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Chronic exposure to elevated levels of manganese and nickel
is not harmful to a cosmopolitan detritivore, Megaselia scalaris

(Diptera: Phoridae)

Mary A. Sorensen, C. Mae Chase-Dunn and John T. Trumble
Department of Entomology, University of California, Riverside, California, 92521, USA

Abstract Environmental contamination with metals such as manganese (Mn) and nickel
(Ni) often results in elevated concentrations of these metals in plant tissues. At high
concentrations, these metals are known to have detrimental effects on certain insect
herbivores. Using laboratory bioassays and artificial diet, we investigated the development
and survival of a cosmopolitan insect detritivore, Megaselia scalaris (Diptera: Phoridae),
exposed to concentrations of Mn and Ni reaching 2 600 mg Mn/kg and 5 200 mg Ni/kg dry
mass (dm) in artificial diet. Surprisingly, Ni and Mn at the concentrations tested did not harm
this fly. Treatment groups from diets with 260—2 600 mg Mn/kg dm and 1 300—5 200 mg
Ni/kg dm had significantly shorter larval development times, overall times to adult
emergence, and both pupariation and pupal eclosion times compared to a control group.
Wing length of females, a correlate of adult fitness, was also greater in metal treatment
groups. Other measures including rate of egg hatch, percentage of emerging flies that were
female, and wing length of male flies, were not significantly different in metal treatment
groups. We conclude that Megaselia scalaris is tolerant of exceptionally high levels of Mn

and Ni.
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Introduction

Manganese (Mn) and nickel (Ni) occur in soil both natu-
rally and as anthropogenic contaminants. In serpentine
soils, both metals may occur naturally at elevated levels
(Alexander et al., 2007). Although the level of natural Mn
in soil ranges from 40—900 mg/kg, with an average of 330
mg Mn/kg, areas with anthropogenic contamination may
contain soils with up to 7 000 mg Mn/kg (Barceloux,
1999a). Similarly, naturally occurring levels of Ni in soil
range from 5-500 mg Ni/kg (Barceloux, 1999b), but
concentrations at point sources for anthropogenic pollution,
such as smelters, may be extraordinarily high, reaching

Correspondence: Mary A. Sorensen, Department of
Entomology, University of California, Riverside, CA 92521,
USA. Tel: +1 951 827 4297; email: mary.sorensen@ucr.edu

© 2009 The Authors

thousands of mg/kg (Barcan & Kovnatsky, 1998). Anthro-
pogenic inputs of Mn and Ni are an increasing pollution
problem (Alloway, 1990). Sources of Mn pollution include
industrial metallurgy, fungicides, and anti-knock agents in
gasoline (Gerber et al., 2002), while Ni contamination
commonly results from industrial metallurgy and the com-
bustion of fossil fuels (Barceloux, 1999b). Although small
amounts of both Mn and Ni are essential for animals, both
metals have the potential to be toxic and carcinogenic at
higher levels (Barceloux, 1999a,b).

Biomagnification (defined here as the presence of higher
levels of a contaminant in an organism than in lower
trophic levels) of Mn or Ni has not been found to occur, but
bioaccumulation (defined here as the transfer of a contami-
nant from food or the environment to the organism, at any
concentration) has been demonstrated (Mn: Kelley, 1914;
Ni: Cataldo et al., 1978). Plants and other organisms may
acquire Mn or Ni and thereby become a contaminated food
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source for insect herbivores and detritivores feeding on
dead plant or animal material.

Healthy plants may contain from 5—1 500 mg Mn/kg
(Raven et al., 1976), although 50 mg Mn/kg is a more
typical value (Salisbury & Ross, 1978). Uncontaminated
plants also contain concentrations of 1-10 mg Ni/kg
(Reeves & Baker, 2000). In contaminated areas, plants
may acquire elevated levels of Mn or Ni. Lytle et al. (1995)
found that herbaceous terrestrial plants close (< 10 m) to a
Utah roadway had around 100 mg Mn/kg compared to less
than 10 mg Mn/kg in most plants not close to the roadway.
Voorhees and Uresk (1990) found that rillscale (4triplex
suckleyi) contained up to 2 500 mg Mn/kg and up to 29 mg
Ni/kg when grown on mine spoils. The amount of Ni taken
up by plants is thought to be strongly correlated with the
concentration of Ni in soil (Alegria ef al., 1991), up to a
threshold concentration at which the metal becomes toxic
to the plant. The toxic concentration for Ni is variable [e.g.
100 mg Ni/kg leaf dry mass (dm) (Cyperus difformis,
Ewais, 1997), 42 mg Ni/kg shoot dm (Vigna unguiculata,
Kopittke et al., 2007)]. Manganese uptake and toxicity are
also variable, and toxic concentrations may range from 160
to over 1 000 mg Mn/kg leaf dm (El-Jaoual & Cox, 1998).

