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ABSTRACT Temperature affects insect and mite development, allowing species-specific traits
including optimal temperature and low and high temperature thresholds to be observed. Development
rate models and biological parameters estimated from them can help determining if synchrony exists
between pests and natural enemies. We studied development of the coccinellid Stethorus punctillum
Weise and the spider mite Tetranychus mcdanieli McGregor at 12 constant temperatures ranging
10-38°C (+0.5°C), and modeled their development rates as a function of temperature. This predator-
prey complex is typical of red raspberry, Rubus idaeus L., in Quebec, which is characterized by a short
season. Eleven published models were compared for accuracy in predicting development rate of all
stages of both species, and estimating their temperature thresholds and optima. The spider mite
developed to the adult stage in the 14-36°C range, compared with 14 -34°C for the coccinellid. Males
and females did not differ, and the development rates steadily increased from 14 to 30°C, leveling off
in the range 34-36°C for the spider mite, or 30-32°C for its predator. Most models were rejected for
failure to satisfy criteria of goodness-of-fit and estimable temperature threshold parameters. The
Lactin-2 model for T. medanieli and the Briere-1 model for S. punctillum, were superior at estimating
low temperature threshold, which is critical where temperatures are frequently low in the spring, and
were separately fitted to all development stages of both organisms. Based on the predictable early
spring development of S. punctillum and T. medanieli, the results indicate potential synchrony between
them.
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KNOWLEDGE OF INSECT and mite adaptations to climatic
conditions plays an essential role in pest management,
specifically in helping to predict the timing of devel-
opment, reproduction, and dormancy or migration
(Nechols et al.1999). In biological control, details con-
cerning such responses are useful to select natural
enemies that are best adapted to conditions favoring
target pests (Rosen and Huffaker 1983, Obrycki and
Kring 1998). Biological control, whether using the
introduction, conservation or augmentation ap-
proaches, is facilitated when the climatic responses of
biocontrol agents are known, especially temperature.

Temperature is a critical abiotic factor influencing
the dynamics of mite and insect pests and their natural
enemies (Huffaker et al. 1999 and references herein).
Temperature sets the limits of biological activity in
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arthropods, such that low and high temperature
thresholds, and optimal temperature can be estimated
for all major life processes. Natural enemies and their
host/prey may have different thermal limits and ef-
fective temperature range for survival, development,
reproduction, and mobility. Thermal characteristics
may vary between species (Frazer and McGregor
1992, Honek 1996 ), populations (Campbell et al. 1974,
Lee and Elliott 1998), developmental stages (Honek
and Kocourek 1988), and with other ecological factors
such as food source (Gilbert and Raworth 1996).
Temperature also acts as a driver of arthropod life
processes, where within a specific range, a tempera-
ture change results in a proportional increase or de-
crease of the rate of any given process (Cossins and
Bowler 1987). This effect of temperature can be de-
scribed by specific rate functions of temperature for
survival, reproduction, population growth, and devel-
opment, which are used in predicting natural enemy
interactions with pests (Jervis and Copland 1996).
Developmental rate, expressed as the reciprocal of
time taken to change from one stage to another
(Cossins and Bowler 1987), is nil at the low temper-
ature threshold, increases with temperature and levels
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off at the optimum, and then decreases rapidly as the
high threshold is approached. This relationship is cur-
vilinear near extremes, but approximately linear at
moderate temperatures (Wagner et al. 1984). A vari-
ety of rate functions or models have been proposed to
describe the relationship between temperature and
arthropod development (Logan et al. 1976, Sharpe and
DeMichele 1977, Wagner et al. 1984, Lamb 1992, Lac-
tin et al. 1995, Briere et al. 1999). They vary with
respect to parameter number and basic assumptions
about temperature effects near lower and upper limits
(see appendix). Temperature-driven rate models are
most often used to predict the activity and seasonal
population dynamics of pests and natural enemies in
field situations (Frazer and McGregor 1992, Lamb
1992, Briere and Pracros 1998) but they also help
determining suitable conditions for mass rearing of
natural enemies (Rodriguez-Saona and Miller 1999).

Distributed throughout North America, the Mc-
Daniel spider mite, Tetranychus mcdanieli McGregor
is the most important tetranychid pest of red raspberry
in Quebec (Roy etal. 1999), where it damages fruiting
canes in late spring to midsummer, and primocanes in
late summer to early fall. Prolonged susceptibility to
damage implies season-long spider mite control,
which is not provided by current acaricides (Roy et al.
1999). Alternative controls are needed to develop an
integrated control program emphasizing biological
control. In other horticultural crops including al-
monds, apples, citrus and strawberries, spider mite
biocontrol is achieved by managing phytoseiid mite or
Stethorus coccinellid predators (Tanigoshi et al. 1983,
Hoy 1985, McMurtry 1985, van de Vrie 1985, Kogan et
al. 1999).

In a recent study aiming to identify natural enemies
of the McDaniel spider mite, the coccinellid S. punc-
tillum Weise, a palearctic species inadvertently estab-
lished in eastern Canada (Putnam 1955), was an im-
portant predator in raspberries (Roy et al. 1999). As
specialist predators, Stethorus spp. can effectively con-
trol spider mite populations, as shown for S. punctillum
on cotton and vineyards in Europe (Kapur 1948) and
citrus in Japan (Yang et al. 1996); S. punctum punctum
LeConte on apple in USA (Hull 1977); and S. punctum
picipes Casey on avocado in the USA (McMurtry and
Johnson 1966, Tanigoshi 1973). The key biological
attributes of S. punctillum as a spider mite predator
have rarely been studied, and its potential against T.
medanieli is unknown.

The objective of this study was to develop knowl-
edge of the thermal characteristics of populations of S.
punctillum and its prey T. medanieli collected in Que-
bec, as a prerequisite to developing a biological con-
trol program in raspberry. The development rate of all
stages of both species was measured at 12 constant
temperatures ranging 10-38°C, thus spanning the ex-
pected field conditions during a typical raspberry-
growing season in southern Quebec. With the data at
hand, we tested 11 temperature-driven rate models
chosen among the most commonly used, and com-
pared them not only with respect to accuracy at pre-
dicting the development rate, but also at estimating
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related biological parameters of S. punctillum and T.
medanieli. Although temperature is only one of the
ecological factors in predator-prey dynamics, its
strong effects on development is particularly impor-
tant in affecting generation time and thus evaluating
the ability of a predator to track a prey population over
several generations by its numerical response.

