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Abstract

A matrix model for the population dynamics Baronychiurus kimin the field, based on life table statistics Bfkimi
in a laboratory at constant temperature under optimum environmental conditions is described. The temperature-dependent
development and fertility schedule Bfkimiwere estimated in terms of degree-days (for temperaturé83°C). The model
simulates reasonably accurately the seasonal fluctuatiBrkarhiin Ichon, Korea. It predicted a significantly higher density
than that observed in the field between mid April and early June, when the soil moisture content was lowest and with high
variance. Our results suggest that soil moisture content is the limiting factor suppressing the population below the density
level predicted. The validity of the model as a standard phenologylamiin the field is discussed, including the capability
to account for factors other than temperature.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Bodvarsson, 1973; Vegter, 1987; Ponge et al., 1993
Abiotic and biotic factors including soil temperature,
Soil Collembola are an important component of soil  soil moisture content, soil porosity and nutrient con-
fauna @l-Assiuty and Khalil, 1999, and have been tent, and microbial biomass, all influence populations
used as test organisms in ecotoxicological studies in of Collembola Hopkin, 1997. The population ecol-
soil (Frampton, 199X However, the role of Collem-  ogy of Collembola can be understood only through
bola as test organisms is reliable only if their popu- integrated studies of all these factors. However, the
lation ecology and genetics are understood in relation concealed nature of Collembola in soil, and the com-
to the biotic and abiotic components of the soil envi- plexity of the soil ecosystem, have restricted study of
ronment. the actions and interactions of these factors. Simula-
The population dynamics of Collembola are com- tion of a collembolan population using a simplified but
plex, involving ecological characteristics such as sea- realistic model might, therefore, clarify the interaction
sonal changes and communal behavidisher, 1970; of factors that govern field populations.
Longstaff (1977)reported that laboratory popula-
"+ Corresponding author. Tek:82-2-3290-3062: tion dynamics onnychiurus armatusBagnaII a_nd
fax: +82-2-925-1970. Hypogastrua denticulatdHandschin were described
E-mail addressryoomi@korea.ac.kr (M.l. Ryoo). accurately by the Leslie matrix model. However, a
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population model at a constant temperature is unable The moisture content of the soil was measured as
to simulate the population dynamics of Collembola follows (Okoh et al., 1999 About 59 of soil was
in the field, since the soil temperature fluctuates daily extracted from each sample, weighed accurately (CT
and seasonally. 1200-K, Ohaus), heated in an oven at #92°C for

It is well known that insect development rate de- 24 h, cooled and re-weighed. The moisture content was
pends on temperature, and can be estimated on theestimated from the formula:
basis of heat accumulation (degree-days). Demo- (Ww — Dw)
graphic analyses based on degree-days give goodMoisture content) = X
predictability for populations in changing tempera-
ture conditions Ryoo et al., 198Band in the field ~ WhereWy andDyy are the weights of the soil sample
(Jones et al., 1997 We, therefore, assume that before and after heating.
a stage-structured matrix model (Lefkovitch ma- To estimate the organic matter content of the sail,
trix; see Caswell, 2001; Jensen, 199%based on  We ground the dried samples with a laboratory mill
degree-days gives an accurate simulation of collem- SO as to pass through 0.5mm mesh, and measured the
bolan populations in the fieldBommarco (2001) total carbon content using the Tyurin methdde(son
analyzed the factors influencing population growth and Sommers, 1996
of four arthropod pests using a Stage_structured ma- Flg 4 shows the soil temperature and soil moisture
trix model on the basis of degree-days_ However, content recorded in 1998, a.lﬁjg 5 shows the total
the applicability of the model to field population SOil organic matter (SOM) content in 1998.
dynamics under fluctuating temperatures was not

100 (1)

considered. 2.2. Soil sampling and P. kimi extraction
The present study sets up a matrix model for the S _
population dynamics oParonychiurus kimiLee) on P. kimiin soil were sampled using a core sampler

the basis of degree-days, and tests the resulting simu-(diameter 6 cm) and collection of top soil to a depth of
lations against a field population, which was measured 5 cm every other week from March to November 1998.
periodically in a rice paddy field in Ichon, Korea in A total of 30 soil samples were collected from the

1998.P. kimiis the dominant species in the aré&afg embankment. These samples were placed in polythene
et al., 200). bags, and the mouth of the bag was tied to prevent the

soil drying. Collembola were extracted from the soil
samples in a laboratory over 14 days using a modified
2. Materials and methods high gradient extractorGrossley and Blair, 1991

