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Abstract

The Andean potato tuber moth, Symmetrischema tangolias (Gyen) [Lepi-

doptera, Gelechiidae], is an economically important pest of potato (Sola-

num tuberosum L.) in the mid-elevated Andean region and an invasive pest

of partially global importance. Determination of the pest’s population life

table parameters is essential for understanding population development

and growth under a variety of climates and as part of a pest risk analysis.

The development, mortality and reproduction were studied in two pest

populations (from Peru and Ecuador) in which cohorts of each life stage

were exposed to different constant temperatures ranging from 10°C to

28°C. Using the Insect Life Cycle Modeling software, nonlinear equations

were fitted to the data and an overall phenology model established to sim-

ulate life table parameters based on temperature. The temperature-depen-

dent development curve was statistically well described for eggs by

Ratkowsky’s model and for larvae and pupae by Taylor’s model. Variabil-

ity in development time among individuals independent of temperature

was significantly described by a log-logistic model. Temperature effects on

immature mortality were described using different nonlinear models.

Optimal temperature for survival was between 14° and 17°C. Tempera-

ture effects on adult senescence and oviposition time were described by

simple exponential models; within-group variability was described by a

Weibull distribution function. Fecundity per female due to temperature

followed a nonlinear model indicating maximum reproduction at ~17°C.
The established model revealed good convergence with historical life

tables established at fluctuating temperatures. The results confirm that

S. tangolias is more adapted to cooler temperature than the common

potato tuber moth, Phthorimaea operculella (Zeller). S. tangolias develops at

temperatures within the range of 8–28.8°C with a maximum finite rate of

population increase (=1.053) at 21°C. The established process-based phys-

iological model can be used globally to simulate life table parameters for

S. tangolias based on temperature and should prove helpful for evaluating

the potential establishment risk and in adjusting pest management

programmes.
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Introduction

The Andean potato tuber moth, Symmetrischema tango-

lias (Gyen) [Lepidoptera, Gelechiidae], is likely native

to the mountainous region of Peru and Bolivia. It

causes significant economic damage to farmers grow-

ing potato (Solanum tuberosum L.) in the mid-elevated

Andean region of South America (Palacios et al. 1999;

Dangles et al. 2008) and is reported as a pest in New

Zealand, Australia and the United States (Osmelak

1987; Martin 1999). In the Andes, the pest has

expanded its range northwards from its assumed ori-

gin during the last several decades and today is estab-

lished in some areas in Ecuador and Colombia. More

recently, the pest was also recorded in Indonesia and

Chile. Therefore, S. tangolias can be considered an

invasive pest of partially worldwide proportion,

although it has not spread as far as the common

potato tuber moth, Phthorimaea operculella (Zeller),

which currently has been reported in more than 90

countries worldwide (Kroschel et al. 2013). In South

America and the Australian region, S. tangolias is

known as a pest of potato and tomato (S. lycopersicum

L.); however, in North America, it does not attack

these crops but feeds on black nightshade (S. nigrum

L.) and poroporo (S. aviculare G. Forst and S. lacinia-

tum G. Forst) (Kroschel and Schaub 2013).

In the Andean region, S. tangolias is amalgamated

with two other species of the family Gelechiidae: the

common potato tuber moth and the Guatemalan

potato tuber moth, Tecia solanivora (Povolny), referred

to as the potato tuber moth complex. In particular in

Peru, Bolivia and in some areas in Ecuador and

Colombia, S. tangolias has become an economically

significant species of the complex, like P. operculella,

that attacks potatoes in both field and store. Although

the three species are often considered sympatric in the

region, they differ in many aspects of biology and

damage (Kroschel and Schaub 2013). Compared with

P. operculella and T. solanivora, there is evidence that

S. tangolias is more adapted to cooler temperature

conditions (Dangles et al. 2008). It prevails in mid-

elevated regions of the Andes – typically above 2800–
3000 m asl – but is not a pest at low altitudes, where

P. operculella, which is the most widespread species of

the complex, develops several generations per year

(Keller 2003). The species of the complex may coexist

in zones where temperature conditions are within the

thermal limits of each species; however, the three spe-

cies differ in their performance–temperature peak and

in their feeding performance at their individual upper

and lower thermal limits (Dangles et al. 2012). Recent

studies showed that coexistence of potato tuber moth

species results in higher crop damage than predicted

from the effects of each species alone (Dangles et al.

2009, 2013). This increasing crop damage with greater

richness of potato tuber moth species was explained

by better resource utilization (feeding complementari-

ties) and negative interactions, where intraspecific

interactions are greater than interspecific ones. Keller

(2003) found that although P. operculella was the

dominant species infesting plants and tubers under

field conditions in the Mantaro valley in Peru at alti-

tudes of 3250–3500 m, S. tangolias was the more

prevalent species under storage conditions, indicating

clear habitat preferences of the two species. Recent

monitoring studies of the flight activity of S. tangolias

and P. operculella in the same valley confirm that

S. tangolias is more active at altitudes of 3500–
3800 m asl (J. Kroschel, unpublished).

It is well proven that temperature is one of the most

important factors affecting development in ectother-

mic organisms (Uvarov 1931; Andrewartha and Birch

1954), and most of the models that describe insect

development are based on temperature (Wagner et al.

1984; Logan 1988). The influence is explained by

temperature’s direct effects on enzymatic activities in

insects (Schoolfield et al. 1981). In addition, tempera-

ture is a key abiotic factor influencing survival and

reproduction rates in insects (Bale et al. 2002) and

hence strongly determines the pest’s demographic

parameters, which are essential for interpreting popu-

lation dynamics, developmental rates and seasonal

occurrence (Campbell et al. 1974; Logan et al. 1976;

McCornack et al. 2004). Detailed knowledge on tem-

perature effects on herbivore insect pests can be used

to determine the range where the pest might develop

(establish) and to predict the population’s growth

potential (i.e. intrinsic rate of increase) and dynamics.

In fact, each pest management programme requires

an exact determination of the pest’s population

parameters (Zamani et al. 2006).

