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Abstract The population dynamics of the yellowjacket

wasp (Vespula germanica Fabricus) in central Chile were

analyzed for the first time. Using a simple Ricker logistic

model and adding the effects of local weather variables

(temperature and precipitation) and large-scale climate

phenomena as El Niño Southern Oscillation (ENSO) and

the Southern Annular Mode (SAM), we modeled the

interannual fluctuations in nest density. The best model

according to the Bayesian information criterion (BIC)

included 1-year-lag negative feedback combined with the

positive additive effects of ENSO and SAM. According to

this model, yellowjacket nest density was favored by warm

and dry winters, which probably influenced the survival of

overwintering queens. Large-scale climatic variables

[Southern Oscillation Index (SOI) and SAM] described the

effect of exogenous factors in wasp fluctuations better than

local weather variables did. Our results emphasize the

usefulness of climate indices and simple theoretical-based

models in insect ecological research.
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Introduction

The yellowjacket wasp (Vespula germanica Fabricius) is

one of the most harmful invasive insect species in the

world (Lowe et al. 2000). In all countries where the

yellowjacket wasp has been introduced, it has become a

serious problem for agriculture, apiculture, wildlife, and

recreation activities (Harris and Oliver 1993; Matthews

et al. 2000; Sackmann et al. 2000; Beggs 2001; Curkovic

et al. 2004; Kasper 2004). In Chile, this insect was intro-

duced more than 30 years ago (Edwards 1976; Archer

1998) and, during the last decade, high wasp densities have

threatened recreational and tourist activities, and have also

had a serious impact on agricultural work on fruit farms

and in vineyards (Curkovic et al. 2004).

To control and avoid the spread of this serious pest, it is

essential to understand its population dynamics and how

the combined effects of endogenous and exogenous factors

determine its interannual fluctuations. Several investiga-

tions on this topic have been carried out in different places

(Archer 1985, 2001; Barlow et al. 2002), some of them

using local climate covariables as exogenous factors.

The use of local climate variables in long-term studies

began early in the 20th century (Elton 1924). For example,

rainfall appears to show contrasting effects on wasp pop-

ulations: in the northwest USA and New Zealand it seems

to be negative (Akree and Reed 1981; Barlow et al. 2002),

while in Tasmania rainfall appears to have a positive effect

on fluctuations of common wasp populations (Madden

1981). On the other hand, the role of temperature in ecto-

therm performance has been shown to be unimodal, with an

increasing phase at low and medium temperatures, and a

decrease at high levels (Huey and Berrigan 2001). The

temperature effects on the abundance of yellowjacket

wasps have been described by Madden (1981), who found

a positive relationship between temperature and wasp

numbers in Tasmania.

However, local variables are not the only way to eva-

luate climatic effects on population dynamics. Climate
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indices are proxies for overall climate condition and rep-

resent ‘‘packages of weather’’ sensu Stenseth et al. (2003).

In some cases, this allows a better approximation for

studying the influence of climate on population dynamics

than the use of local variables, and their use in ecological

research has increased over the last 10 years (Stenseth

et al. 2003).

In southern South America, the two most relevant large-

scale climatic phenomena are El Niño Southern Oscillation

(ENSO) and the Southern Annular Mode (SAM). ENSO is a

coupled ocean–atmosphere phenomenon with a strong influ-

ence on the interannual variability of temperature and pre-

cipitation in South America (Aceituno 1992; Andreoli and

Kayano 2005; Barros et al. 2008; Garreaud et al. 2008). On

the other hand, SAM is a pattern of tropospheric circulation

variability centered on Antarctica, whose influence on tem-

perature and precipitation regimens reaches to mid latitudes

(Stenseth et al. 2003; Silvestri and Vera 2003; Gillett et al.

2006; Garreaud et al. 2008). Both phenomena exert important

influences over ecological processes in South America

(Holmgren et al. 2001; Jaksic 2001; Murúa et al. 2003a, b).