Materials and Methods

Rearing Methods and Experimental Conditions.
Experiments were conducted in 1994 and 1995 in Con-
viron PGR15 (Controlled Environment, Winnipeg)
growth chambers. Tetranychus mcdanieli and S. punc-
tillum were originally collected in 1993 from a rasp-
berry field near Quebec City, Canada (46° 59" N, 71°
29" W). The ensuing colonies of T. medanieli and S.
punctillum were maintained on red raspberry, Rubus
idaeus L. “Killarney’, and European cucumber,
‘Thompson’ at 24°C and a photoperiod of 16:8 (L:D)
h. Voucher specimens are preserved in the insect
collection of the Ministere de I’Agriculture, des Péch-
eries et de I'’Alimentation du Québec, Sainte-Foy,
Québec. Temperature and relative humidity in each
growth chamber were recorded continuously with an
integrated data logger.

Experimental arenas consisted of 2.0-cm-diameter
raspberry leaf disks placed upside down on submerged
cotton wool in individual 5.0-cm-diameter petri
dishes. The dishes were covered with lids ventilated
with a 1.0 mm mesh. Spider mites and coccinellids
were individually handled with a small brush. Obser-
vations were made with a stereomicroscope under a
cold light source.

Development and Survivorship of Immatures. To
obtain synchronized eggs, spider mite or coccinellid
females were incubated at 25°C on raspberry leaf discs
for 5 h. Newly laid eggs of S. punctillum and T. mc-
danieli were then placed individually on leaf disks.
Upon hatching, S. punctillum larvae were fed with
excess (~300) T. mcdanieli of various stages. Insects
and mites were placed in growth chambers pro-
grammed to control temperature at 10, 12, 14, 16, 20,
24, 28, 30, 32, 34, 36, or 38 = 0.5°C, which covered the
full range of constant temperatures allowing complete
development of both species. The ambient relative
humidity alternated between 45 and 65% during the
light and dark cycles, respectively. Fluorescent lamps
yielding 175 p E s™' m~? within each chamber pro-
vided a 16-h daily photophase. Sixty individuals were
tested per temperature regime.

Progress in development and survival was assessed
every 3 to 12 h, depending on the temperature. For
calculation purposes, events were assumed to have
occurred at the midpoint between two consecutive
observations. Fresh leaf disks were provided every 2 or
3 d, until maturity was reached. The survival rate and
duration were obtained for all immature stages. After
hatching, T. mcdanieli develops through larva, pro-
tonymph and deutonymph stages, with a terminal pe-
riod of quiescence called protochrysalis, deutochrysa-
lis, and teleiochrysalis, respectively; and S. punctillum
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Table 1.

estimation when applicable
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Capacity of 11 developmental rate models to estimate three important biological parameters, and specific method of

Model Low temp threshold Optimal temp High temp threshold
Linear xaty =0 — —
Logan-6 — T, —AT Ty,
Logan-10 — T, -AT Ty,
Sharpe and DeMichele — x atdy/dx = 0 —
Taylor — T, —
Lamb — T, —
Hilbert and Logan T, T, -AT T,
Lactin-1 — T -AT Ty,
Lactin-2 xaty =0 T, -AT Ty,
Briere-1 T, x atdy/dx = 0 T,
Briere-2 T, x at dy/dx = 0 T,

“Lamb (1992) proposed a replacement for low temperature threshold defined as the temperature at which the developmental rate is 8%
of the maximum developmental rate, but this parameter does not estimate developmental threshold in absolute terms.

developed through four larval stages, and the pupal
stage. The sex of each adult was determined.

Developmental Rate Models. Description of Models.
We compared the performance of one linear and 10
nonlinear developmental rate models, chosen because
they are the most commonly used for that purpose.
The nonlinear models were two by Logan et al. (1976),
one by Taylor (1981), one by Sharpe and DeMichele
(1977), one by Hilbert and Logan (1983), one by
Lamb (Lamb et al. 1984, Lamb 1992), two by Lactin et
al. (1995) and two by Briere et al. (1999). These
models are described in more details in the Appendix.

Criteria of Model Selection. The following criteria
were used to assess the performance of each model:

(1) The model should describe the data accurately.
Two statistics were used to evaluate accuracy: the
adjusted coefficient of determination (R?), and the
residual sum of squares (RSS), which provide com-
plementary information on goodness-of-fit and use-
fulness for predicting observations (Draper and Smith
1998).

(2) The model should allow estimation of parame-
ters with biological significance (Briere et al. 1999).
For development, the key biological parameters
needed are the low temperature threshold, optimal
temperature and high temperature threshold, as de-
fined previously. In the context of our study of organ-
isms developing in cool temperate regions, a useful
model preferably should provide a low temperature
threshold estimate.

Statistical Methods. For each species, differences
among sexes for developmental times at various con-
stant temperatures were tested for significance by
analysis of variance (ANOVA) using the general linear
model procedure of SAS (SAS Institute 1989). For
each stage developmental time variation with temper-
ature was confirmed by regression using the exponen-
tial model y = a + be ") (SAS Institute 1989). Then,
the means of reciprocals of developmental time for
each stage, and at each temperature, were used to fit
the developmental rate models. The curves were fitted
by iterative nonlinear regression based on the Mar-
quardt algorithm (SAS Institute 1989) on mean de-
velopmental rates weighted by sample size (n-
weighed). Except for the Sharpe and DeMichele

model (1977), all nonlinear models have parameters
that can be interpreted graphically, which is useful to
allow initial parameter estimation (Briere et al. 1999).
For the degree-day linear model, the developmental
rate was regressed against temperature using a least
squares linear regression (Draper and Smith 1998).
Depending on the model, the biological parameters
were either directly estimated, derived from other
parameters within the model, or they were obtained
from the value of x at y = 0 or the value of x at dy/dx =
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Fig. 1. Effect of temperature on survival from egg to

adult (%) of Tetranychus mcdanieli and Stethorus punctillum.
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Table 2. Developmental time (d = SE) of immature stages of T. mecdanieli at 11 constant temperatures