With the exception of some studies, such as Haimi and
Matasniemi (2002), little is known regarding the impact of
Mn and Ni on detritivores. The objective of the current
study was to examine the chronic toxicity of Mn and Ni to
a cosmopolitan detritivore, Megaselia scalaris (Diptera:
Phoridae), using laboratory bioassays and artificial diet.

Meterials and methods

Megaselia scalaris

The fly Megaselia scalaris (Loew) (Diptera: Phoridae),
known as the scuttle fly, is a widely distributed species
which has been reported feeding on a large variety of
materials, most often decaying plant and animal material,
but including living plants and animals, and more unusual
food sources such as paint and boot polish (for a thorough
review of published work on M. scalaris biology and diet
breadth, see Disney, 2008). The M. scalaris laboratory
colony used in all bioassays was established in 2001 from
adult flies found infesting insect diet. The colony was
maintained at 26°C with a photoperiod of 16:8 L: D and fed
an alfalfa-based diet (similar to that used by Mandeville et
al., 1988). These flies have been used successfully for
previous studies involving pollutants, and methods used
here were adapted from those studies (Trumble & Jensen,
2004; Jensen et al., 2005, 2006). Large numbers of eggs of
standardized age were obtained for bioassays by placing

approximately 50 flies in 75-mL Petri dishes with control
(uncontaminated) bioassay diet (Fisher’s Drosophila diet,
Fisher Scientific, Pittsburg, PA, USA) and allowing fe-
males to oviposit for 4 hours. This diet is a bright blue color
and provides an excellent contrast to eggs, larvae and
pupae. Flies were subsequently removed and eggs were
transferred to bioassay treatments.

Survival and development bioassays

To create metal-contaminated food sources, commer-
cially purchased Ni or Mn was dissolved in high perfor-
mance liquid chromatography (HPLC) grade water, which
was then used to hydrate the bioassay diet. Treatments
included: control (0 mg/kg); 1300, 2 600, and 5200 mg Nikg
dm; and 260, 1300, and 2 600 mg Mn/kg dm. Concentrations
were selected to represent levels reported from both con-
taminated plant tissue and contaminated soil. Nickel was
added as nickel (IT) chloride hydrate (CAS# 69098-15-3,
NiCl, x H,0, 99.95%, Sigma-Aldrich, St. Louis, MO,
USA), and Mn was added as manganese (II) chloride
tetrahydrate (CAS# 13446-34-9, MnCl, 4H,0, 98%,
Sigma-Aldrich). The nickel chloride product obtained from
Sigma-Aldrich had a published degree of hydration of 7—
8, which was averaged to 7.5 to obtain a molecular weight
of 264.6, which was used for calculations when preparing
treatment solutions. Because both Mn and Ni may undergo
a variety of reactions when dissolved in water or added to
diet, including complexing with organic molecules, con-
centrations of both Ni and Mn are reported here as nominal
concentration of elemental Ni or Mn per dry mass of diet.
Concentrations of metals may be converted to mg/kg wet
diet weight by multiplying by 0.278.

After mixing with treatment solution, diet was inserted
into one-half of divided, 75-mL clear plastic Petri dishes.
Because M. scalaris typically moves off the larval food for
pupariation, the open side of the Petri dish provided a
preferred pupariation site and facilitated counting of puparia.
Twenty eggs were placed onto the surface of the diet in
each Petri dish. After 24 h, unhatched eggs were counted
and removed. Dishes were monitored daily and new puparia,
newly eclosed adults, and sex of adults was recorded.
Adults were preserved for wing-length measurements by
freezing. Wing length was measured as an analogue for
body size, a correlate of insect reproductive capacity (Honek,
1993) and therefore a predictor of fitness. Each treatment
concentration was replicated eight times.

