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Abstract

The demography of Paronychiurus kimi, a dominant collembolan in paddy fields of Korea, was quantified for four treatments of the

herbicide paraquat (0, 1.6, 16, 160 and 1600mg/cm2) in a controlled environment using plaster-of-Paris as the test substrate. The survival

rate of adults and the reproductive fitness of P. kimi were not affected by paraquat except at the highest dosage (1600 mg/cm2), when fed

baker’s yeast and reared on plaster–charcoal substrate. However, results of life-history experiments suggest that fitness was maintained

by a tradeoff between fecundity and reproductive period. It is suggested that these are potential life-history tradeoffs of Collembola that

were exposed to the manufacturer’s recommended concentration of paraquat (16 mg/cm2).

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Herbicides are one of the major xenobiotics applied to
agricultural soil and its use has increased because of high
costs of labor. Paraquat is a dominant herbicide used in
Korean rice paddy fields (Lee et al., 2001) and its impact on
ecosystems is controversial (Bromilow, 2003). Collembo-
lans are useful organisms to assess the ecological risk of
paraquat on soil ecosystems because they are important as
fragmenters of organic matter and consumers of microbes
(Crossley et al., 1992; Fountain and Hopkin, 2005;
Seastedt, 1984).

Demographical bioassays conducted as life-history
experiments are useful tools because they detect changes
of life-history traits throughout the life span of organisms
including both survival and reproduction parameters.
Because fitness is determined by multiple life-history traits,
e front matter r 2007 Elsevier Inc. All rights reserved.
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analysis of tradeoffs among these traits may offer insight
into the parameters of fitness that are sensitive to exposure
of xenobiotics. For example, Kammenga et al. (1997)
showed that fitness of a nematode, Plectus acuminatus, can
be compensated by a tradeoff between survival and fertility
when it is exposed to a moderate concentration of
pentachlorophenol. They determined that daily fertility
was insensitive to exposure to pentachlorophenol because it
was constant rather than variable during the experimental
period. In contrast, daily or weekly fertility of collembolans
is age dependent and, thus, affects fitness of Collembola
when exposed to xenobiotics (Choi et al., 2002). Therefore,
modifications of Kammenga’s model are necessary if
applied to Collembola.
The present study was conducted to evaluate the

influence of the herbicide, paraquat, on the demography
of P. kimi (Lee), a dominant springtail of the paddy
fields in Korea (Kang et al., 2001). Because herbicides
are applied to the paddy fields in spring when temperatures
are suitable to reproduction of P. kimi (Choi and Ryoo,
2003; Choi et al., 2002), paraquat has the potential to
affect reproduction of this species. The objective of this
study was to assess the effect of paraquat on the survival
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Table 1

Parameters (7SE) of the Weibull function for survival and cumulative

reproduction of Paronychiurus kimi under influence of paraquat treatment

on charcoal-plaster at 20 1C and 95–100% relative humidity (Fig. 1).

Parameters b and c are constants for the shape and scale of the function.

Parameter of a is a measure for fertility of cumulative reproduction and is

considered as 1 for survival curve

Dosage (mg/cm2) a se b se c se

Survival

0 — — 14.85 0.30 1.35 0.06

1.6 — — 13.90 0.25 0.70 0.02

16 — — 18.44 0.44 1.13 0.06

160 — — 15.13 0.38 0.99 0.05

1600 — — 5.61 0.25 0.60 0.03

Reproduction

0 33.76 0.30 8.22 0.13 1.61 0.06

1.6 43.77 0.45 7.28 0.15 1.63 0.08

16 23.87 0.23 6.60 0.13 1.82 0.09

160 17.03 0.13 5.09 0.09 2.50 0.16

1600 17.36 0.17 8.17 0.12 2.50 0.13
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and reproduction of P. kimi and to analyze these data from
the perspective of life-history tables (Kammenga et al., 1997).

2. Materials and methods

2.1. Collembola

P. kimi was collected from a rice field in Ichon, located in the central

region of Korea, in September 1996. These P. kimi were maintained on

baker’s yeast (Saccharomyces cerevisiae) in glass crystal dishes (height

90mm, diameter 90mm) on a base of plaster-of-Paris mixed with charcoal

in the ratio 4:1. The relative humidity in the glass dish was maintained at

100% by spraying weekly with distilled water.

