyper-
accumulator A. bisulcatus. The transect was divided into
sixteen 100-m2 (10 £ 10 m) subplots. A. bisulcatus and the
non-Se hyperaccumulator Rumex crispus (curly dock,
Polygonaceae) were the two most abundant forbs on the
colony. They are similar in size, but R. crispus has large
simple leaves with long petioles while A. bisulcatus has
much smaller, compound leaves growing from multiple
stems. Probably because of this diVerence in morphology,
prairie dogs clip R. crispus at the bases of petioles, and
A. bisulcatus at the bases of stems. Astragalus bisulcatus and
R. crispus are both perennials, and the average number of
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