Although the biology and ecology of P. operculella,

which is by far the most widespread species of the pest

complex, have been extensively studied (reviewed by

Kroschel and Schaub 2013), and temperature-driven

phenology models have been established for P. oper-

culella (Sporleder et al. 2004) and T. solanivora (B.

Schaub, P. Carhuapoma, J. Kroschel forthcoming),

substantial knowledge gaps on temperature effects

exist for S. tangolias (Keller 2003). Dangles et al.

(2009, 2012, 2013) thoroughly studied the ecology

and interaction of the potato tuber moth species in

the field and conducted life table studies on all three

species at constant temperatures of 10°C, 15°C and

20°C (Dangles et al. 2008). The authors concluded
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that S. tangolias is more adapted to lower tempera-

tures and explained the species’ distribution and

impact in the Andean region by altitude. Despite the

current knowledge on the species, the pest’s capacity

to disperse to new ecological zones cannot be pre-

dicted because the effect of temperature on life-his-

tory parameters is not known for the whole

temperature range where S. tangolias might develop.

The objective of this study was to determine the

nonlinear relationship between temperature and

S. tangolias development, survival and fecundity,

through constant temperature experiments. Second,

we aimed to establish an overall temperature-driven

phenology model for the pest, providing means of

predicting potential increase of field populations

with their seasonal variation in different ecologies

around the world. We validated the model using his-

torical life table data obtained at fluctuating temper-

atures from Keller (2003). This study is part of the

effort to establish phenology models for major insect

pests of potato and map the establishment risk and

performance capacity of these pests in potato pro-

duction regions worldwide (J. Kroschel, N. Mujica,

P. Carhuapoma, M. Sporleder, forthcoming).

Materials and Methods

Origin and maintenance of S. tangolias colonies

Moths used in this study were derived from two labo-

ratory colonies of S. tangolias. One was maintained at

the International Potato Center (CIP), Lima, Peru,

which started with moths collected from potato stores

in Huancayo, Peru (3300 m asl). The second was

maintained at the National Institute for Agricultural

Research (‘Instituto Nacional Aut�onomo de Investiga-

ciones Agropecuarias’ or INIAP, Santa Catalina Exper-

imental Station, Quito), which started with moths

collected from Santa Catalina, Ecuador (3050 m asl).

Reared moths have been maintained on potato tubers

at 20°C and >60% relative humidity and a photope-

riod of 12 : 12 h light (L): dark (D). Eggs were placed

in breeding cups (30 9 20 9 7.5 cm) containing

potato tuber as food and pieces of corrugated carton

(cardboard) as a pupation site. Collected pupae were

disinfected in a 0.3% sodium hypochlorite solution

and placed in oviposition cups that were covered with

cheesecloth. A filter paper on the cheesecloth pro-

vided an oviposition site after the emergence of

adults. A 5% sugar solution on the top of the cheese-

cloth served as a food source. The filter paper was

changed daily and the eggs employed for further

rearing.

Data collection

Data collection in Peru and Ecuador followed the

same protocol. The effect of temperature on the biol-

ogy of S. tangolias was studied on cohorts of single life

stages in controlled incubation chambers over a tem-

perature range of 10–28°C (table 1). Temperatures in

mid-elevated potato production zones in Ecuador and

Peru >3000 m asl, where S. tangolias is principally dis-

tributed, rarely go below a mean monthly tempera-

ture of 10°C or above 25°C. Indoor data loggers (Hobo

H8, Onset, MA) were placed inside the incubation

cabinets to monitor temperature. Owing to changing

availability of incubation chambers or moths, cohort

replications as well as the number of moths per cohort

were unbalanced. The experiment was completely

randomized. In Peru, six constant temperatures were

tested: 10, 15, 17, 20, 24 and 28°C (for eggs also at

13.2°C); in Ecuador, five temperatures were tested:

10, 15, 20.4, 25.4 and 27.8°C. Temperature fluctua-

tion within the chambers did not exceed �1°C. Rela-
tive humidity in the chambers was maintained >60%
and the photoperiod regime was kept at 12 : 12 h

(L : D).

Life stages were maintained and evaluated as fol-

lows:

Egg stage

Filter paper was placed on the oviposition cups at

7 : 00 PM and removed at 7 : 00 AM to ensure that all

eggs of S. tangolias were laid during a 12-h time inter-

val. Sections containing about 100 eggs each (eggs

were counted with a binocular microscope, 910 mag-

nitude) were cut off, placed in Petri dishes (∅ 9 cm),

sealed with parafilm and incubated at the required

temperature. (The number of paper sections with eggs

used per temperature and installation date varied

depending on the amount of available eggs; see

table 1 for exact numbers of individuals evaluated per

temperature.) The number of hatched eggs was

recorded daily. In total, 14 949 eggs were used. Data

from cohorts incubated at the same time in the same

chamber were pooled. The sample comprised 23 inde-

pendent replications (batches).

Larval stage

A number of generally 50 neonate S. tangolias larvae

(hatched at the same time within a 2-h interval) were

transferred to 0.5-L plastic cups that contained

two potato tubers (ca. 100 g of potato, in Peru: cv.

‘Peruanita’, in Ecuador: cv. ‘Superchola’) as food. The

number of cups set up per installation date was

unbalanced depending on the availability of neonate
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larvae (at least four cups were set up at the same date

per temperature). The cups were closed with a lid of

which a part was replaced with fine muslin (0.1 lm)

for ventilation. S. tangolias larvae normally leave

tubers before pupation. A piece of corrugated carton

was placed inside the container for providing pupa-

tion sites. Pupated individuals were recorded daily

and removed from the container. In total, 8761 larvae

were tested in 22 batches (replications in time).

Pupal stage

Newly developed pupae collected from a rearing box

were individually transferred to transparent plastic

tubes and incubated at the required temperature. The

number of pupae incubated per temperature at the

same time was uneven due to the variable numbers of

newly developing pupae available in the insect rear-

ing (see table 1). The number of emerging adults and

their sex were recorded daily. The total sample com-

prised 3387 individuals and 12 batches.