2.2. Chemical

Paraquat (1, 10-dimethyl-4, 40, -bipyridinium dichloride) is one of the

most frequently used herbicides worldwide due to its non-selectivity

against annual and perennial plant species (Bromilow, 2003). Target

plants are unable to metabolize it completely, thus leaving residues

adsorbed to soils and sediments (Eisler, 1990). In the present study, a

commercial formulation containing 24.5% active ingredient of paraquat

(Hankook Samgong Co. Ltd.) was used.

2.3. Demography of P. kimi exposed to paraquat

The experimental unit was a Petri dish (90mm diameter, 15mm height)

containing 20 six-week-old adult collembolans on a solid base of

plaster–charcoal–distilled water in 3:1:3 by volume. Appropriate amounts

(50, 500, 5000 or 50,000mg/mL) of paraquat in 2mL distilled water were

sprayed onto the populated substrate using a Potter spray tower at

0.70 kgf/cm2 (Burkard Manufacturing, Rickmansworth, England). Trea-

ted experimental units were incubated at 20 1C under continuous darkness.

The final dosages corresponded to 0, 1.6, 16, 160, and 1600mg/cm2 based

on the surface area of each dish, respectively. The collembolans in the dish

treated with 2mL of distilled water served as a control. Each treatment

was replicated three times. The animals were not fed during the first week

of treatment. Adult mortality and eggs laid were recorded every week and

the surviving adult springtails were transferred to a fresh Petri dish filled

with the substrate provided with 10mg yeast without further treatment of

paraquat. Life history of the animal was observed until reproduction of all

springtails ceased.

2.4. Estimation of life table statistics

Based on the data on the age specific survival rate and fecundity, the

intrinsic rate of natural increase (rm) per week was estimated using Lotka’s

equation (see Pielou, 1969):

Z 1
0

e�rm lxmxdx �
X1
0

e�rmlxmx ¼ 1, (1)

where lx is the age specific survival rate per week, mx the age specific

fecundity per week, x the midpoint age (week) of the female, and rm the

intrinsic rate of natural increase. The intrinsic rate of natural increase (rm)

was estimated using the maximum likelihood method. The generation time

(GT) (week), finite rate of increase (l) (week�1), and net reproduction per

generation (R0) was estimated from the equations (see Pielou, 1969):

GT �
X

xlxmx
.X

lxmx, (2)

l ¼ exp ðrmÞ, (3)

R0 ¼
X

lxmx. (4)
2.5. Life-history tradeoff and sensitivity analysis

To simulate the sequential changes in the survival rate S(x), the survival

data were fitted to a Weibull function defined as (Pinder et al., 1978)

SðxÞ ¼ 1� 1� exp ð�ðx=bÞcÞ
� �

, (5)

where x is age, and b and c are parameters of the function (Table 1). A

formula based on S(x) is used to fit the cumulative reproduction, R(x),

which is defined as

RðxÞ ¼ a 1� exp ð�ðx=bÞcÞ
� �

, (6)

where a, b and c are parameters. The parameters a, b and c of Weibull

function represent constant for cumulative reproduction, the shape and

scale of the function, respectively. Therefore, in case of fecundity function,

b would reflect reproductive pattern (Pinder et al., 1978).

The age specific survival rate (lx) and fecundity (mx) were estimated by

Eqs. (5) and (6), respectively. Estimates of survival rate and fecundity were

incorporated into Eq. (1) and this equation was used to estimate

reproductive fitness of collembolan populations at each concentration of

paraquat. In addition, the equation was also used for sensitivity analysis to

assess effects of the total number of eggs laid and CRT50 on fitness. A

sensitivity analysis was performed using Matlab version 6.1 software

(Natick, MA, USA).

3. Results

Survival rates of P. kimi adults were similar for paraquat
dosages ranging from 0 to 160 mg/cm2, but were reduced
significantly at 1600 mg/cm2 (Fig. 1a) (based on 95% CI).
The number of eggs produced over 20 weeks of P. kimi

adults unexposed to paraquat (i.e., controls) was 33.76 per
female. Cumulative reproduction values were greatest (i.e.,
43.77 per female) when collembolans were exposed to
paraquat at 1.6 mg/cm2 and decreased with increasing
dosage (Fig. 1b). Except for the highest dosage in our
experiment, the linear relationship between b and c can be
estimated to be

c ¼ 3:91� 0:30 b ðr2 ¼ 0:88Þ, (7)
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Fig. 1. Survival (A) and cumulative reproduction (B) of adult Parony-

chiurus kimi exposed with four different dosages of paraquat on

charcoal–plaster substrate at 20 1C. The survival rate and the cumulative

reproduction were estimated by Eqs. (5) and (6), respectively. Dots and

lines indicated observed and estimated values, respectively. See Table 1 for

the estimated Weibull parameters.