To the best of our knowledge, no analysis using long-

term time series has been carried out in southern South

America to evaluate the relative contributions of endoge-

nous and exogenous factors to the population dynamics of

the yellowjacket wasp. In addition, studies relating wasp

fluctuations to exogenous factors have used local weather

variables, but the role of large-scale climatic variables,

such as the North Atlantic Oscillation (NAO), the Southern

Oscillation Index (SOI), and the Southern Annular Mode

(SAM), have not been explored. Here, we analyzed the

population fluctuations of the yellowjacket wasp in central

Chile using simple theoretical-based models in order to

decipher the relative importance of local and large-scale

climatic variables.

Methods

Data

Records of yellowjacket nests were taken from 1994 to

2005 in Rio Clarillo National Reserve, Metropolitan

Region of Chile (33�410S, 70�240W, 860 m a.s.l.,

13,085 ha extension; Fig. 1) by the staff of the National

Forestry Corporation (CONAF). Data corresponded to the

number of nests detected during several days in February

(summer), when the greatest number of wasps is recorded,

by means of systematic sampling throughout the reserve.

The first flight of queens occurs in the spring (September),

and the queen immediately begin to construct the nest in

the soil or other cavities (Curkovic et al. 2004). The nest

may contain more than 8,000 wasps, and at the end of the

summer when the nest exhibits its maximum activity it can

contain 250–300 queens. These queens leave the nest at the

end of the autumn and pass the winter protected in cavities

or under the bark of trees until the next spring (Curkovic

et al. 2004). The number of nests is a good proxy for the

number of queens that have survived the winter months,

and has been used previously for population dynamics

studies of this pest (Archer 1985, 2001; Barlow et al.

2002). As a result of differences in sampling method

(different number of days assigned each year for sampling),

we used the standardized nest density, which was obtained

by dividing the total number of nests counted during the

sampling period by the number of days assigned for sam-

pling each year. Moreover, to perform the time-series

analysis, data were detrended by adjusting a linear model

of the form Nt = a ? b 9 t, where Nt is the standardized

nest density, t is time, and a and b are the estimated model

parameters (Royama 1992; Berryman 1999; Kirchgässner

and Wolters 2007). We used the residuals of this model

plus the mean nest density as the detrended time series.

Fig. 1 Study site. Black point indicates the Rio Clarillo National

Reserve (33�410S, 70�240W)
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Climatic data

Local climatic data were collected from the climatic station

located in the reserve. Records from this station for 1993 to

2005 were obtained from the Civil Aeronautical Office in

Chile (DGAC). Winter and spring (June–July and September–

October) average temperature (WAT and SAT, respectively)

and precipitation of the previous year were used in this study

(WPP and SPP, available from authors). This is because

yellowjacket wasps form colonies with an annual monogy-

nous lifecycle (Harris 1996); therefore, queens must survive

the winter to create a new colony in the early spring.

The Southern Oscillation Index (SOI), which is related

to ENSO, and the SAM index were used in this study.

Standardized annual SOI was obtained from http://www.

cpc.ncep.noaa.gov/data/indices/soi. This index is the stan-

dardized difference in sea-level pressure between Tahiti

and Darwin (Australia). Annual SAM index was obtained

from http://www.nerc-bas.ac.uk/icd/gjma/sam.html. This

index is calculated as described by Marshall (2003), using

real sea-level pressure from six stations.

Population dynamics diagnosis and modeling

To determining the endogenous structure of the wasp

population, we carried out an autoregressive analysis

through the autocorrelation function (ACF) and the partial

rate correlation function (PRCF), to determine the order of

the feedback structure of these time series (Berryman and

Turchin 2001). The population is dominated by first-order

feedback (Fig. 3); therefore, as a starting point for mod-

eling the reproductive function or R-function (Berryman

1999), we used a nonlinear version of the simple Ricker’s

(1954) equation to model the basic influence of endoge-

nous and exogenous forces on wasp population dynamics.

This is an intraspecific competition model that has been

used successfully in a previous study of this insect (Barlow

et al. 2002). The nonlinear Ricker’s equation is:

R ¼ Rm 1� Nt�1

K

� �Q
 !