The effect of treatment on percentage of eggs eclosing,
percent pupariation, time to pupariation, percent of puparia
eclosing, percent adult emergence, percent female, and
wing length was analyzed using analysis of variance
(ANOVA) followed by Tukey’s honestly significant dif-
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ference (HSD) post-hoc test as appropriate, with P < 0.05
(SAS Institute, 2002). Percentage data were arcsine trans-
formed for analysis but were back-transformed for
presentation. To evaluate potential differences in male and
female developmental times, and the possible influence of
metal treatment on the difference in development time of
the sexes, time to adult emergence was analyzed using
analysis of covariance (ANCOVA) (SAS Institute, 2002)
with sex as the independent variable and metal treatment as
the covariate. All values are reported as mean + standard
error.

Results

The presence of Ni or Mn in the diet, at the concentrations
tested, did not affect percentage of eggs hatched (F . =
1.03, P=0.416). However, there was a significant effect of
metals on percentage of larvae forming puparia (F_ ;=
5.07, P <0.001, Fig. 1) and time to pupariation (¥, =
19.2, P<0.001, Fig. 2). The presence of metals increased
the percentage of larvae pupariating in four of the six
treatments and decreased the time to pupariation in all
treatments.

All metal treatments significantly increased the percent—
age of the puparia formed that successfully eclosed (F ;=
8.00, P<0.001, Fig. 3) as compared to controls. There was
no significant difference among metal treatments, where
percent puparial eclosion ranged from 88%—99%. The
control treatment exhibited a significantly lower percent-
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Fig. 1 Effect of Ni and Mn added to diet on percentage pupariation
(£ SE) of Megaselia scalaris. Concentrations given are per unit
of dry mass. Different letters indicate a significant difference at
the P < 0.05 level (ANOVA, Tukey’s HSD).
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Fig. 2 Effect of Ni and Mn added to diet on time to pupariation
(£ SE) of Megaselia scalaris. Concentrations given are per unit
of dry mass. Different letters indicate a significant difference at
the P < 0.05 level (ANOVA, Tukey’s HSD).
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Fig. 3 Effect of Ni and Mn added to diet on the percentage of
pupariated larvae that successfully eclosed as adults (£ SE) of
Megaselia scalaris. Concentrations given are per unit of dry
mass. Different letters indicate a significant difference at the P <
0.05 level (ANOVA, Tukey’s HSD).

age of pupae eclosing (68% * 9.5%) relative to other
treatments.

While sex did not have a significant effect on time to
emergence (F, .= 2.03, P = 0.157), the time to adult
emergence was significantly decreased by metal treatment
(F, =642, P<0.001, Fig. 4). Feeding on diets containing
Ni or Mn caused adults to eclose significantly faster than

controls in five of six metal treatments.
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The percentage of flies that were female was not affected
by either pollutant treatment (¥ ., = 1.02, P=0.423). Wing
length, a fitness correlate, was significantly increased by
the metal treatments for females (F , = 3.12, P=0.011,
Fig. 5), but not for males (F; ,,=1.31, P=0.274). Male ﬂles
in the control treatment had an average wing length of 1.64

+0.01 mm.
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Fig. 4 Effect of Ni and Mn added to diet on time to adult
emergence (= SE) of Megaselia scalaris. Concentrations given

are per unit of dry mass. Different letters indicate a significant
difference at the P < 0.05 level (ANOVA, Tukey’s HSD).
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Fig. 5 Effect of Ni and Mn added to diet on female wing length
(mm * SE) of Megaselia scalaris. Concentrations given are per
unit of dry mass. Different letters indicate a significant difference
at the P < 0.05 level (ANOVA, Tukey’s HSD).

Discussion

The presence of Ni or Mn in the diet, at the concentrations
tested, did not affect the percentage of eggs that hatched.
Thus, even though eggs have a known potential for absorb-
ing liquid from the surface of the diet (Chapman, 1975) and
thereby possibly acquiring Ni or Mn, either the eggs did not
absorb appreciable concentrations of the metals or these
metals did not have measurable effects on this life stage.
Regardless, eggs laid on Ni- or Mn-contaminated food
could be expected to hatch in normal numbers, at least up
to the concentrations tested in this study.