Temp, °C Egg Larva Protonymph Deutonymph Total Immature
12 25.3+0.3 — — — —
14 171 £ 0.9 82+ 17 6.7*x15 7.0+ 0.6 39.0 =39
16 12.0 = 0.4 6.0 £ 0.7 48 £ 0.6 6.0 £ 0.7 28.8 £1.2
20 6904 31*05 2.8 +0.4 34*05 163+ 1.0
24 4.0+02 24+04 2.0+ 0.4 2.3+0.3 111 +08
28 31x0.1 1.5*£0.3 1.3%+0.3 1.7+04 76 09
30 2.7+0.1 12*02 09*+0.1 14+02 6.3 0.4
32 2.5+ 0.1 12+03 1203 16 04 6.5+ 0.8
34 23*0.1 1.1 02 09*0.1 12+02 5.5 0.3
36 23*0.1 12*02 0.9 +0.2 1.1+02 5.5 0.3
38 2.6 0.2 1.7+0.0 — — —

n = 60 at experiment initiation; a dash indicates mortality or arrested
to each stage (¥ = 0.99 and P < 0.0001 in all cases).

0 (Table 1). In the latter two cases the variance of
these parameters was obtained by the Delta method
(Agresti 1990). The maximum likelihood ratio test
(Lehmann 1994) was applied to determine whether or
not the biological parameters differed among growth
stages, and if observed values (midpoint between the
two closest experimental temperatures) significantly
departed from model estimates.

Results

Survival of Immatures. T. mcdanieli successfully
developed to adult between 14 and 36°C, but failed at
10,12, and 38°C. (Fig. 1). The optimal temperature for
immature survival ranged between 16 and 36°C. The
highest mortality occurred during the egg stage at
extreme temperatures (data not shown). Survival for
all other stages between 14 and 36°C ranged from 71.4
to 100%.

Stethorus punctillum successfully developed to the
adult stage between 14°C and 34°C, but survival was
low at both ends of the temperature range (Fig. 1).
The optimal range for immature survival was between
16 and 32°C. Eggs failed to hatch at 12 and 36°C. Similar
to T. mcdanieli, S. punctillum mortality occurred
mainly during the egg stage (data not shown).

Development Time. ANOVA on development time
of both species at all temperatures revealed no differ-
ence between males and females (data not shown; P>
0.05), hence averages were computed using pooled
data. Table 2 presents the average development times
of all stages of T. mcdanieli at 11 constant tempera-
tures. The length of each stage decreased and levelled

Table 3. Developmental time (d = SE) of immature stages of S.

development; the exponential regression y = a + be(~1/<) was fitted

off, following the exponential model. In the range
14-36°C, the length of the egg stage averaged 42% of
total.

The development time of all stages of S. punctillum
at eight constant temperatures is presented in Table 3.
General trends noted above for T. medanieli also apply
to S. punctillum. In the range 14-34°C, the length of
the egg stage was 28%, and the pupal stage was 23% of
total development.

Model Accuracy and Precision. For T. mcdanieli, the
adjusted R* varied between 0.76 and 0.98 (Table 4,
because the R* and RSS trends were similar to those
observed for total immature development, only the
latter are presented). The linear, Taylor, Briere-1,
Lactin-1 and Logan-6 models do not accurately pre-
dict the developmental rate of T. mcdanieli at tem-
peratures < 20 and > 30°C. Adding one parameter to
the Logan-6, Lactin-1 and Briére-1 models, provides
for more accurate prediction. For example, the R?
value of the four-parameter Briere-2 model (0.98) is
substantially higher than the three-parameter Briere-1
model (0.83).

The Briere-2, Hilbert and Logan, Lactin-2, Logan-
10, and Lamb models all have adjusted R* higher than
0.96 (Table 4), and also had the smallest RSS. There-
fore, with T. medanieli, the linear, Taylor, Sharpe and
DeMichele, Logan-6, Lactin-1, and Briere-1 models
are rejected because they failed to meet the criterion
for high model accuracy.

For S. punctillum, the adjusted R® ranged 0.84-0.99
(Table 4). With R? values below 0.97, the linear, Tay-
lor and Sharpe and DeMichele models were rejected.
Contrary to T. medanieli, the addition of one param-

punctillum fed on T. medanieli at eight constant temperatures

Temp, °C Egg 1st Instar 2nd Instar 3rd Instar 4th Instar Pupa Total immature
14 21.1 = 0.0 84+ 0.0 7.0 = 0.0 6.0 = 0.0 11.1 £ 0.0 15.0 £ 0.0 68.5 + 0.0
16 144+09 64+ 1.0 42+09 49+0.7 84+ 0.9 10.7 £ 0.8 489 = 3.0
20 7.8 +0.5 34+04 21+04 24+ 0.5 43+0.5 6.1+ 0.3 26.1 =09
24 48 +0.3 2.0+ 0.2 1.6 £02 1.7+0.3 3.0*0.3 4103 171 £ 0.6
28 3.6*0.2 1.5+04 1.1+03 1.3+02 23+0.3 29+ 0.1 12.7 £ 0.6
30 34+0.2 1.2*+02 1.0=0.1 1.2+02 2.0+0.2 2.8+0.2 11502
32 32+0.2 14+02 1.0 02 1.3+0.3 22+04 2.7+0.2 11.8 £ 0.6
34 31+02 1.6 =02 1.0 = 0.0 1.4+00 21 +0.7 3.0+ 0.0 12.1 £0.7

n = 60 at experiment initiation; the exponential regression y = a+be

(=17¢) was fitted to each stage (r* = 0.99 and P < 0.0001 in all cases).
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Table 4. Comparison of 11 developmental rate models based on the number of parameters (NPAR), the adjusted coefficient of
determination (R?), and the residual sum of squares (RSS) for predicting total immature development of T. medanieli and S. punctillum

Model NPAR

Tetranychus mcdanieli

Stethorus punctillum

R RSS R RSS
Linear 2 0.76643 0.00619 0.84468 0.00067
Logan-6 4 0.88410 0.00230 0.97173 0.00009
Logan-10 5 0.97744 0.00037 0.99215 0.00002
Sharpe and DeMichele 4 0.93536 0.00124 0.93503 0.00020
Taylor 3 0.81881 0.00420 0.93337 0.00025
Lamb 4 0.98044 0.00039 0.98971 0.00003
Hilbert and Logan 5 0.96906 0.00051 0.98928 0.00003
Lactin-1 3 0.89344 0.00247 0.97625 0.00090
Lactin-2 4 0.96580 0.00068 0.98936 0.00003
Briere-1 3 0.83545 0.00382 0.97649 0.00009
Bridre-2 4 0.98001 0.00040 0.98328 0.00005