In all stages, the numbers of individuals tested per

temperature at the same time were unbalanced due to

changing availability of test insects. Final numbers of

test insects and batches per temperature are noted in

table 1. For further details about the original data, see

the supplement materials (Appendix S1).

Adult stage

Assessment of adult survival time and oviposition dif-

fered between experimental sites. In Peru, individual

pupae collected from a rearing box were separated by

sex. At the day of emergence, five females and five

males were placed in a plastic cylinder (∅
7 cm 9 10 cm height) covered with muslin and incu-

bated at the required temperature; at least five cylin-

ders were incubated at the same time per temperature

as replicates – n (♀) ≥ 25. Filter paper was placed on

top of the muslin to provide an oviposition site. The

inside of the plastic cylinder did not provide any

favourable site for oviposition, and it was assumed

that oviposition took place only on the filter paper.

The filter paper was replaced daily at 8 : 00 AM and

the number of eggs in the paper recorded. Adults

were fed daily with 5% sugar solution dropped on the

edge of the muslin. Survival time of individual adults

was recorded by sex. In Ecuador, adult survival and

oviposition were assessed individually from two dif-

ferent groups of adults. For the assessment of survival,

emerging adults (n = 50 ♀ + 50 ♂) were placed

individually in a cage (8 cm3 plastic box) and dead

individuals removed in daily intervals until all indi-

viduals of the cohort had died. The sex of removed

adults was determined and recorded together with

survival time of each individual. For the assessment of

progeny, a second group of adults was caged (a num-

ber of four females with four males were caged

together and replicated 4–6 times in each tempera-

ture) in plastic cylinders. The number of laid eggs was

recorded as described above (see table 4 for the num-

ber of females used per temperature for the assess-

ment of progeny).

Data for model validation

Historical data collected during 1998 and 2000 in

Huancayo, Peru, by Keller (2003) were used to vali-

date the model. Keller (2003) monitored development

times and mortality in all immature S. tangolias life

stages in cohort studies, from freshly laid eggs to adult

emergence. Six cycles were compelled at natural tem-

perature under protected (shaded) conditions (each

cycle contained three cohort replications initialized

with n = 100 insects each) over 18 months. Mini-

mum and maximum daily temperatures were moni-

tored using Hobos (Onset, MA) placed close to the test

insects.

Data analysis and modelling

For data analysis and model development, the Insect

Life Cycle Modeling (ILCYM) software package (Spor-

leder et al. 2013), version 4, was used. The package

uses R-statistics (R Development Core Team, 2011)

for all statistical calculations. Version 3 is currently

available as an open source program downloadable at:

https://research.cip.cgiar.org/confluence/display/il-

cym/Downloads). Version 4 includes significant

improvements in some statistical methods over ver-

sion 3. As version 4 has not been fully completed and

no further references on new tools are available, the

statistical analysis and modelling methods employed

in this work are fully described here.

Interval censored data (event occurred between

two observation times) on development time of the

different immature life stages, adult longevity and

fecundity of females were submitted to survival anal-

ysis. Parametric accelerated failure time (AFT) models

were adjusted to the data using the survreg procedure

of the survival package in R-statistics. For develop-

ment times, log-error distributions were assumed

which is in line with Curry’s (Curry et al. 1978) ‘one-

shape’ theory. The shape parameter of the error distri-

bution is assumed to be in relative relation to the

median development time – in other words, normal-

ized distributions are expected to have the same

shape. The lognormal, log-logistic and Weibull model
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was tested as distribution link function. For adult

longevity and fecundity, in addition to the extreme

value, logistic, Gaussian and exponential link func-

tions were tested. For each model, the most appropri-

ate distribution link function was chosen according to

the maximum likelihood. The final model was then

fitted at different levels of complexity; that is, data

were grouped by (i) temperature (default model), (ii)

insect batches (replications per temperature in time)

and (iii) batches but an individual scale parameter

was fitted to the data of each batch. These models

were evaluated using a likelihood ratio test and by

comparing Akaike’s information criterion (AIC)

(Akaike 1973). The latter is a well-known goodness-

of-fit indicator when comparing two models for the

same set of data and preferred over classical goodness-

of-fit tests. The AIC value is AIC = 2k–2ln(L), where k

is the number of parameters in the model, and L is the

maximized value of the model’s likelihood function.

In this study, the corrected AIC (AICc) (Hurvich and

Tsai 1989) was used because it panelizes stronger

extra parameters and reduces the probability of select-

ing overfitted models. The AICc value is

AICc = AIC + (2k 9 (k + 1))/(n – k – 1), where n

denotes the sample size. Models were compared by

their relative likelihood (=exp[0.5 9 ΔAICc], also

called AIC’s evidence ratio).

Median development, adult survival and repro-

duction times revealed for each insect batch using

the best-fitting ATF model were submitted to non-

linear regression analysis (using the nls procedure;

R-statistics) for evaluating the relationship between

temperature and median time to event. Many dif-

ferent models were fitted to each type of data; for

example, to median development times, >20 models

that might describe temperature-dependent devel-

opment in insects were tested. (See the list in the

user manual ILCYM 3.0 [Tonnang et al. 2013],

downloadable at: https://research.cip.cgiar.org/con-

fluence/display/ilcym/Downloads, pp. 147–152.)
Generally, these functions are fitted in term of rates

(1/median time); however, in this study, the func-

tions were fitted in terms of ln times to address

increasing variances with increasing median devel-

opment times (homogeneous variances across all

groups are expected when median times are ln-

transformed). Survivorship in immature life stages

was calculated from the relative frequency of sur-

viving test insects. Different nonlinear models (re-

modelled quadratic functions) were fitted by

regression to describe the mortality rate in each life

stage and fecundity by temperature. The modelled

functions were based on the vertex form of the

quadratic equation: y = c(x–h)2 + k, with the inten-

sion to estimate the vertex (h, k) of the parabola; c

is the shape parameter. The transformed models

were able to describe both symmetric and asym-

metric parabola. The most appropriate model for

describing the temperature effect on any of the

above parameters was chosen by comparing AICc as

described above.