While previous studies with hexavalent chromium
(Trumble & Jensen, 2004; Jensen et al., 2005) and meth-
ylmercury (Jensen et al., 2006) found no effects on pupal
eclosion, this study demonstrated that the presence of Ni or
Mn in the diet significantly increased the eclosion rate of
pupae, indicating that in some cases the pupal, as well as the
larval, stadium may be affected by the presence of metals.

Sex did not have a significant effect on time to emergence.
This finding is consistent with some earlier studies (Trumble
& Jensen, 2004; Jensen ef al., 2005), but contrasts with
other publications documenting that females required longer
to emerge (Benner & Ostermeyer, 1980; Jensen et al.,
2005). The reason for this variability is not clear.

Although Mn and Ni are toxic to some invertebrates at
levels as low as 400 mg Mn/kg (Kuperman et al., 2004) and
20 mg Ni/kg (Coleman et al., 2005), we found that concen-
trations of up to 2 600 mg Mn/kg and 5 200 mg Ni/kg were
not toxic to M. scalaris, even when the effects of chronic
exposure on developmental measures were evaluated. This
result is surprising, as Helidvaara and Viisédnen (1993)
reported that the most common effects of pollutant metals on
insects were a decrease in survival and an increase in larval
developmental times. Our previous research on M. scalaris
indicated that pollutants such as selenium and methylmer-
cury caused increased larval developmental times (Jensen et
al., 2006), but only at concentrations above 100—300 mg Se/kg
or when the metals were combined.

As is the case for other animals, Mn and Ni are essential
trace nutrients in insects (Trager, 1953), although both
metals also have demonstrated toxicity in some insect
species. Generalist Lepidopteran larvae have been found to
be sensitive to Mn and/or Ni when metals were added in
artificial diets. Coleman et al. (2005) investigated the
diamondback moth (Plutella xylostella) and found that Mn
was toxic at levels greater than 1 370 mg/kg dm and Ni was
toxic at levels greater than 20 mg/kg dm. Boyd and Martens
(1994) found that 1 000 mg Ni/kg dm was acutely toxic to
Pieris rapae. Spodoptera exigua exposed to Ni at 936 mg/kg
dm experienced significantly more mortality than controls
(Boyd & Moar, 1999). Some studies have examined the
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sensitivity of predators to Ni. Boyd and Wall (2001) found
that high-Ni prey (Mirid bugs, 770 mg Ni/kg dm) did not
cause mortality for a mantid, a lacewing, or a Pholcid
spider, but did cause mortality in Misumena vatia, a crab
spider (Thomisidae).

Similarly, soil organisms have been examined for sensi-
tivity to Mn and/or Ni. Kuperman et al. (2004) surveyed
soil organisms’ sensitivities to Mn. The three species tested
were Enchytraeus crypticus (Oligochaeta, EC, = 386 mg
Mn/kg), Eisenia fetida (Oligochaeta, EC, =1 970 mg Mn/kg),
and Folsomia candida (Collembola, juvenile EC, =
1 663 mg Mn/kg). On the basis of their bioassays, Kuperman
et al. (2004) recommended a limit of 445 mg Mn/kg in soil
when remediating contaminated sites. Scott-Fordsmand ez
al. (1999) found the LC_ of Ni for Collembola, in a 3-week
bioassay, to be 800—900 mg/kg dm in soil. In contrast,
Jaworska and Gorczyca (2002) found that Mn was beneficial
rather than harmful to entomopathic nematodes, when Mn
was dissolved in water at a concentration of 400 mg/L. This
concentration of Mn significantly decreased entomopathic
nematode mortality as compared to a control. In a study of
decomposers, Haimi and Matasniemi (2002) found that in a
coniferous forest with 460 mg Ni/kg (250 mg exchangeable
Ni/kg) in soil, the soil microarthropod community was
significantly altered as compared to a control area.