“Wagner et al. (1984) identified the four parameter-reduced model, as the most appropriate.

eter to the Logan-6, Lactin-1 and Briere-1 models only
slightly improved their fitting for S. punctillum devel-
opment. For example, with the four-parameter Bri-
ere-2 model R? (0.983) is <1% better than the three-
parameter Brieére-1 version (0.976), whereas R>
increased by 15% with T. medanieli. For S. punctillum,
the models retained using the RSS criterion also were
the same as using the R

Biological Parameters. The Logan-6, Logan-10,
Sharpe and DeMichele, Taylor, and Lactin-1 models
do not estimate a low temperature threshold; and
although the Lamb model proposed a replacement for
the low temperature threshold, it did not estimate it as
defined earlier. Also, the linear model does not pro-
vide either the optimal temperature or the high tem-
perature threshold (Table 1). Therefore, all these
models fail to satisfy our second criterion. In contrast,
the Hilbert and Logan, Lactin-2, Briere-1, and Briere-2
models, all provide estimates for low and high tem-
perature thresholds, and optimal temperature.

Predicted low temperature threshold estimates of
the three models meeting both selection criteria were
compared with predicted values in Fig. 2 for T. mc-
danieli. The observed values are within the 95% con-
fidence interval of the model estimate for all stages,
except the egg for the Hilbert and Logan and Briere-2
models. Still, the low thresholds seem to be best pre-
dicted by the Lactin-2 model. They differed signifi-
cantly among stages (maximum likelihood ratio test,
P < 0.01), but these differences did not translate into
any clear trend or pattern.

The estimates of the optimal temperature and high
temperature threshold of T. medanieli are similar to
observed values for the three models (data not
shown). The observed optimal temperatures for fast
development of T. medanieli ranged within 34-36°C
and did not differ among growth stages (P> 0.05). The
observed high temperature thresholds ranged
38-40°C. For all three models the predicted value of
the high temperature threshold of the egg stage was
significantly higher than values predicted for the other
stages (P < 0.01).

For S. punctillum, both criteria were met by four
models, i.e., the Hilbert and Logan, Lactin-2, Briere-1,
and Briere-2. The observed values of the low temper-

ature threshold are best predicted with the Briere-1
model (Fig. 3). Again, this parameter differed signif-
icantly (P < 0.01) among stages, but with no consistent
trend.

With these four models, differences between pre-
dicted and observed values of optimal temperature
and high temperature threshold for S. punctillum are
not as large as for the low temperature threshold (data
not shown). The observed optimal temperature for
fast development of S. punctillum ranged 34-36°C,
with significant variation among stages (P < 0.01) but
without any specific trend. The observed high tem-
perature threshold of 36.0°C did not vary among stages
(P> 0.05).

Lactin-2

Temperature (°C)

Temperature (°C)

Temperature (°C)

Deutonymph

Larva Protonymph

Growth Stage

Fig. 2. Observed (®) and predicted values (bars = es-
timate + 95% confidence interval) of low temperature
threshold of Tetranychus medanieli based on three develop-
mental rate models. Within models, estimates with the same
letter do not differ significantly according to the maximum
likelihood ratio test (a = 0.05).
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Lactin-2

Temperature (°C) Temperature (°C) Temperature (°C}

Temperature (°C)

Egg L1 L2 L3 L4
Growth Stage

Pupa

Fig. 3. Observed (@) and predicted values (bars = es-
timate + 95% confidence interval) of low temperature
threshold of Stethorus punctillum based on four developmen-
tal rate models. Within models, estimates with the same letter
do not differ significantly according to the maximum likeli-
hood ratio test (a = 0.05).

Given similar estimation of the optimal temperature
and high temperature thresholds by three models for
T. medanieli and four for S. punctillum, accuracy at
predicting the low temperature threshold was re-
ferred to for final selection. This threshold was more
closely predicted by the Lactin-2 model for T. mc-
danieli and the Briere-1 model for S. punctillum, hence
they were chosen and their fit to data are presented in
Figs. 4 and 5, respectively. They were separately fitted
to all stages as the maximum likelihood ratio test in-
dicated that the value of the parameters do, in some
instances (see above), vary among stages.

Discussion

No other study has covered the full range of tem-
peratures that are suitable to the development and
survival of T. mcdanieli and S. punctillum in North
America. Tanigoshi et al. (1975) studied the effects of
temperature on development, reproduction, and pop-
ulation growth of T. medanieli from Washington State
on lima beans. Concerning Stethorus coccinellids, tem-
perature effects on development are available for S.
madecassus Chazeau (Chazeau 1974), S. loxtoni Brit-
ton and Lee (Richardson 1977), and S. punctum picipes
(Tanigoshi 1973). In North America, Putnam (1955)
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reported development data for S. punctillum at a single
temperature. T. medanieli survival and development
data reported here partially agree with Tanigoshi et al.
(1975) results on Pacific Northwest populations on
apple. They reported development at 10 and 38°C,
whereas we did not obtain any development under
14°C and over 36°C, suggesting differing temperature
adaptations between the two populations. The effect
of temperature on S. punctillum development has been
studied in Europe by Bravenboer (1959) at 21-23°C;
and Berker (1958) in the 15-35°C interval, which does
not extend sufficiently low to fully cover the climatic
conditions prevailing in Quebec.

Numerous studies show that the egg stage of Tet-
ranychus spp. lasts longer, by a factor of approximately
two, than any active stage (Crooker 1985), similar to
our results (Table 2). This implies a long window of
opportunity for S. punctillum adults, which preferen-
tially feed on spider mite eggs. As was expected, S.
punctillum had a much longer development than its T.
medanieli prey: for example 26.1 d at 20°Cis 10 d longer
than T. medanieli (Tables 2 and 3). This major differ-
ence plus the temperature range for high survival to
maturity being markedly wider for the prey (16-36°C)
than the predator (20-32°C) (Fig. 1), suggest that, in
the long-term over a number of generations, the prey
should have numerical advantage over the predator.