Life table parameters – namely net reproduction

rate (R0), mean generation time (T), intrinsic rate of

natural increase (rm), finite rate of increase (k) and

doubling time (Dt) – were calculated from the estab-

lished models over a range of constant temperatures

according to Maia et al. (2000) using the approximate

method (approximate estimate for T). For model vali-

dation, Keller’s temperature records (daily minimum

and maximum temperature) were used as simulation

input temperature. The simulation was conducted in

1-day intervals using a cohort updating algorithm,

whereby for each day, a 15-min discrete time incre-

ment was used to account for within-day temperature

fluctuations. The temperature at each time interval

was predicted using a cosine-wave function between

minimum and maximum temperature input data as

described by Sporleder et al. (2013, p. 419). Each life

table simulation was started with a number of 100

fresh eggs. Development to the next stage was calcu-

lated using the stage-specific temperature-dependent

development rate function (table 2) in conjunction

with the distribution shape parameter of the AFT

model (table 1). That is, development rates were

accumulated for each cohort and the proportion of

individuals within the cohort developing to the next

stage was calculated using the distribution function.

For the log-logistic function, the accumulated devel-

opment frequency in relation to the cohorts’ physio-

logical age is calculated using the formula:

acc.dev.freq: ¼ 1�
�

1

½1þPn
k¼0 rðTÞa�

�

where
Pn

k¼0 rðTÞ is the accumulated development rate

over the period from stage initialization (k = 0) to the

nth day depending on temperature, T, and a = 1/d is

the stage-specific shape parameter of the curve, where

d is the scale parameter of the stage-specific distribu-

tion link function. The proportion of individuals that

develop each day to the next stage forming a new

cohort of the following stage is the accumulated

development frequency of day xi minus the accumu-

lated development frequency of day xi�1. Daily

stage-specific survival rates were calculated using the

formula:
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survival ¼ ð1�miÞrðTÞ

where mi is temperature-dependent mortality in stage

i using the established mortality functions (table 3)

and r(T) is the stage-specific temperature-dependent

development rate calculated as above (table 2). This

formula assumes that the stage-specific daily survival

rate, lx, is temperature dependent but unique across

all age classes (i.e. it assumes the exponential hazard

rate function). Daily fecundity per female was calcu-

lated using the formula:

daily fecundity per female ¼ ðPi � Pi�1Þ�FðTÞ

where Pi is the accumulated proportion of eggs laid by

a female depending on age. For the Weibull link func-

tion, Pi is calculated by:

Pi ¼ 1� exp

 
� exp ln

Xn
k¼0

rðTÞ � expð1Þ
 !

� a

 !

� expð�aÞ
!

where
Pn

k¼0 rðTÞ is the accumulated median oviposi-

tion time�1 (see function in table 5) over the period

from adult emergence to the nth day depending on

temperature, T, and a is 1/d, where d is the scale

parameter of the specific Weibull distribution link

function (table 4); and F(T) is the calculated total

temperature-dependent fecundity per female using

the established model (table 4). For model validation,

Keller’s temperature records (daily minimum and

maximum temperature) were used as simulation

input temperature. The developmental times and sur-

vival percentages resulting from these modelling were

compared to the life table results observed by Keller

(2003).

Results

Development time and its variation

The variation in development times among individu-

als across all temperatures (fixed variance) was best

described in all three immature life stages using a log-

logistic model (table 1). The model was fitted at differ-

ent levels of complexity: first, estimating median

development times for each temperature; second, esti-

mating median development times for each batch of

insects (replicates in time); and third, estimating med-

ian development times and an individual scale param-

eter for each batch. The likelihood ratio test revealedT
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that each increase in model complexity significantly

improved the model in each life stage (table 1). For

the egg and larval stages, however, the most appropri-

ate model according to AICc values was the second

model estimating median times for each batch with

common scale parameters. This indicated that the

individual scale parameters, di, for each batch of test

insects overfit the model; however, there was certain

variation in median development times among the

batches exposed to the same temperature (variable

variance). The common scale parameters were highly

significant (for each life stage P < 0.001) and ade-

quate to describe the overall (fixed) variability in

development times among individuals in each imma-

ture life stage.

Median development times showed a strong tem-

perature dependency. The relationship between tem-

perature and median developmental rates in eggs was

among several statistically good-fitting models best

described by Ratkowsky’s root square model (which

explained >96% of the variation in median develop-

ment times by temperature), and in larvae and pupae

by Taylor’s model (explaining >99% and >97% of the

variation, respectively) (fig. 1, table 2). Taylor’s

model predicted a development peak at temperatures

above 28°C for larvae and pupae; thereafter, develop-

ment decreased due to high temperature. The models

were fitted in terms of ln time; therefore, the error

estimated for prediction in terms of rates (as shown in

fig. 1) increased with increasing development rates.

Immature mortality

The effect of temperature on the mortality of imma-

ture life stages was described by nonlinear functions

(table 3, fig. 2). Mortality was quite variable in all

stages. Optimum temperature for survival was around

14°C for larvae to 17°C for eggs. The model fitted to

egg mortality explained only 17% of the variation by

temperature, but the probability of the model and the

three estimated parameters were significant

(P < 0.05). Functions fitted between temperature and

mortality in larvae and pupae (P < 0.05) showed

skewing to low temperature (i.e. the mortality

increased as temperature deviated from the optimum

temperature, Topt, but the increase was more pro-

nounced at temperatures below the optimum temper-

ature than at temperatures above the optimum). And

the established models were adequate to describe

temperature-dependent mortality within the temper-

ature range tested, but the data are insufficient to reli-

ably predict the minimum and maximum

temperature thresholds for survival.T
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Adult lifespan and fecundity