Some plants have adapted to living in areas with high soil
metal concentrations by acquiring exceptionally high levels
of metals in their tissues. These plants have been desig-
nated as accumulators or hyperaccumulators, with an Mn
accumulator being a plant with more than 2 000 mg Mn/kg,
an Mn hyperaccumulator being a plant with more than
10 000 mg Mn/kg, and an Ni hyperaccumulator being a plant
containing more than 1 000 mg Ni/kg dm (Reeves & Baker,
2000). Although there are only about 13 recorded species
of Mn hyperaccumulators, Ni hyperaccumulators are more
abundant (318 recorded species) (Brooks, 1998; Reeves &
Baker, 2000). Martens and Boyd (1994) hypothesized that
hyperaccumulation of metals may provide a defense against
herbivores. Coleman et al. (2005) extended the hypothesis
to include a defensive function for accumulators that
contain even lower levels of metals in their foliage. Evidence
for these ideas, termed the elemental defense hypothesis, is
reviewed by Boyd (2007).

Clearly, most of the insects previously studied are sensi-
tive to levels of Mn and Ni that did not harm M. scalaris.
Indeed, M. scalaris may be one of a few organisms, other
than metal-adapted specialists such as Melanotrichus boydi
(Hemiptera: Miridae) (Wall & Boyd, 2006) and a Stenoscepa
sp. (Boyd et al., 2007), capable of overcoming an elemental
defense to feed on Mn-accumulating (> 2 000 mg Mn/kg)
or Ni-hyperaccumulating (> 1 000 mg Ni/kg) plants. Gen-
eralist detritivores such as M. scalaris feed on a wide
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variety of plant and animal matter in varying stages of
decay and therefore must be able to tolerate a wide variety
of components in their food.

Many minerals, such as Se, Ni and Mn, are considered
essential-toxic, meaning that although low levels are es-
sential for growth and survival, too much can be lethal (e.g.
Daniels, 1996). In our experiments, all concentrations of
Mn and Ni in the diets increased various measures of M.
scalaris fitness (time to pupariation, percent pupariation,
percent eclosion of pupae, time to adult emergence, or
wing length of female flies). While these findings seem to
suggest that these metal concentrations are above the
essential threshold but below a toxic threshold, an alternate
explanation is that these insects were able to utilize as much
Mn or Ni as they needed, then excrete or detoxify the rest.
Whether these levels of Mn and Ni were not toxic or if
negative effects were avoided through detoxification, both
Mn and Ni were clearly not harmful to M. scalaris at the
levels tested.

Trumble and Jensen (2004) found that hexavalent chro-
mium was toxic to M. scalaris at levels above 500 mg
CrVI/kg. Although toxicity data are not available to com-
pare the chromium susceptibility of M. scalaris with that of
other organisms, the toxicity of Se (LC,, = 260 mg/kg
selenate; Jensen et al., 2006) to M. scalaris is much lower
than that for the herbivore Spodoptera exigua (LC, < 50
mg/kg selenate; Trumble ef al., 1998). These studies as
well as the findings reported in this paper suggest that M.
scalaris may be more tolerant of pollutants than many
other invertebrates.

Megaselia scalaris is known to feed on an exceptional
range of foods (Disney, 2008). This ability to utilize
extremely diverse resources is perhaps aided by M. scalaris’
having an extreme metal tolerance. Additional research is
necessary to discover the physiological or behavioral mecha-
nisms responsible for the tolerance of M. scalaris to Mn
and Ni.

Acknowledgments

We appreciate the identification of M. scalaris by B.
Brown, Natural History Museum of Los Angeles County.
The laboratory assistance of L. Johnson and R. Valdez is
also appreciated. We thank W. Carson, G. Kund, C. Butler,
K. Hladun, R. Redak, W. Walton, and D. Parker for their
critical reviews of this manuscript.

References

Alegria, A., Barbera, R., Boluda, R., Errecalde, F., Farre, R. and

Journal compilation © Institute of Zoology, Chinese Academy of Sciences, /nsect Science, 16, 73 =79



78 M. A. Sorensen et al.

Lagarda, M.J. (1991) Environmental cadmium, lead, and nickel
contamination: possible relationship between soil and veg-
etable content. Fresenius’ Journal of Analytical Chemistry,
339, 654-657.

Alexander, E.B., Coleman, R.G., Keeler-Wolf, T. and Harrison,
S. (2007) Serpentine Geoecology of Western North America:
Geology, Soils, and Vegetation. Oxford Univeristy Press, New
York. 528 pp.

Alloway, B.J. (ed.) (1990) Heavy Metals in Soils. John Wiley and
Sons, Inc., Somerset, NJ.