The curvilinear developmental rate-temperature
relation for both species is typical of many other in-
sects and mites (Briere and Pracros 1998). It can be
adequately described by several nonlinear rate models
for each species, but only one was retained in each
case based on goodness-of-fit, and estimable temper-
ature-related biological parameters. For T. mcdanieli,
six of the 11 models tested did not fit the data well.
Surprisingly, the Logan-6 model, which was fitted by
Logan et al. (1976) to data from a Washington State
population of T. medanieli, did not provide a good fit.
Among the five other models, the Lamb and the Lo-
gan-10 models provided good fit, but predicted devel-
opment rate approaches zero asymptotically and no
low temperature threshold can be estimated (Briere
and Pracros 1998). In contrast, the Briere-2, Hilbert
and Logan and Lactin-2 models enabled the develop-
ment rate curve to intersect the temperature axis. The
low temperature threshold estimates for specific
stages were most accurate using the Lactin-2 model
(Fig. 2). Allin all, we conclude that the Lactin-2 model
best describes the relationship of development rate to
temperature for this T. medanieli population. Lactin et
al. (1995) stated that this model is preferable when
temperatures are frequently near the low threshold,
which is the case early in the season in Quebec. This
model also was found highly efficient in modeling the
rice root aphid, Rhopalosiphum rufiabdominalis
(Sasaki) (Tsai and Liu 1998).

For S. punctillum, eight models fitted the data well,
and adequately predicted developmental rates. The
Lamb, Logan-6, Logan-10, and Lactin-1 models were
rejected for failure to estimate a low temperature
threshold as generally defined. The low temperature
thresholds estimates of the Lactin-2, Briere-1 and Bri-
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ere-2 models were close (Fig. 3), however, the Bri-
ere-1 model requires three parameters versus four for
the other two models. A model should meet the gen-
eral criterion of parsimony (see e.g., Lamb et al. 1984),
and contain as few parameters as possible given that
goodness-of-fit and other (e.g., biological) criteria are
met.

Although the Lactin-2 model for T. mcdanieli and
the Briere-1 model for S. punctillum seem to be the
best and satisfactorily estimated the optimal temper-
atures and the high temperature thresholds, they
sometimes provided inaccurate estimation of the low
temperature threshold. Development may be ob-
served at the estimated low temperature threshold
(e.g., T. medanieli eggs, Fig. 4; and S. punctillum first
instar, Fig. 5). In other instances, no development was
observed over several degrees above the estimated
low temperature threshold (e.g., T. mecdanieli
deutonymph, Fig. 4; and S. punctillum fourth instar,
Fig. 5).

Problems in estimating low temperature thresholds
may be due to intrinsic model weaknesses in fitting
data across such broad temperature ranges. The pro-
cesses that cause heat stress and death at high tem-
perature may be basically different from those that
affect development and chilling injury at low temper-
ature. Inaccuracies might also be due to experimental
error, or greater variability of individuals within a
population, when exposed to extreme conditions. Ad-
ditional sampling at the left-hand side of the curve, by
including more experimental temperatures and more
individuals might provide more precise estimation of
the low temperature threshold.

In addition, the dual objective of selecting a useful
model for predicting development rate and estimating
life history parameters may not be met efficiently by

a single model. However, in practice using a single
model is preferable, which may justify compromising
to some degree. Our criteria resulted in choosing dif-
ferent best models for T. medanieli and S. punctillum
but these criteria could include the requirement for a
unique model for both species.

Our results indicate potential synchrony between
the two organisms based on their predictable early
spring development, so long as overwintered adults
emerge from postdiapause and start reproducing si-
multaneously. The low threshold estimate of T. mec-
danieli eggs is 11.35°C (Figs. 2 and 4). At a daily
average of 12°C, the first eggs laid would hatch in 25 d
(Table 2), but unless average temperature increases
by a few degrees, the spider mite would not develop
further. At 14°C, T. medanieli eggs would hatch in 17 d,
and the larvae would then become protonymphs
(Crooker 1985). The low threshold estimate of S. punc-
tillum is 12.0°C (Figs. 3 and 5) and the first eggs could
reach the first instar in 22 d at 14°Cif prey are available.
Thus, at 14°C, by the time T. mcdanieli would reach the
protonymph stage, the first instar of S. punctillum
would have developed and be able to feed on mite
eggs and protonymphs, the preferred prey stages of
the closely related S. punctum (Houck 1980). Our data
suggest that these relationships would hold at higher
average temperatures as well (Tables 2 and 3). Thus,
a raspberry system with S. punctillum should be less
exposed to unrepressed early feeding by spider mite
protonymphs and deutonymphs, as predatory stages of
the coccinellid should be active simultaneously.

This work described the development-temperature
relationships of Quebec populations T. medanieli and
S. punctillum under the broad range of temperatures
generally prevailing in this region, and estimated their
key bioclimatic parameters. Nevertheless, more
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knowledge of their adaptations at temperatures close
to the low threshold would be important. Poikilo-
therms often are well adapted to survive and even
develop to some extent during long periods of cold
temperatures (Briere et al. 1999, Liu and Meng 1999).
Also, although it appears that early synchrony be-
tween the two organisms would allow the coccinellid
to impact the spider mite protonymphs and
deutonymphs, the assumption that S. punctillum
would prey on these T. mcdanieli stages like S. punctum
on T. urticae Koch remains to be verified. Knowledge
of the predatory behavior of S. punctillum is very
limited (e.g., Rott and Ponsonby 2000).

Finally, T. mcdanieli and S. punctillum are multivol-
tine, implying that the effect of temperature on re-
productive potential and especially their intrinsic rate
of natural increase (r,,) would be most useful for
predicting their long-term interactions over several
generations. A better set of key ecological parameters
would then be available to determine the potential
usefulness and role of S. punctillum in an integrated

red raspberry production system under cool climatic
conditions.

Acknowledgments

We thank Annie Saint-Louis, Marie-Claude Pépin, and
Lucie Laverdiere for technical assistance; Gaétan Daigle for
statistical assistance; and Claudel Lemieux for editorial help.
We express special thanks to Robert J. Lamb for helpful
comments. This project was funded by the Green Plan of
Agriculture and Agri-Food Canada and by the Quebec Min-
istry of Agriculture, Fisheries and Food.