Fig. 2. Relationship between b and c value in Weibull function presented

in Eq. (5) (A), and between CRT50 and b value in Weibull function

according to Eq. (9) (B). Circles and the solid line indicate observed values

and simulated values predicted by the regression model, respectively. All

of values in the figures were estimated from the paraquat toxicity

experiment to Paronychiurus kimi on the charcoal–plaster (Fig. 1).

Fig. 3. Effects of paraquat dosage (mg/cm2) and the 50th percentile of half

cumulative reproductive time (CRT50 expressed in weeks) of Parony-

chiurus kimi on charcoal–plaster.
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where b and c are parameters of the Weibull function
estimated empirically for each experimental treatment
(Table 1, Fig. 2a). To estimate the reproductive period of
collembolans, the half cumulative reproductive time (week)
(CRT50) is defined as the time of half the total reproduction
and is calculated by solving Eq. (6) follows:

0:5 ¼ a 1� exp �ðx=bÞð3:91�0:30 bÞ
� �� �

, (8)

where a and b are constants of the Weibull function
estimated empirically for each experimental treatment
(Table 1, Fig. 2b). Because the shape of the function is
independent on parameter a of the Weibull function
(personal observation), CRT50 values that corresponded
to b values ranged from 5.1 to 8.3 with a iterative step
interval of 0.1 estimated by solving Eq. (8). The derived
values were used to estimate relationship between para-
meter b of the Weibull function and the half cumulative
reproductive time (CRT50) (Fig. 2b):

CRT50 ¼ 1:16þ 0:64 b ðr2 ¼ 0:99Þ. (9)

Likewise, CRT50 values (half of cumulative reproductive
time) were 6.55 weeks for unexposed collembolans and
decreased with increased dosages of paraquat up to 160 mg/
cm2 (Fig. 3). In contrast, CRT50 values increased to 7.06
weeks at 1600 mg/cm2 of paraquat. This suggests that P.

kimi exposed to paraquat produced eggs for a shorter
period of time than unexposed collembolans, with the
exception of extremely high dosages of paraquat that delay
reproduction.
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The intrinsic rate of natural increase (i.e., fitness) (rm)
was 0.24/week for unexposed P. kimi populations whereas
it was greater (i.e., 0.27/week) for collembolans exposed to
paraquat at 1.6 mg/cm2. At dosages greater than 1.6 mg/cm2,
rm values decreased with increasing dosages of paraquat
(Table 2). Similar trends were observed for net reproduc-
tive rate (R0, Table 2). The fitness of P. kimi exposed to
16 mg/cm2 decreased 4.2% compared to control, whereas
R0 of P. kimi exposed to 16 mg/cm2 decreased 24.3%.

Values of b ranged from 5.0 to 8.0, which coincided
with our experimental range were affected negatively
by values of c and positively by values of CRT50 (Fig. 4).
Fig. 4 shows the results of the sensitivity analysis of
fitness under influence of CRT50 (represented by b value)
and number of eggs laid/female and the relationship
Table 2

The life table statistics of Paronychiurus kimi maintained on charcoal–

plaster treated with paraquat at 20 1C and 95–100% relative humidity

Dosage (mg/cm2) rm GT l R0 DT

0 0.24 14.26 1.28 22.67 2.84

1.6 0.27 13.42 1.31 25.62 2.55

16 0.23 13.48 1.26 17.15 3.05

160 0.20 12.40 1.23 11.50 3.38

1600 0.12 14.80 1.13 5.32 5.87

rm: intrinsic rate of natural increase per week, GT: generation time (week),

l: finite rate of increase per week, R0: net reproduction rate per generation,

DT: doubling time (week).