2.1. Field study site and monitoring environmental
factors 3. Stage-structured matrix model

Our field population ofP. kimi was located in ~ 3.1. The matrix model
Anhung-Dong, Ichon, Korea (33 N, 1274 E).
The climate is hot and wet in summer, and cold and  To describe the population dynamicsfkimi, we
dry in winter. The temperature varied from16.5 to  Ccategorized the population into three biologically de-
31.7°C with an annual average of 12, and the fined stages: eggs, juveniles, and adults. The adult
total precipitation for 1998 was 1803 mm. The main Stage was not further divided into reproductive and
crop is rice. Soybean was also planted, along part of Post-reproductive stages because too few adults in the

the field embankment. post-reproductive phase were caught in the field.
The soil temperature at the sample site was The modelis of the form:
measured using immediate action thermometers nt+1) = A@n() )

(Technoterrf® 7300, Testoterm Inc.). The temperature
was read 1 min after inserting the sensor into the soil wheren(t) is a vector giving the numbers of the pop-
to a depth of 3cm. ulation in each stage at timeand A(t) is a popula-
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tion projection matrix Caswell, 2001 The discrete Pe() =1—-Uj(®yandP(r) = 1 — Ua(®) ©)
projection interval (fromt to t+1) is 1 day. The age
structure vector representing the population at tifse

, 1di 3. d;
ne(t) Gilt) = 1 — exp {_ (DD(t) +C’(|r.] 2) b,> }
"= " ® (3) Ci
na(t) o

whereng(t), nj(t), andna(t), respectively, denote the where subscript indicates each developmental stage
numbers of eggs, juveniles, and adults at tim&he (e: egg; j: juvenile; and a: adulti3;(t) is cumulative
projection matrixA(t) takes the form developmental rate of each stabg,c;, andd; are the
Pa(1) 0 Ne(d) cumulative Weibull function parameters_, and DO$
the cumulative degree-day number at titne
A0 =1 U AO 0 ) The probability of remaining as an aduR4) in a
0 Ua®) Pal® unit time period was taken as constant and was esti-

whereNe(t) is the average number of eggs produced mated on the basis of the field data collected in 1998:
per day per individual, andl;(t) and Ua(t) are the 0.8 for temp_eratures above 26, and 0.9 when the
transition probabilities to juveniles and adults, respec- temperature is less than 26.

tively. HerePg(t), Pj(t), andP,(t) are the probabilities B o

of eggs, juveniles, and adults remaining in the same 3-3- Per day fertility of P. kimi

stage of development within a unit period. o _

The data needed to describe the development and The fertility in relation to degree-days was well de-
egg production ofP. kimi at different temperatures ~ Scribed by the Weibull functionF(g. 1B), but could
were taken from the study bghoi et al. (2002) not be estimated due to inhibition of the oviposition

at higher temperatures than optimum (around@p

3.2. Transition probabilities based on degree-days ~ Fig- 2). We estimated the number of eggs produced
per day using the Logan/Lactin modélactin et al.,

The transition probabilities per day were estimated 1999, which describes the number of eggs per day as:

using the concept of degree-days. The degree-day y ;) = e*7 — eleZmax—(Tmax=1/F] 4 y (9)
(DD) parameter in this study is defined as:
At=(+1)—1 where Ng(t) is the temperature-dependent fertility

(eggs/day)T the temperature; and, g, y, and Tmax

DD =0, if Tmead?) < 7L (5) are fitting parameters. This model permits the esti-
DD(?) = (Tmeart) — TL)At,  if Tmead®) > T mation of the lower T.) and upper Ty) temperature
wheret is the time (day) Tmeardt) is daily average g:zzzr;?t:gi and the optimum temperatuie)( for

temperature, an@_ is the lower threshold temperature
for developmentKlochberg et al., 1986

The degree-day parameter was estimated from the
mean daily soil surface temperature in the Ichon area
according to the Korea Meteorological Administra-
tion.

The probabilities for staying in the same stage o
development ;) and the probabilities for advance-

ment to the next stagéJf) are estimated, using the cu- fertility (Cho_i et_al., 200% I_t_can, therefore, b.e mod-
mulative Weibull distribution functionWagner et al. eled by multiplying the fertility rate by a functiop(k)
1984), as: ' which depends on the population size, defined as

Ui = <Gi(’) — Gile - 1)> ok) = (L= K)/kma)  fOrk < kmax

10
1-Git-1) ©6) ok) =0 fork > kmax (10)

3.4. Limiting of population increase by
environmental resistance

The effect of biotic factors on increase in the collem-
i bolan populationl{ongstaff, 1977 is taken to depend
on the total population through the density-dependent
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(A) o 1700 wherek is the population size (number of juveniles

10 o 200C adults)/sample core ankhax is the carrying capac-

08 | S s 9900 ity/sample core. Her&kmax is empirically determined
% o 2500 as 50 per sample core on the basis of the density of
% 06 | o 280C the field population surveyed in 1998. We have in-
2 —— Predicted corporated the functiop(k) into our extended matrix
% 04| model.