References Cited

Agresti, A. 1990. Categorical data analysis. Wiley, New
York.

Berker, V. ]. 1958. Die naturlichen Feinde der Tetranychi-
den. Zeitschrift Fiir Angewandte Entomol. 43: 115-72.

Bravenboer, L. 1959. De Chemische en biologische bes-
trijding van de spintmijt Tetranychus urticae Koch. Ph.D.
dissertation, Landbouwhogeschool, Wagenigen.



February 2002

Briére, J. F., and P. Pracros. 1998. Comparison of temper-
ature-dependent growth models with the development of
Lobesia botrana (Lepidoptera: Tortricidae). Environ. En-
tomol. 27: 94-101.

Briére, J. F., P. Pracros, A. Y. Le Roux, and J. S. Pierre. 1999.
A novel rate model of temperature-dependent develop-
ment for arthropods. Environ. Entomol. 28: 22-29.

Campbell, A., B. D. Frazer, N. Gilbert, A. P. Gutierrez, and
M. Mackauer. 1974. Temperature requirements of some
aphids and their parasites. J. Appl. Ecol. 11: 431-38.

Chazeau, J. 1974. Développement et fécondité de Stethorus
madecassus Chazeau (Coléopteres, Coccinellidae), élevé
en conditions extérieures dans le sud-ouest de Madagas-
car. Cah. ORSTOM Ser. Biol 25: 27-33.

Cloutier, C., D. Arodokoun, S. G. Johnson, and L. Gélinas.
1995. Thermal dependence of Amblyseius cucumeris
(Acarina: Phytoseiidae) and Orius insidiosus (Heterop-
tera: Anthocoridae) in greenhouses, pp. 231-235. In B. L.
Parker, M. Skinner, and T. Lewis | eds.], Thrips biology
and management. Plenum, New York.

Cossins, A. R., and K. Bowler. 1987. Temperature biology of
animals. Chapman & Hall, London.

Crooker, A. 1985. Embryonic and juvenile development,
pp. 149-170. In W. Helle and M. W. Sabelis [eds.], Spider
mites: their biology, natural enemies and control, vol. 1a.
Elsevier, Amsterdam.

Draper, N. R., and H. Smith. 1998. Applied regression anal-
ysis. Wiley, New York.

Frazer, B. D., and R. R. McGregor. 1992. Temperature-de-
pendent survival and hatching rate of eggs of seven spe-
cies of Coccinellidae. Can. Entomol. 124: 305-312.

Gilbert, N., and D. A. Raworth. 1996. Insects and temper-
ature, a general theory. Can. Entomol. 128: 1-13.

Hilbert, D. W., and J. A. Logan. 1983. Empirical model of
nymphal development for the migratory grasshopper,
Melanoplus sanguinipes (Orthoptera: Acrididae). Envi-
ron. Entomol. 12: 1-5.

Honek, A. 1996. Life history and development, pp. 61-93. In
I. Hodek and A. Honek [eds. |, Ecology of Coccinellidae.
Kluwer, Dordrecht.

Honek, A., and F. Kocourek. 1988. Thermal requirements
for development of aphidophagous Coccinellidae (Co-
leoptera), Chrysopidae, Hemerobiidae (Neuroptera),
and Syrphidae (Diptera): some general trends. Oecologia
76: 455-460.

Houck, M. A. 1980. Predatory behavior of Stethorus punctum
(Coleoptera: Coccinellidae) in response to the prey Pan-
onychus ulmi and Tetranychus urticae (Acarina: Tet-
ranychidae). Ph.D. dissertation, Pennsylvania State Uni-
versity, University Park.

Hoy, M. A. 1985. Almonds (California), pp. 299-310. In W.
Helle and M. W. Sabelis [eds.|, Spider mites, their biol-
ogy, natural enemies and control, vol. 1B. Elsevier, Am-
sterdam.

Huffaker, C., A. Berryman, and P. Turchin. 1999. Dynamics
and regulation of insect populations, pp. 269-305. In C. B.
Huffaker and A. P. Gutierrez | eds.], Ecological entomol-
ogy, 2nd ed. Wiley, New York.

Hull, L. A. 1977. The functional and numerical responses of
Stethorus punctum (Coleoptera: Coccinellidae) to densi-
ties of the Panonychus ulmi (Acarina: Tetranychidae).
Ph.D. dissertation, Pennsylvania State University, Uni-
versity Park.

Jervis, M. A, and M.J.W. Copland. 1996. The life cycle, pp.
63-161. In M. Jervis and N. Kidd [eds.], Insect natural
enemies; practical approaches to their study and evalu-
ation. Chapman & Hall, London.

Roy ET AL.: T. medanieli AND S. punctillum DEVELOPMENT MODELS

185

Kapur, A. K. 1948. On the old world species of the genus
Stethorus Weise (Coleoptera, Coccinellidae). Bull. Ento-
mol. Res. 37: 297-320.

Kogan, M., B. A. Croft,and R. F. Sutherst. 1999. Applications
of ecology for integrated pest management, pp. 681-736.
In C. B. Huffaker and A. P. Gutierrez [eds.], Ecological
entomology, 2nd ed. Wiley, New York.

Lactin, D. J., N. J. Holliday, D. L. Johnson, and R. Craigen.
1995. Improved rate model of temperature-dependent
development by arthropods. Environ. Entomol. 24: 68 -75.

Lamb, R. J. 1992. Developmental rate of Acyrthosiphon pi-
sum (Homoptera: Aphididae) at low temperatures: im-
plications for estimating rate parameters for insects. En-
viron. Entomol. 21: 10-19.

Lamb, R. J., G. H. Gerber, and G. F. Atkinson. 1984. Com-
parison of developmental rate curves applied to egg
hatching data of Entomoscelis americana Brown (Co-
leoptera: Chrysomelidae). Environ. Entomol. 13: 868—
872.

Lee, J.-H., and N. C. Elliott. 1998. Comparison of develop-
mental responses to temperature in Aphelinus asychis
(Walker) from two different geographic regions. South-
west. Entomol. 23: 77-82.