The longevity of adults as well as the time span until

females oviposited 50% of their eggs (henceforth

referred to as median oviposition time) decreased sig-

nificantly with increasing temperature. Variation

among individuals within cohorts across all tempera-

tures (fixed variance) was in both, survival times and

median oviposition times, best described with a Wei-

bull link function (table 4). The models were fitted at

different levels of complexity – that is, for the adult

live time, the model was fitted with (i) individual

parameters to each temperature (batches exposed to

the same temperature were pooled) and then (ii) to

each of the batches; in addition, (iii) individual

parameters were estimated for males and females or

(iv) using a single additive factor for males. The lowest

AICc was obtained when parameters were fitted to

each batch (replications in time) with the use of an

additive parameter, ksexm, which estimates the differ-

ence in the survival time of males compared with

females across all temperatures. The lifetime of males

was on average 4.3% [i.e. 1�exp(ksexm)] shorter than
female’s (table 4). Temperature-dependent adult

median senescence time in adults as well as median

oviposition times could be significantly described

by linear functions (see fig. 3a,b, table 5) (due to

increasing variances with increasing medians the

function was fitted in terms of ln times). The AICc val-

ues indicated that the function using generally 4.3%

reduced survival time for males (while intercept and

slope were set global for males and females) was most

likely the best model for describing both male and

female longevity. Median oviposition time could be

significantly described by the same model; however,

fitting the function with individual parameters

Table 4 Median survival times of Symmetrischema tangolias adults, median oviposition times and total fecundity per female at different constant

temperatures

Temp. (°C) Exp. Side

N1 (no. of

batches)

Median survival time (days)3,4

Median oviposition

time5 (days)

Mean fecundity/

female (eggs)Females Males

10 Peru 50/50 (1) 34.4 (�1.37) 32.2 (�1.81) 14.4 (�0.12) 85.2 (�8.3)

10 Ecuador 200/200 (1) 38.2 (�1.7) 35.8 (�1.6) 14.9 (�0.33) 45.9 (�0.7)

15 Peru 25/25 (1) 27.6 (�1.93) 24.9 (�1.75) 15.1 (�0.21) 102.5 (�4.8)

15 Ecuador 206/200 (1) 23.1 (�1.02) 25.3 (�1.13) 6 (�0.07) 236.7 (�6.7)

17 Peru 35/35 (2) 21.8 (�1.38) 20.6 (�1.3) 11.6 (�0.14) 111.2 (�54)

20 Peru 35/35 (2) 18.1 (�1.19) 17.6 (�1.15) 8.7 (�0.1) 133.6 (�27.8)

20.4 Ecuador 81/54 (1) 23.3 (�1.2) 22.5 (�1.26) 11 (�0.15) 187.8 (�46.5)

24 Peru 40/35 (1) 19.1 (�1.16) 17.6 (�1.11) 9.8 (�0.15) 44.9 (�17.7)

25.4 Ecuador 58/61 (2) 10.7 (�0.6) 8.9 (�0.49) 6.6 (�0.1) 94.7 (�42.8)

27.8 Ecuador 59/50 (2) 7.3 (�0.41) 6.5 (�0.38) 4.7 (�0.22) 9.9 (�3.9)

28 Peru 25/25 (1) 13.6 (�1) 12.3 (�0.89) 8.1 (�0.16) 39.8 (�18)

814/770 (15)

ksexm �0.0441 [0.013]***

ln(d)2 = �1.456 [0.021]*** �0.596 [�0.005]***

d = 0.244 (0.234–0.254) 0.551 (0.546–0.556)

1N is the number of individuals evaluated at a given temperature (♀/♂); the number in parenthesis is the number of batches (replications in time).
2d in the scale of the Weibull link function used in the analysis because the link function revealed a lower AIC compared to the log-normal and log-

logistic link function; the figure in [] are the SEs of ln(d) followed by asterisks indicating the parameter value significance level (P < 0.05 = *,

P < 0.01 = **, P < 0.001 = ***). The accumulated development frequency in relation to normalized age (time/median time) is calculated according

to the Weibull link function: accu. dev. freq. = 1�exp{�exp(ln[x 9 exp(1)] 9 a) 9 exp(�a)}, where x is the normalized age (determined through rate

summation, and a = 1/d.
3Numbers in parenthesis are standard errors of medians.
4For each adult survival time, 7 models were fitted; (i) k and ln(d) only (intercept only), (ii) ki for each temperature without separating between males

and females, (iii) ki for each batch (i.e. replication in time for each temperature) without separating between males and females, (iv) ki for each temper-

ature and an additive factor ksexm for the difference between males and females, (v) ki for each batch and an additive factor ksexm for the difference

between males and females, (vi) each sex in each temperature and (vii) ki for each sex in each batch. Each higher level model reduced the deviance

significantly (P < 0.05); however, AICc revealed model 5 being the best. Medians present here are from model 6, while ksexm and ln(d) are the results

from model 5.
5For oviposition time, 3 models were fitted; (i) k and ln(d) only (intercept only), (ii) ki for each temperature and (iii) ki for each batch (i.e. replication in

time for each temperature). Each higher level model reduced the deviance significantly (P < 0.05); however, AICc revealed model 3 being the best.

Medians present here are from model 2, while ln(d) resulted from model 3.
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revealed 6.8 times higher probability (AIC’s evidence

ratio) than the model using simply an additive factor

relating median oviposition time to median female

survival time. Therefore, there is a strong linear rela-

tionship between the ln median female senescence

time and the ln median oviposition time, but the ratio

between the two figures is not constant across tem-

peratures. At cooler temperatures, females had a rela-

tively more prolonged post-oviposition period than

oviposition period (i.e. 50% of the eggs were laid

Fig. 1 The relationship between temperature and median development

rates for immature life stages of S. tangolias (a: eggs, b: larvae, c:

pupae). The models, in a: square root model of Ratkowsky et al. (1982),

in b and c: Taylor model (Pradhan 1945; Taylor 1981), were fitted in

terms of ln development time instead of development rate. Broken lines

represent 95% confidence limits for the fitted model. Markers are

observed median development rates (batches). Bars represent 95% con-

fidence limits of observed data points.