Fig. 4. Results of sensitivity analysis using Eq. (1). The analysis shows the in

parameter of Weibull function given in Eq. (5).
was described as

rm ¼ 0:25� 0:0092 bþ 0:0029 egg ðr2 ¼ 0:99Þ, (10)

where rm is fitness, and egg is the number of eggs laid
during the experimental period. This equation suggests that
fitness of Collembola increased with increasing number of
eggs laid with constant CRT50 value and decreased with
increasing CRT50 with constant fertility. Thus, a collem-
bolan population would increase in fitness without a
simultaneous increase in fertility by concentrating its
reproduction in earlier reproductive period. This phenom-
enon was inferred by smaller CRT50 values. In our
experiment, the fitness of Collembola exposed to paraquat
at 16 mg/cm2 showed a similar life-history tradeoff. How-
ever, the tradeoff was unable to fully compensate reduced
fertility by decreased CRT50 values (i.e., earlier reproduc-
tion during the reproductive period).

4. Discussion

Collembola can compensate for decreased fertility under
exposure to paraquat by concentrating egg production
early in their reproductive period. Although other scientists
have studied effects of herbicides on Collembola (AlAssi-
uty and Khalil, 1996; Amorim et al., 2005; Ponge et al.,
2002; Rebecchi et al., 2000; Sabatini et al., 1998; Sarkar
et al., 2000; Siepel, 1995), to the best of our knowledge, this
is among the first studies to show life-history traits tradeoff
of Collembola exposed to an herbicide. Exposure to
fluence of b value and the number of eggs laid/female on rm. Here, b is a
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paraquat induced two changes in life-history trait of P.

kimi: decreases in fecundity and concentrating reproduc-
tion earlier in the reproductive period. These two traits are
components of fitness and results of our sensitivity analysis
suggest that reduced fertility and delayed reproduction
cause decreased fitness. Consequently, P. kimi concentrates
its reproduction earlier in adulthood, achieving greater
fitness than those populations that distribute their repro-
duction evenly throughout adulthood. We demonstrated
that P. kimi exposed to paraquat compensates its fitness
using phenotypic plasticity. Evidently, the net reproduction
rate decreased 24.3% at the recommended dose (16 mg/cm2)
compared to unexposed collembolans, and fitness de-
creased only 4.2%. This suggests that other life-history
traits compensate for lower fertility of P. kimi when
exposed to dosages of paraquat of 16 mg/cm2 or greater.
Therefore, P. kimi exposed to paraquat at recommended
doses show life-history traits tradeoff to maintain its’
fitness. This conclusion is supported by Kammenga et al.
(1997) who demonstrates that phenotypic plasticity in life-
history traits, such as juvenile survival and daily reproduc-
tion, can compensate the fitness of P. acuminatus, a
nematode exposed to moderate concentrations of penta-
chlorophenol.

Interestingly, P. kimi exposed to a relatively low dosage
of paraquat (1.6 mg/cm2) appeared to have greater fitness,
exhibiting both greater fecundity and concentrating its
reproduction during an earlier reproductive period. Cer-
tainly, there is a possibility that our dose did not coincide
with field dosage due to difference in bioavailability
between experimental media such as plaster/charcoal,
artificial soil, and field soil (Kang et al., 2001; Lock and
Janssen, 2001a, b). Nonetheless, our results showed that
paraquat has the potential to stimulate reproduction
of P. kimi at low concentrations. A similar phenomenon
was reported in the nematode, Acrobeloides sp. exposed to
copper (Li et al., 2005). The phenomenon is referred
to as hormesis, the stimulated biological response
often seen at low concentration of chemicals (Calabrese,
2005). The mechanism of this phenomenon is unclear but
some authors suggest that xenobiotics may stimulate
metabolism of organisms exposed to low doses of
xenobiotic chemicals.

Recently, Lopes et al. (2004) reported that Daphnia

exposed to copper solution had greater fertility and
tolerance to copper than those from an uncontaminated
site. Perhaps this phenomenon can be explained by loss of
very sensitive individuals due to lower fitness or by fixing
phenotypic plasticity induced by life-history traits tradeoff
genetically during the adaptation process. However, it is
uncertain whether paraquat may induce changes in genetic
or phenotypic composition of collembolan populations
and, in turn, affect their tolerance to the herbicide because
paraquat is persistent in soil but its bioavailability is
limited because of strong binding to clay particles.
Although some authors suggest that residual concentration
of paraquat in Korean agricultural fields is relatively high
(Lee et al., 2001), bioavailability of the herbicide to
Collembola is unknown. Therefore, comparative experi-
ments with Collembola exposed to herbicide-contaminated
and herbicide-free sites are necessary to clarify the effects
of paraquat on microarthropod populations.
To date, the influence of paraquat treatment on soil