Lehmann, E. L. 1994. Testing statistical hypotheses. Chap-
man & Hall, New York.

Liu, S. S., and X. D. Meng. 1999. Modelling developmental
time of Myzus persicac (Hemiptera: Aphididae) at con-
stant and natural temperatures. Bull. Entomol. Res. 89:
53-63.

Logan, J. A., D. J. Wollkind, S. C. Hoyt, and L. K. Tanigoshi.
1976. An analytical model for description of temperature
dependent rate phenomena in arthropods. Environ. En-
tomol. 5: 1133-1140.

Lopez-Arroyo, J. L, C. A. Tauber, and M. J. Tauber. 1999.
Comparative life histories of the predators Ceraeochrysa
cincta, C. cubana, and C. smithi (Neuroptera: Chrysopi-
dae). Ann. Entomol. Soc. Am. 92: 208-217.

McMurtry, J. A. 1985. Citrus, pp. 339-347. In W. Helle and
M. W. Sabelis [eds.], Spider mites, their biology, natural
enemies and control, vol.1B. Elsevier, Amsterdam.

McMurtry, J. A., and H. Johnson. 1966. An ecological study
of the spider mite Oligonychus punicae and its natural
enemies. Hilgardia 37: 363-402.

Nechols, J. R., M. J. Tauber, C. A. Tauber, and S. Masaki.
1999. Adaptations to hazardous seasonal conditions: dor-
mancy, migration, and polyphenism, pp. 159-200. In C. B.
Huffaker and A. P. Guttierez [ eds.], Ecological entomol-
ogy, 2nd ed. Wiley, New York.

Obrycki, J. J., and T. J. Kring. 1998. Predaceous Coccinel-
lidae in biological control. Annu. Rev. Entomol. 43: 295
321.

Orr, C. J., and J. J. Obrycki. 1990. Thermal and dietary
requirements for development of Hippodamia parenthesis
(Coleoptera: Coccinellidae). Environ. Entomol. 5: 1523~
1527.

Putnam, W. L. 1955. Bionomics of Stethorus punctillum
Weise (Coleoptera: Coccinellidae) in Ontario. Can. En-
tomol. 87: 9-33.

Rencken, 1. C., and K. L. Pringle. 1998. Developmental bi-
ology of Amblyseius californicus (McGregor) (Acarina:
Phytoseiidae), a predator of tetranychid mites, at three
temperatures. Afr. Entomol. 6: 41-45.

Richardson,N. L. 1977. The biology of Stethorus loxtoni Brit-
ton and Lee (Coleoptera: Coccinellidae) and its potential
as a predator of Tetranychus urticae Koch (Acarina: Tet-
ranychidae) in California. Ph.D. dissertation, University
of California, Berkeley.



186

Rodriguez-Saona, C., and J. C. Miller. 1999. Temperature-
dependent effects on development, mortality, and
growth of Hippodamia convergens (Coleoptera: Coccinel-
lidae). Environ. Entomol. 28: 518-522.

Rosen, D., and D. R. Huffaker. 1983. An overview of desired
attributes of effective biological control agents, with par-
ticular emphasis on mites, pp. 2-11. In M. A. Hoy, G. L.
Cunningham, and L. Knutson [eds. |, Biological control of
pests by mites. University of California, Berkeley. Div.
Agric. Nat. Res. Spec. Publ. 3304.

Rott, A. S., and D. J. Ponsonby. 2000. The effects of tem-
perature, relative humidity and host plant on the behav-
iour of Stethorus punctillum Weise (Coleoptera: Coc-
cinellidae) as a predator of the twospotted spider mite,
Tetranychus urticae Koch (Acari: Tetranychidae). Bio-
control 45: 155-164.

Roy, M., J. Brodeur, and C. Cloutier. 1999. Seasonal abun-
dance of spider mites and their predators on red rasp-
berry in Quebec. Environ. Entomol. 28: 735-747.

SAS Institute. 1989. SAS/STAT user’s guide, version 6, 4th
ed., vol. 1. SAS Institute, Cary, NC.

Schoolfield, R. M., P.J.H. Sharpe, and C. E. Magnuson. 1981.
Non-linear regression of biological temperature-depen-
dent rate models based on absolute reaction-rate theory.
J. Theor. Biol. 88: 719-731.

Scott, J. K., and P. B. Yeoh. 1999. Bionomics and the pre-
dicted distribution of the aphid Brachycaudus rumexico-
lens (Hemiptera: Aphididae). Bull. Entomol. Res. 89: 97-
106.

Sharpe, P.J.H., and D. W. DeMichele. 1977. Reaction kinet-
ics of poikilotherm development. J. Theor. Biol. 64: 649 -
670.

Stiubli Dreyer, B., P. Neuenschwander, B. Bouyjou, J. Baum-
giirtner, and S. Dorn. 1997. The influence of tempera-
ture on the life table of Hypersapis notata. Entomol. Exp.
Appl. 84: 85-92.

Tanigoshi, L. K. 1973. Studies of the dynamic of predation
of Stethorus picipes (Coleoptera: Coccinellidae) and

ENVIRONMENTAL ENTOMOLOGY

Vol. 31, no. 1

Typhlodromus floridanus on the prey Olygonychus puni-
cae (Acarina: Phytoseiidae, Tetranychidae). Ph.D. dis-
sertation, University of California, Riverside.

Tanigoshi, L. K., S. C. Hoyt, R. W. Browne, and J. A. Logan.
1975. Influence of temperature on population increase of
Tetranychus mcdanieli (Acarina: Tetranychidae). Ann.
Entomol. Soc. Am. 68: 972-978.

Tanigoshi, L. K., S. C. Hoyt, and B. A. Croft. 1983. Basic
biology and management components for mite pests and
their natural enemies, pp. 153-202. In B. A. Croft and S. C.
Hoyt [eds.], Integrated management of insect pests of
pome and stone fruits. Wiley, New York.

Taylor, F. 1981. Ecology and evolution of physiological time
in insects. Am. Nat. 117: 1-23.