Barcan, V. and Kovnatsky, E. (1998) Soil surface geochemical
anomaly around the copper-nickel metallurgical smelter. Water
Air Soil Pollution, 103, 197-218.

Barceloux, D.G. (1999a) Manganese. Clinical Toxicology, 37,
293-307.

Barceloux, D.G. (1999b) Nickel. Clinical Toxicology, 37,239—
258.

Benner, D.B. and Ostermeyer, E.C. (1980) Some observations on
the life history of the fly Megaselia scalaris Loew (Phoridae)
with special reference to the eclosion pattern. Journal of the
Tennessee Acadamy of Science, 55, 103-105.

Boyd, R.S. and Martens, S.N. (1994) Nickel hyperaccumulated
by Thlaspi montanum var. montanum is acutely toxic to an
insect herbivore. Oikos, 70, 21-25.

Boyd, R.S. and Moar, W.J. (1999) The defensive function of Ni
in plants: response of the polyphagous herbivore Spodoptera
exigua (Lepidoptera: Noctuidae) to hyperaccumulator and
accumulator species of Streptanthus (Brassicaceae). Oecologia,
118,218-224.

Boyd, R.S. and Wall, M.A. (2001) Response of generalist preda-
tors fed high-Ni Melanotrichus boydi (Heteroptera: Miridae):
Elemental defense against the third trophic level. American
Midland Naturalist, 146, 186—198.

Boyd, R.S. (2007) The defense hypothesis of elemental
hyperaccumulation: status, challenges and new directions.
Plant and Soil, 293, 153-176.

Boyd, R.S., Davis, M.A., Wall, M.A. and Balkwill, K. (2007)
Host-herbivore studies of Stenoscepa sp. (Orthoptera:
Pyrgomorphidae), a high-Ni herbivore of the South African Ni
hyperaccumulator Berkheya coddii (Asteraceae). Insect
Science, 14, 133-143.

Brooks, R.R. (1998) Plants that Hyperaccumulate Heavy Metals.
CAB International, New York. 392 pp.

Cataldo, D.A., Garland, T.R. and Wildung, R.E. (1978) Nickel in
plants I. Uptake kinetics using intact soybean seedlings. Plant
Physiology, 62, 563-565.

Chapman, R.F. (1975) The Insects, Structure and Function.
American Elsevier, New York. 788 pp.

Coleman, C.M., Boyd, R.S. and Eubanks, M.D. (2005) Extending
the elemental defense hypothesis: Dietary metal concentra-
tions below hyperaccumulator levels could harm herbivores.
Journal of Chemical Ecology, 31, 1669-1681.

Daniels, L.A. (1996) Selenium metabolism and bioavailability.
Biological Trace Element Research, 54, 185-199.

Disney, R.H.L. (2008) The natural history of the scuttle fly,
Megaselia scalaris. Annual Review of Entomology, 53, 39—
60.

El-Jaoual, T. and Cox, D.A. (1998) Manganese toxicity in plants.
Journal of Plant Nutrition, 21, 353-386.

Ewais, E.A. (1997) Effects of cadmium, nickel and lead on
growth, chlorophyll content and proteins of weeds. Biologia
Plantarum, 39, 403-410.

Gerber, G.B., Leonard, A. and Hantson, P. (2002) Carcenogenicity,
mutagenicity, and teratogenicity of manganese compounds.
Critical Reviews in Oncology/Hematology, 42, 25-34.

Haimi, J. and Matasniemi, L. (2002) Soil decomposer animal
community in heavy-metal contaminated coniferous forest
with and without liming. European Journal of Soil Biology, 38,
131-136.

Heliovaara, K. and Viisédnen, R. (1993) Insects and Pollution.
CRC Press, Boca Raton. 416 pp.

Honek, A. (1993) Intraspecific variation in body size and fecun-
dity in insects: a general relationship. Oikos, 66, 483 -492.
Jaworska, M. and Gorczyca, A. (2002) The effect of metal ions on
mortality, pathogenicity and reproduction of entomopathic
nematodes Steinernema feltiae Filipjev (Rhabditida,
Steinernematidae). Polish Journal of Environmental Studies,

11,517-519.

Jensen, P.D., Rivas, M.D. and Trumble, J.T. (2005) Developmen-
tal responses of a terrestrial insect detritivore, Megaselia
scalaris (Loew) to four selenium species. Ecotoxicology, 14,
313-322.