Fig. 2 Temperature-dependent mortality ratios of S. tangolias imma-

ture life stages (markers: observed mortality rates in each replicate

[batch]). Lines: Nonlinear models fitted; broken lines: upper and lower

95% confidence limits of the model. Bars represent 95% confidence limits

of observed data points.
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when females terminated about 40% of their live

time). Instead, at warmer temperatures, females’

relative post-oviposition period decreased rapidly with

increasing temperature. At about 30°C, medium

oviposition time almost corresponded with the female

median lifetime. Thus, age-related oviposition

frequencies were better described by the function

established for temperature-dependent ‘median

oviposition time’.

Temperature-dependent total fecundity per female

could be described by a quadratic function in which

fecundity decreased symmetrically from a maximum

of 148 eggs per female at a temperature of 17.3°C
(fig. 3c, table 5). Some asymmetric models fitted

equally or better to the data (the symmetric function

revealed a ΔAICc = 0.11, evidence ratios <1.1 com-

pared to the best function); however, the data did not

support selecting a model that could reliably predict

the minimum and maximum temperature thresholds

for fecundity.

For simulating the temperature-dependent age-spe-

cific reproduction, female age was normalized using

the expected temperature-dependent median oviposi-

tion time. The Weibull function predicted best the

age-specific oviposition relative frequencies (fig. 4).

In the final oviposition model, the difference in the

relative frequencies between the time intervals tx�1

and tx (Δtime) was multiplied with the expected tem-

perature-dependent total fecundity to predict age-spe-

cific, temperature-dependent reproduction in

S. tangolias in a given time increment. Figure 4 shows

how these simulated reproduction frequencies corre-

spond with the observed data.

Validation of the model

For most of the generation cycles, simulations pre-

dicted well the development time and mortality of

immature life stages when compared with observed

data collected by Keller (2003) (table 6). In general,

egg development was quite exactly simulated. In

some cycles, the differences between simulated and

observed egg development times were significant – on

average, simulated development time was about 21%

shorter than observed. Development time from egg to

pupa and from egg to adult, however, showed good

predictions, even if some particular differences were

significant. On average, development time from egg

to pupa was 3% underestimated by the model, while

overall development time from egg to adult was 6%

overestimated. Highest discrepancy in overall devel-

opment time was observed in cycle 4 (+20.4%, see

table 6). Mortality was generally well predicted (most

figures did not reveal significant differences between

observations and simulations); however, on average,

overall simulated immature mortality was about

24.4% lower than observed by Keller (2003). As mor-

Fig. 3 Temperature-dependent senescence rates (day�1) for S. tango-

lias adults (a), median oviposition time (b) and total fecundity per

female. Dots are observed data (in a open dots are males); solid lines

are fitted curves (in a+b: exponential model, in a: males lived 4.4%

shorter than females – bold broken line), in (c): second-order polynomial

model), broken lines: 95% confidence limits for the fitted model (for

parameters and statistical regression results, see table 5). Bars repre-

sent standard deviation in observed data.
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tality is quite variable, and because an overestimation

of mortality is inferior than underestimation when

predicting the pest’s growth potential, the current

models seem suitable for predicting the pest’s growth

potential.

Life table parameters

At constant temperatures, predicted life table parame-

ters show that S. tangolias develops within tempera-

ture ranges of about 8–28.8°C (fig. 5). Maximum

population growth occurs at around 21°C with a finite

rate of increase, k, of 1.053. However, at fluctuating

temperatures, the temperature curves of the life table

parameters change as explained by the Kaufmann

effect. We simulated temperatures with �5°C daily

fluctuations. To be precise, these simulations were

carried out in hourly intervals using a sine wave func-

tion between the daily minimum temperature (aver-

age temperature minus 5°C) and maximum

temperature (average temperature plus 5°C). The

results, visualized as a grey line in fig. 5, illustrate the

Kaufmann effect. As expected, the temperature–life
table parameter curves flatten, with population devel-

opment thresholds at minimum mean temperature of

6°C (�5°) and maximum mean temperature of

29.5°C (�5°). Accordingly, the mean temperature for

maximum population growth raised to around 21.5°C
(�5°) with a finite rate of increase, k, of 1.05.

Discussion

Symmetrischema tangolias has been described as the

most cold-tolerant species of the potato tuber moth

complex. The species dominates in higher altitudes,

particularly >3000 m asl – indeed, it is often the only

species – whereas P. operculella and T. solanivora are

more abundant at lower altitudes in the Andean

region (Keller 2003; Dangles et al. 2008). Keller

(2003) compared development times of S. tangolias

and P. operculella in different locations over an 18-

month period at ambient temperatures (by estimating

the number of generations per year), but his results

do not provide other population growth parameters.

Dangles et al. (2008) determined development time,

survival and fecundity of all three species at constant

temperatures of 10°C, 15°C and 20°C and compared

the species physiological performance with the species

distribution observed in a variety of environments in

Ecuador. The authors found that the best predictor of

field abundance was temperature combined with a

species 9 temperature interaction term. In subse-

quent research, Dangles et al. (2009, 2012) studied

the interaction among the three species and showed

that the coexistence of the species caused more dam-

age than one pest alone at the same moth density,

and proposed a conceptual model that views interac-

tion along a thermal stress depending on species ther-

mal optima. The authors highlighted the importance

of knowing nonlinear effects of temperature on pro-

cess rates in predicting the pests’ growth perfor-

mances.