ecosystems is controversial (Bromilow, 2003, Choi et al.,
2006). Edwards (1970) observed that paraquat had no
apparent effect on micro-invertebrates at recommended
dosage. His results suggest that paraquat may not directly
cause mortality of the collembolans. Likewise, Riley and
Wilkinson (1976) noted that earthworms were not affected
directly by paraquat at a recommended dose applied to
soils at different stages of cultivation. Subagja and Snider
(1981) reported similar results that paraquat did not cause
acute mortality of Tullbergia granulata and Folsomia

candida on polluted food at concentrations ranging from
600 to 5000 mg/g in controlled environments. In contrast,
reproduction of collembolans decreased when they were
offered food contaminated by paraquat at a concentration
of 600 mg/g. Curry (1970) observed a reduction of
Collembola in grasslands after it had been sprayed with
paraquat at the recommended manufacturer’s dose and,
thus, suggested that indirect effects such as removal of
plants are a possible cause for decrease of springtail
community.
In conclusion, our results suggest that an application of

paraquat has a potential to affect population dynamics of
P. kimi even without apparent reduction in survival and
reproduction of the microarthropod. In addition, our
results show that collembolan fitness can be maintained
by life-history traits tradeoff under herbicide stress. This
suggests that physiological or biochemical responses may
enable adaptation of collembolans to a stressful environ-
ment. Therefore, low concentrations of xenobiotics can
induce biochemical or molecular reactions that correspond
with life-history tradeoffs.

Acknowledgments

The authors are indebted to two anonymous reviewers
for valuable suggestions on the manuscript.

Funding source: This work was financially supported by
the Korean Science and Engineering Foundation (No. 981-
0603-015-1) granted to M.I. Ryoo.

References

AlAssiuty, A.I.M., Khalil, M.A., 1996. Effects of the herbicide-atrazine on

Entomobrya musatica (Collembola) in field and laboratory experi-

ments. Appl. Soil Ecol. 4, 139–146.

Amorim, M.J.B., Rombke, J., Scheffczyk, A., Nogueira, A.J.A.,

Soares, A.M.V.M., 2005. Effects of different soil types on the

collembolans Folsomia candida and Hypogastrura assimilis using the

herbicide Phenmedipham. Arch. Environ. Contam. Toxicol. 49,

343–352.

Bromilow, R.H., 2003. Paraquat and sustainable agriculture. Pest

Manage. Sci. 60, 340–349.



ARTICLE IN PRESS
W.I. Choi et al. / Ecotoxicology and Environmental Safety 69 (2008) 227–232232
Calabrese, E.J., 2005. Paradigm lost, paradigm found: the re-emergence of

hormesis as a fundamental dose response model in the toxicological

science. Environ. Pollut. 138, 378–411.

Choi, W.I., Ryoo, M.I., 2003. Matrix model for predicting seasonal

fluctuations in field populations of Paronychiurus kimi (Collembola:

Onychiruidae). Ecol. Model. 162, 259–265.

Choi, W.I., Ryoo, M.I., Kim, J., 2002. Biology of Paronychiurus kimi

(Collembola: Onychiuridae) under the influence of temperature,

humidity and nutrition. Pedobiologia 46, 548–557.

Choi, W.I., Moorhead, D.L., Neher, D.A., Ryoo, M.I., 2006. A modeling

study of soil temperature and moisture effects on population dynamics

of Paronychiurus kimi (Collembola: Onychiuridae). Biol. Fertil. Soil

43, 69–75.

Crossley, D.A., Mueller, B.R., Perdue, J.C., 1992. Biodiversity of

microarthropods in agricultural soils: relations to processes. Agric.

Ecosyst. Environ. 40, 37–46.

Curry, J.P., 1970. The effects of different methods of sward establishment

and the effects of herbicide paraquat and dalapon on the soil fauna.

Pedobiologia 10, 329–361.

Edwards, C.A., 1970. Effects of herbicides on the soil fauna. In:

Proceedings of the Tenth British Weed Control Conference, pp.

1052–1062.

Eisler, R., 1990. Paraquat hazards to fish, wildlife and invertebrates: a

synoptic review. US Fish and Wildlife Service Biological Report, No.

85(1.22), 28pp.