Jensen, P.D., Johnson, L.R. and Trumble, J.T. (2006) Individual
and joint actions of selenate and methylmercury on the devel-
opment and survival of insect detritivore Megaselia scalaris
(Diptera: Phoridae). Archives of Environmental Contamina-
tion and Toxicology, 50, 523 -530.

Kelley, W.P. (1914) The function of manganese in plants. Botani-
cal Gazette, 57,213-227.

Kopittke, P.M., Asher, C.J. and Menzies, N.W. (2007) Toxic
effects of Ni?* on growth of cowpea (Vigna unguiculata). Plant
and Soil, 292, 1573-5036.

Kuperman, R.G., Checkai, R.T., Simini, M. and Philips, C.T.
(2004) Manganese toxicity in soil for Eisenia fetida,
Enchytraeus crypticus (Oligochaeta), and Folsomia candida
(Collembola). Ecotoxicology and Environmental Safety, 57,
48-53.

Lytle, C.M., Smith, B.N. and McKinnon, C.Z. (1995) Manganese
accumulation along Utah roadways: a possible indication of
motor vehicle exhaust pollution. The Science of the Total
Environment, 162, 105—109.

Mandeville, J.D., Mullens, B.A. and Meyer, J.A. (1988) Rearing
and host age suitability of Fannia canicularis (L.) (Diptera:
Muscidae) for parasitization by Muscidifurax zaraptor Kogan

© 2009 The Authors

Journal compilation © Institute of Zoology, Chinese Academy of Sciences, Insect Science, 16, 73 =79



and Legner (Hymenoptera: Pteromalidae). Canadian
Entomologist, 120, 153 -159.

Martens, S.N. and Boyd, R.S. (1994) The ecological significance
of nickel hyperaccumulation: a plant chemical defense.
Oecologia, 98, 379-384.

Raven, P.H., Evert, R.F. and Curtis, H. (1976) Biology of Plants,
2nd ed. Worth, New York. 704 pp.

Reeves, R.D. and Baker, A.J.B. (2000) Metal accumulating
plants. Phytoremediation of Toxic Metals: Using Plant to
Clean up the Environment (eds. 1. Raskin & B.D. Ensley), pp.
193-229. John Wiley and Sons, New York.

SAS Institute (2002) SAS Statistical Software. SAS Institute,
Cary, NY.

Salisbury, F.B. and Ross, C.W. (1978) Plant Physiology, 2nd ed.
Wadsworth, Belmont, CA.

Scott-Fordsmand, J.J., Krogh, P.H. and Hopkin, S.P. (1999)
Toxicity of nickel to a soil-dwelling springtail, Folsomia

fimetaria (Collembola: Isotomidae). Ecotoxicology and Envi-
ronmental Safety, 43, 57-61.

Stark, J.D. and Banks, J.E. (2003) Population-level effects of
pesticides and other toxicants on arthropods. Annual Review of

© 2009 The Authors

Toxicity of manganese and nickel to Megaselia scalaris 79

Entomology, 48, 505-519.

Trager, W. (1953) Insect nutrition. /nsect Physiology (ed. K.D.
Roeder), p. 360. Chapman and Hall, London.

Trumble, J.T., Kund, G.S. and White, K.K. (1998) Influence of
form and quantity of selenium on the development and survival
of an insect herbivore. Environmental Pollution, 101, 175—
182.

Trumble, J.T. and Jensen, P.D. (2004) Ovipositional response,
developmental effects, and toxicity of hexavalent chromium to
Megaselia scalaris, a terrestrial detritivore. Archives of Envi-
ronmental Contamination and Toxicology, 46, 372-376.

Voorhees, M.E. and Uresk, D.W. (1990) Evaluation of rillscale
for herbivore forage on bentonite mine spoils. Northwest
Science, 64, 181-186.

Wall, M.A. and Boyd, R.S. (2006) Melanotrichus boydi
(Hemiptera: Miridae) is a specialist on the nickel
hyperaccumulator Streptanthus polygaloides (Brassicaceae).
Southwestern Naturalist, 51, 481-489.

Accepted February 26, 2008

Journal compilation © Institute of Zoology, Chinese Academy of Sciences, /nsect Science, 16, 73 =79