In the present study, we investigated the tempera-

ture dependence of all physiological processes of

S. tangolias over the full range of temperatures in

which the species is expected to develop. Developed

functions were used to predict temperature-depen-

dent life table parameters (e.g. finite rate of increase,

k). Minimum and maximum temperature thresholds

for population development were determined as 8°C

Table 5 Models and their parameters fitted to describe temperature-dependent senescence rates in adults, median oviposition time and total fecun-

dity per female in Symmetrischema tangolias

Life stages Model2 Parameters1 F-value df1,2 P adj. R2

Adult senescence rate Simple exponential b1 47.66 (�4.05)*** 123 1, 28 >0.001 0.8084

b2 �1.408 (�0.15)***

sexm �0.0441 (fixed)

Median oviposition time�1 Simple exponential b1 17.75 (�0.1656)*** 10.19 1, 11 0.009 0.4336

b2 �0.4096 (�0.0038)***

Total fecundity per female Quadratic Topt 17.3 (�0.93)*** 19.4 2, 10 >0.001 0.66

ln f(T) = rmax + c(Topt�T)2 rmax 4.999 (�0.205)***

c �0.0166 (�0.0045)**

1Numbers in parenthesis are standard errors. Parameter values significantly different from zero are indicated by asterisks (P < 0.05 = *,

P < 0.01 = **, P < 0.001 = ***).
2Adult senescence rate (simple exponential): if female r(T) = 1/(b1 + b2 T), if male r(T) = 1/(b1 + b2 T) 9 exp(sexm), Median oviposition time�1 (simple

exponential): 1/D(T) = 1/(b1 + b2 T)

Total ln fecundity per female: ln f(T) = rmax + c(Topt�T)2; maximum fecundity (exp[rmax] = 148) at Topt.
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and 28.8°C (fig. 5), with a maximum population

growth at 21°C (k = 1.053). The modelling results on

development times, survival and reproduction capac-

ity are in line with the results obtained under the con-

stant temperature experiments conducted by Dangles

et al. (2009). In addition, the model performed

acceptably well when compared to life table data

obtained by Keller (2003) under natural fluctuating

temperature conditions. In the present study, the

physiological processes were also evaluated at temper-

ature >20°C, which to our knowledge have not been

studied before. Dangles et al. (2008, 2009, 2012) con-

tributed to a better understanding of the intraspecies

interaction, species distribution and damage potential

of the three potato tuber moth species in the Andean

region. The present work, however, provides a pro-

cess-based physiological model that can be applied at

any environment (location) and so enable the popula-

tion growth parameters (life table parameters) to be

estimated globally based on temperature. The estab-

lished models are valid for the two populations of dif-

ferent origin studied. A comparison of the newly

established phenology model for S. tangolias with the

previously established phenology model for P. oper-

culella (Sporleder et al. 2004) shows that the growth

potential of S. tangolias is lower than that of P. oper-

culella at temperatures >15°C, whereas at tempera-

tures <15°C, S. tangolias has a higher growth potential

than P. operculella (fig. 6). This might be the reason

why S. tangolias did not spread out globally across

Fig. 4 Cumulative proportion of egg production in relation to female

age expressed as normalized time (oviposition time/mean oviposition

time). Symbols are observed data (accumulated mean reproduction/to-

tal reproduction per female) at indicated experimental temperatures;

the line is the Weibull distribution model fitted to the data.

Table 6 Observed (after Keller 2003) and simulated development times and mortalities in S. tangolias eggs, larvae and pupae of six different cohort

experiments (generation cycles developed per year at Huancayo, 3350 m asl)

Cycle Temperature Egg to Larva Egg to Pupa Egg to Adult

No. Date (d-m-y) Min (°C) Max (°C) dev. time (days) Mortality (%) dev. time (days) Mortality (%) dev. time (days) Mortality (%)

1 01–09–98 5.6 20.5 18.3 (0.81) 25.7 (8.56) 78.8 (2.85) 69.3 (9.04) 102.9 (3.33) 81.3 (7.64)

18 [�0.41] 28.9 [0.38] 70 [�3.09] 57.2 [�1.35] 105 [0.65] 62.4 [�2.48]

P = 0.685 P = 0.708 P = 0.002** P = 0.179 P = 0.519 P = 0.013*

2 11–12–98 6.9 18.2 17.6 (0.9) 21.7 (8.07) 77.2 (3.15) 76.3 (8.33) 105.2 (3.77) 87.3 (6.52)

17 [�0.7] 17.6 [�0.5] 75 [�0.7] 52.8 [�2.83] 116 [2.86] 58.7 [�4.4]

P = 0.486 P = 0.615 P = 0.484 P = 0.005** P = 0.004** P < 0.001***

3 27–03–99 1.6 19.5 20 (0.78) 25.3 (8.52) 87.1 (5.66) 75.7 (8.41) 133.5 (3.96) 87.7 (6.44)

18 [�2.62] 19.2 [�0.73] 87 [�0.02] 60 [�1.87] 135 [0.37] 67.3 [�3.16]

P = 0.009** P = 0.468 P = 0.984 P = 0.062 P = 0.713 P = 0.002**

4 13–09–99 5.6 20.1 19.7 (1.24) 10.7 (6.05) 67.8 (2.41) 43.7 (9.72) 95.5 (3.2) 63.3 (9.45)

18 [�1.35] 21.4 [1.78] 78 [4.22] 57.2 [1.39] 120 [7.64] 63.5 [0.02]

P = 0.175 P = 0.075 P < 0.001*** P = 0.163 P < 0.001*** P = 0.985

5 16–12–99 6.0 18.0 21.2 (1.16) 9.3 (5.7) 80.8 (2.2) 65 (9.35) 122.3 (5.73) 80.7 (7.74)

17 [�3.59] 19.6 [1.8] 80 [�0.36] 52.2 [�1.37] 127 [0.82] 58.5 [�2.86]

P < 0.001*** P = 0.072 P = 0.719 P = 0.172 P = 0.411 P = 0.004**

6 16–04–00 2.2 19.8 33.7 (1.16) 16.3 (7.25) 96.1 (5.55) 45.7 (9.76) 131.5 (12.7) 65.7 (9.31)

19 [�12.61] 23.9 [1.04] 84 [�2.18] 59.9 [1.45] 130 [�0.12] 66.1 [0.04]

P < 0.001*** P = 0.296 P = 0.029* P = 0.146 P = 0.905 P = 0.965

Numbers in parentheses are standard deviations calculated from three observed life tables (initial n = 300) and four simulations (n = 100).