Tsai, J. H., and Y. H. Liu. 1998. Effect of temperature on
development, survivorship, and reproduction of rice root
aphid (Homoptera: Aphididae). Environ. Entomol. 27:
662-666.

van de Vrie, M. 1985. Apple, pp. 311-325. In W. Helle and
M. W. Sabelis [eds.], Spider mites, their biology, natural
enemies and control, vol.1 B. Elsevier, Amsterdam.

van Rijn, P.CJ., C. Mollema, and G. M. Steenhuis-Broers.
1995. Comparative life history studies of Frankliniella
occidentalis and Thrips tabaci (Thysanoptera: Thripidae)
on cucumber. Bull. Entomol. Res. 85: 285-297.

Wagner, T. L., H.-1. Wu, P.J.H. Sharpe, R. M.. Schoolfield, and
R. N. Coulson. 1984. Modeling insect development
rates: a literature review and application of a biophysical
model. Ann. Entomol. Soc. Am. 77: 208-225.

Yang, X., M. Shen, J. Xiong, and Z. Guo. 1996. Approaches
to enhance the effectiveness of biocontrol of Panonychus
citri (Acari: Tetranychidae) with Stethorus punctillum
(Coleoptera: Coccinellidae) in citrus orchards in
Guizhou. Syst. Appl. Acarol. 1: 21-27.

Received for publication 7 December 2000; accepted 1 Au-
gust 2001.

Appendix: Models

The linear model or degree-day model is commonly
used to determine thermal constants (degree-days)
and lower development thresholds from developmen-
tal rate of arthropod stages (Campbell et al. 1974,
Frazer and McGregor 1992, Rencken and Pringle 1998,
Lopez-Arroyo et al. 1999). The linear model is defined
as follows:

D(T) = a + bT,

where T is the rearing temperature (°C), a is the
developmental rate at T = 0°C, and b is the slope of the
regression line.

The two models developed by Logan et al. (1976)
are defined by combining two functions with matched
asymptotes, and are usually referred to as Logan mod-
els six and 10. These empirical models have been
widely used in biological control studies (Cloutier et
al. 1995, van Rijn et al. 1995). The Logan-6 model is
defined by the equation

D(T) = llf (e(pT) — elTL— (TL—T)/AT))

where T is the rearing temperature (°C), V¥ is the
maximum developmental rate, p is a constant defining
the rate at optimal temperature, T, is the lethal max-
imum temperature, and AT is the temperature range
over which physiological breakdown becomes the
overriding influence. The Logan-10 model is defined
as follow,

D(T) = a ((1/(1 + ke(—pT))) — e(T-T/AT)y

where «, and k are empirical constants, and T, p, Ty,
and AT are as in the Logan-6 model.

The Sharpe and DeMichele (1977) biophysical
model, reparametrized by Schoolfield et al. (1981) is
based on enzyme reaction rate theory, and all six
parameters are assumed to have a thermodynamic
biochemical interpretation (Wagner et al. 1984). This
model has been used to predict development of ar-
thropod preys and predators (Orr and Obrycki 1990,
Stiubli Dreyer et al. 1997) . The Sharpe and DeMichele
model is defined by the equation,

D(T) — (pT/29815 e(AHA/l.987(1/298.157 l/T)))/

(1 + (AT Tia = 1)) L ((AHW/LIST (1/Tiau-1/T))) )

>
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where T is the rearing temperature (°K), p is the
developmental rate at 25°C, AH, is the enthalpy of
activation of reaction, AHy is the change in enthalpy
at low temperature, Ty,5;, is the temperature at
which the enzyme for the low temperature portion
is 1/2 active, AHy is the change in enthalpy at high
temperature, T, ,, 1y is the temperature at which the
enzyme for the high temperature portion is 1/2
active.

The Taylor model (1981) is a simple normal func-
tion written as follows:

D(T) =R, e (=5((T = Twm) I To)?)
m

where T is the rearing temperature (°C), R,, is the
maximum development rate at temperature T, T, is
the temperature where the development rate is high-
est, and T, is a shape parameter giving the spread of
the curve.

The Lamb model (Lamb et al.1984, Lamb 1992) is
an asymmetrical normal function modified from Tay-
lor (1981) and is defined as follows:

D(T) =R, e(=3UT=Tw)/To)®) for T < T

>

m

and
D(T) — Rm e(—.5((T— Tw)/Ton)?2) for T > Tm>

where T, R,,, and T, are as in Taylor’s equation. T
is a shape parameter giving the spread of the curve for
T = T,, and, T4 is a shape parameter giving the
spread of the curve for T > T,

The Hilbert and Logan model (1983), a combina-
tion of sigmoid and exponential equations, was for-
mulated to improve the Logan model by providing a
lower threshold of development. This model has been
used recently by Scott and Yeoh (1999) to predict the
development of an aphid with biocontrol potential
against a weed. The Hilbert and Logan model is de-
fined as follows:

Roy ET AL.: T. medanieli AND S. punctillum DEVELOPMENT MODELS

187

D(T) =¥ (T = T,)* ((T = Ty)* + &)

— o L= T =T )
where T, ¥, T, , and AT are as in the Logan-6 model,
T, and d are empirical parameters.

In 1995, Lactin et al. proposed two modifications of
the Logan-6 model. First, they eliminated a redundant
parameter to obtain the Lactin-1 model. Second, they
incorporated an intercept parameter, which allows
estimation of a low temperature threshold for devel-
opment, resulting in Lactin-2 model. These models
have recently been used by Briere and Pracros (1998)
and by Tsai and Liu (1998). The Lactin-1 model is
defined as follows:

D(T) — e(pT) _ e(pTL— (TL-T)/ AT)

>

and the Lactin-2 model is,
D(T) = ePT) — g(PTL— (TL=T)/AT) 4

In both Lactin’s models, T, p, Ty, and AT are as in
the Logan-6 model, and in the Lactin-2 model A forces
the curve to intercept the y-axis at a value below zero
and thus allows estimation of a low temperature
threshold.

More recently, Briere et al. (1999) have proposed
two more models with anonlinear part at low and high
temperatures and a linear portion at intermediate tem-
peratures. The Briere-1 model is defined as follows:

D(T) =aT (T —T,) (T,—T)"*
and the Briere-2 model is as follows:
D(T) =aT (T —T,) (T, — T)"'*.

In both models T is the rearing temperature (°C), a
is an empirical constant, T, is the low temperature
development threshold, Ty, is the lethal temperature
threshold, and in the Briere-2 model d is an empirical
constant.