027y 3.5. The goodness-of-fit test of the model

The predictive power of the model for the field pop-
ulation was estimated using the coefficient of determi-
nation ¢2) of the regression of the density observed on
the density predicted, indicating the proportion of the
collembolan density variation explained by the model,
and they?-test Zar, 1999.

4. Results and discussion

Fig. 1 shows that the survival rate and the rela-
tive fertility rate curves at five different temperatures
can all be described by a single equation based on

Degree day degree-days. This result verifies that the effect of vary-
Fig. 1. Survival rate (A) and cumulative relative fertility (B) curves Ing temperature can accounted for by tranSformmg the

of P. kimiat five different temperatures vs. degree-day. The survival calendar date into degree-days, as suggested by Ryoo

0 1000 2000 3000 4000 5000

Relative cumulative distribution of fertility
(o]
[o)]

rate and the cumulative fertility arg = exp(—(x/194618)19) et al. (1998) andones et al. (1997)
(Pinder et al., 1978andy = 1 exp(—(x/102304)>%) (Johnson Fig. 2shows that egg production Bf kimiis depen-
and Kotz, 197)) wherey is the rate andk is degree-day. dent on the daily temperature, fitting the Logan/Lactin

model well (Table J). The lower, upper, and optimum
temperatures foP. kimioviposition were estimated as

0.8
-~ 8.85, 28.79, and 25.0C.
3 Table 1shows estimates of the parameters in the
3 06 functions of the matrix model.
©
% Table 1
Qo4 Parameter values for the relation between DD and life history of
5 P. kimi
5] Cumulative Parameters r2a
'g 02} development rate
3 (Model) b c d
Egg to juvenile 154.10 247.79  15.00 0.89
0.0 : Juvenile to adult 490.52 101.36 3.23 0.99
5 10 15 20 25 30
° o B 14 Trmax
Temperature (°C)
Temperature- 0.027 1.62 -1.27 30.32 0.96

dependent egg

Fig. 2. Relation between temperature and daily fertilityPokimi. :
production per day

Circles and the solid line respectively indicate observed values
and values predicted by Lactin’s equation. a r2js the amount of variation explained by the given equation.
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Temperature C)

Predicted
« o . Observed

- (B)

Number of P. kimi/ sample core

30/5 9/7 7/9 27/10 16/12
Calendar date

19/2  10/4

Fig. 3. Seasonal changes in (A) surface soil temperature and
(B) observed density oP. kimi population (circles), and density
predicted by matrix model (solid line), in the paddy field in Ichon
in 1998. The two horizontal lines indicate the lower threshold
(7.83°C) and optimum temperature (25.00) for reproduction of

P. kimi.

The density oP. kimipredicted by the matrix model
shows similar trends to the field population, except in
mid April, and early Junerf = 0.79; Fig. 3. We
constructed the model on the basis of the demography
of a population maintained at optimum environmental
conditions in our laboratoryGhoi et al., 2002 The
failure of the model in predicting suppression of the
population density in mid April and early June is most
likely due to environmental factors not considered in
the model.

Herbicides and pesticides were intensively applied
for pest control on this survey site during the test
periods. This would affect th®. kimi population in
the field both directly and indirectly. Herbicide appli-
cation removed weed coverage of the soil (personal
observation) and enhanced water evaporation from the
soil, reducing the soil moisture content and thereby

263

suppressing the field population Bf kimi. As illus-
trated inFig. 4, the intervals of low population density
occurred when the soil moisture content was low
and was highly variableChoi et al. (2002)bserved
that reproduction ofP. kimi was suppressed when
the soil moisture content fell below 20%adejo and
Lasebikan (1996and Crouau et al. (1999%ound the
soil moisture content to be an important factor in
Collembola population dynamics.

Pesticide application could also induce dispersal of
P. kimi, which are repelled by the chemicaBadejo
and Adejuyigbe, 199 so that a lower number of
Collembola are observed. A direct impact of pesticides
on collembolans in agricultural soil has been observed
(Diekkrtiger and Roske, 1995

The quantity of total SOM was similar around the
yeatr, so that this is only a minor factdfig. 5).

The present results suggest that field populations
with complex environmental factors are reasonably
simulated by a stage structure matrix model con-
structed from a population maintained in a laboratory
in a simple and optimum environment. The model has
great potential in elucidating the major limiting factor
in the field population, which is difficult to analyse
because of concealed nature of Collembola in soil
and the complexity of the soil ecosystem.
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Fig. 4. Seasonal changes in SOM observed in the survey area
located in Ichon, Kyonggi-Province in 1998.
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