For each cycle, the figures above are results from Kellers’s observed data (mean of 3 repetitions with n = 100) and the figures below are results from

simulations; number in [] is the z-value calculated z = (simulated value – observed value)/observed STD. P-values revealing significant differences

between simulated and observed results are indicated by asterisk (P < 0.05 = *, P < 0.01 = **, P < 0.001 = ***).
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tropical and subtropical potato production zones,

where temperatures regularly exceed 15°C, as P. oper-
culella.

As a further advantage, the established model can

be applied using daily fluctuating (or even season-

ally oscillating) temperatures coping well with the

Kaufmann effect (Worner 1992). That is, the tem-

perature–growth performance curve flattens with

increasing temperature fluctuations when plotted

against mean temperatures, thereby indicating that

development is also possible at mean temperatures

outside the determined temperature limits (as

Fig. 5 Life table parameters of S. tangolias simulated using the phenology model developed in this study over a temperature range of 0–35°C. (a)

Intrinsic rate of natural increase (rm), (b) finite rate of increase (k), (c) net reproduction rate (R0) (females/female), (d) mean generation time (T) (days),

(e) doubling time (Dt) (days) and (f) immature survival rate. Black line: simulation result if temperature is hold constant; grey line: simulation result if

temperature fluctuates �5°C (x-value �5°C).
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demonstrated in fig. 5). This illustrates that the pest

might also develop at locations or during seasons in

which the mean temperature is below the deter-

mined temperature limit. The approach also allows

determining the variances expected in individual

development processes. For example, variances in

development times can be split in the variance that

occurs among individuals in a given group of

insects of the same age exposed to the same tem-

perature; we called this fixed variance according to

Yurk and Powell (2010) and the variance that

occurs among different groups or populations at a

given temperature (variable variance). In our study,

the variance in a given group of insects tested

(batches) could be significantly described using a

distribution function with a common scale parame-

ter across all temperatures. This confirms the one-

shape theory proposed by Curry et al. (1978) that

refers to the overlapping of the distributions at dif-

ferent temperature when the insects’ age is properly

normed. This allows introducing stochastic compo-

nents in individual physiological processes and sim-

ulating life tables with its expected variances

(stochastic simulation).

The established model produces reasonable life

table parameters for the pest based on temperature

and is therefore applicable on a global scale; how-

ever, some limitations exist. Survivorship and

fecundity are important parameters influencing the

final population growth; yet, these parameters are

remarkably more variable than the development

time in immature life stages. And although the two

investigated S. tangolias populations revealed certain

differences in their survival and reproduction pat-

tern, common functions could be fitted to these

parameters. Albeit our submodels for mortality and

total female fecundity were supported statistically,

the sample did not support a definite assessment of

the mortality and fecundity curve at extreme low

and high temperatures. Further, additional life table

data derived from temperatures <10°C and >28°C
would be helpful to improve the model. Keller

(2003) pointed out that the phenology of S. tango-

lias in the Mantaro Valley in Peru cannot be

explained by means of temperature alone. He could

not find an overwintering field population and

observed that larvae failed to develop in tubers

exposed to direct sunlight. Instead, monitoring the

flight activity of S. tangolias during four consecutive

years from 2011 to 2014 revealed a year-round

activity at altitudes of 3214–4010 m asl but with

very low numbers during winter months (J.

Kroschel, pers. observation). Particularly for year-

round simulation of life table parameters, it would

be important to assess well the survival pattern at

extreme temperatures. Overwintering niches are

always important to consider for any pest that

might support re-infestation of fields. It also

remains to link the simulated life table parameters

with the feeding performance and damage potential

and hence the economic impact of the pest species

at a given environment.

Conclusion

Our study assessed the temperature-dependent

development of S. tangolias and developed a temper-

ature-driven phenology model for this potato pest,

which is essential knowledge for setting up local

pest management programmes, or analysing the

pests’ establishing risks and potential abundance

under current and future climates. In future

research, the model will be used to project the

establishment risk of S. tangolias based on long-term

interpolated temperature data (WorldClim) in a

geographic information system (GIS) environment

and possible distribution changes due to climate

change using the ILCYM software. Future research

will also address the implementation of stochastic

components to simulate the growth potential with

reliable realistic errors and how the knowledge on

species interaction among the three potato tuber

moth species can be used to sophisticate the model

outputs.

Fig. 6 Comparing the population growth potential between S. tango-

lias and P. operculella at constant temperature. The intrinsic rate of

increase for P. operculella was simulated using the model of Sporleder

et al. (2004). The prediction indicates that P. operculella has a much

higher population increase rate than S. tangolias; however, <15°C

S. tangolias populations are expected to grow faster than P. oper-

culella.
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Supporting Information

Additional Supporting Information may be found in

the online version of this article:

Appendix S1. Egg stage: location, temperature,

batch numbers, and numbers of individuals evaluated

per batch (replication reefers to the number of experi-

mental units – paper sections - used).
Appendix S2. Larval stage: location, temperature,

batch numbers, and numbers of individuals evaluated

per batch (replication reefers to the number of experi-

mental units – rearing boxes [about 50 larvae were

reared together in one box] - used).

Appendix S3. Pupal stage: location, temperature,

batch numbers, and numbers of individuals evaluated

per batch (replication reefers to the number of experi-

mental units – pupae collected from the same rearing

box - used)

Appendix S4. Adult senescence and reproduction:

location, temperature, batch numbers, and numbers

of individuals (females and males) evaluated per

batch (replication reefers to the number of experi-

mental units – cylinders - used). Note that in Ecuador

survival was not evaluated from the same individuals

as used for evaluating reproduction. For assessing the

sub-models for the oviposition model only the data

from individuals to assess reproduction were used.

Data S1. EGG development time.

Data S2. LARVA development time.

Data S3. Pupae development time.

Data S4. Adult survival time.

Data S5. Oviposition time.
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