Fountain, M.T., Hopkin, S.P., 2005. Folsomia candida (Collembola): a

‘‘standard’’ soil arthropod. Annu. Rev. Entomol. 50, 201–222.

Kammenga, J.E., Van Koert, P.H.G., Koeman, J.H., Bakker, J., 1997.

Fitness consequences of toxic stress evaluated within the context of

phenotypic plasticity. Ecol. Appl. 7, 726–734.

Kang, S.Y., Choi, W.I., Ryoo, M.I., 2001. Demography of Paronychiurus

kimi (Lee) population (Collembola: Onychiuridae) under the influence

of glufosinate-ammonium on plaster charcoal substrate and artificial

soil. Appl. Soil Ecol. 18, 39–45.

Lee, I., Park, J., Park, T., Lim, S., Moon, B., 2001. Fact-finding survey

paddy, upland and orchard herbicides use at farmer’s level. Korean J.

Weed Sci. 21, 58–64.

Li, F., Neher, D.A., Darby, B.J., Weicht, T.R., 2005. Observed differences

in life history characteristics of nematodes Aphelenchus and Acrobe-

loides upon exposure to copper and benzo(a)pyrene. Ecotoxicology 14,

419–429.
Lock, K., Janssen, C.R., 2001a. Test designs to assess the influence of soil

characteristics on the toxicity of copper and lead to the oligochaete

Enchytraeus albidus. Ecotoxicology 10, 137–144.

Lock, K., Janssen, C.R., 2001b. Cadmium toxicity for terrestrial

invertebrate: taking soil parameters affecting bioavailability into

account. Ecotoxicology 10, 315–322.

Lopes, I., Baird, D.J., Ribeiro, R., 2004. Genetic determination of

tolerance to lethal and sublethal copper concentration in field

populations of Daphnia longispina. Arch. Environ. Contam. Toxicol.

46, 43–51.

Pielou, E.C., 1969. An Introduction to Mathematical Ecology. Wiley,

New York.

Pinder, J.E., Wiener, J.G., Smith, M.H., 1978. The Weibull distribution: a

new method of summarizing survivorship data. Ecology 59,

175–179.

Ponge, J.F., Bandyopadhyaya, I., Marchetti, V., 2002. Interaction

between humus form and herbicide toxicity to Collembola (Hexapo-

da). Appl. Soil Ecol. 20, 239–253.

Rebecchi, L., Sabatini, M.A., Cappi, C., Grazioso, P., Vicari, A., Dinelli,

G., Bertolani, R., 2000. Effects of a sulfonylurea herbicide on soil

microarthropods. Biol. Fertil. Soils 30, 312–317.

Riley, D., Wilkinson, W., 1976. Biological unavailability of bound

paraquat residues in soil. In: Kaufman, D.P., Still, G.G., Paulson,

G.D., Bandal, S.K. (Eds.), Bound and Conjugated Pesticide Residues,

ACS Symposium Series, vol. 29, American Chemical Society,

Washington, DC, pp. 301–353.

Sabatini, M.A., Rebecchi, L., Cappi, C., Guidi, A., Dinelli, G., Vicari, A.,

Bertolani, R., 1998. Side effects of the herbicide triasulfuron

on Collembola under laboratory conditions. Chemosphere 37,

2963–2973.

Sarkar, K., Pramanik, R., Joy, V.C., 2000. Reproductive toxicity of

pesticides on soil microarthropod fauna as ecotoxicological tool.

J. Environ. Biol. 21, 227–234.

Seastedt, T.R., 1984. The role of microarthropods in decomposition and

mineralization processes. Annu. Rev. Entomol. 29, 25–46.

Siepel, H., 1995. Applications of microarthropod life-history tactics in

nature management and ecotoxicology. Biol. Fert. Soils 19,

75–83.

Subagja, J., Snider, R.J., 1981. The side effects of the herbicides atrazine

and paraquat upon Folsomia candida and Tullbergia granulata

(Insecta: Collembola). Pedobiologia 22, 141–152.


	Life-history trade-offs of Paronychiurus kimi (Lee) (Collembola: Onychiuridae) populations exposed to paraquat
	Introduction
	Materials and methods
	Collembola
	Chemical
	Demography of P. kimi exposed to paraquat
	Estimation of life table statistics
	Life-history tradeoff and sensitivity analysis

	Results
	Discussion
	Acknowledgments
	References