; ð1Þ

where Nt-1 is the standardized nest density at time t-1; R is

the realized per-capita growth rate Rt = ln(Nt/Nt-1); Rm is

the maximum per-capita growth rate estimated for the

species; K is the carrying capacity or equilibrium density;

and Q is a nonlinearity factor. In this model, we incorpo-

rated climatic perturbations using Royama’s framework

(1992). According to Royama (1992) exogenous perturba-

tions may be vertical, when the R-function is completely

displaced through the y-axis, which means that the maxi-

mum reproductive capacity and the equilibrium density are

modified by the action of the exogenous factor, or lateral,

when the R-function is displaced through the x-axis,

changing the equilibrium density but not the maximum

reproductive capacity. Using this framework, we can build

mechanistic hypotheses about the effects of climate on the

wasp population. When a vertical effect is operating, an

additive term must be included in the model, but in a lateral

perturbation we replace the parameter K by a function of the

exogenous variable (Estay et al. 2009). One or two climatic

variables were included in each model, but only the best

models using two climatic variables are shown. Models

were fitted by nonlinear least squares using the nls library in

the R program (R Development Core Team 2008, available

at http://www.r-project.org) and ranked according to the

Bayesian information criterion (BIC) or Schwarz (1978)

criterion. For clarity, BIC weights were also included in the

results. Minimum BIC was selected to determine the best

model. Finally, simulations were carried out to elucidate the

capacity of the models to describe the real dynamics. In

spite of a lack of independent data to evaluate the simula-

tions, this analysis allows one to visualize to some degree

the predictive performance of the model. Simulations were

carried out using only the first real value of the time series,

observed variance, and random perturbations e(0, 0.1), and

then running the algorithm using each model with their

estimated parameters, to obtain the simulated 12-year val-

ues. Values of the root-mean-square prediction error (rmse;

Sheiner and Beal 1981) were calculated to evaluate the

predictive performance of the models. Smallest rmse values

represent the best predictive performance.

Results

Yellowjacket wasps in central Chile show clear first-order

dynamics (Fig. 2a–c). First-order dynamics are character-

ized by sawtoothed oscillation (Fig. 2a), which is caused

by negative feedback of density at time t-1 (Fig. 2c;

Berryman 1999). PRCF showed that lag-1 is the main

feedback process in the time series.

Given that the basic structure for the analysis was a first-

order Ricker model, each climatic variable was additively

incorporated (vertical effect sensu Royama 1992). The Ricker

model plus the influence of ENSO and SAM was the best

(Table 1). This model had the best BIC and the best predictive

performance given by rmse. The simulations with this model

closely reproduce the observed dynamics, especially the 2001

outbreak (Fig. 3). Other categories of Royama’s classifica-

tion, such as lateral effects, were tested, but because of their

poorer performance than that of the additive models, they are

not shown. When ENSO and SAM were used alone in the

models, the predictive performance decreased by roughly a

half (from rmse 2.6 to 4.2 using only SAM, and 4.7 using only

ENSO).
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Discussion

Yellowjacket wasp population dynamics in central Chile

are characterized by first-order oscillations, similar to those

in their native habitat (Archer 1985, 2001) and in other

countries where this insect has been introduced (Barlow

et al. 2002). The mechanism behind this negative feedback

has been suggested to be aggression and subsequent high

mortality among queens during the first colony stage

(Akree and Reed 1981; Archer 1985).

Climate has been suggested as a key aspect for under-

standing the fluctuations of this insect (Akree and Reed

Fig. 2 a Time series of the

standardized number of nests

from 1994 to 2005 in Rio

Clarillo National Reserve,

central Chile. b Realized per-

capita growth rate (R = ln(Nt/

Nt-1) of the time series against

the density of the previous year

(Nt-1). c PRCF for standardized

data. The major influence of

first-order feedback structure is

clear. Dashed lines represent a

12-year time series Bartlett

band, which is a rough

approximation to the 95%

confidence interval

Table 1 Results of the modeling

Model R2 BIC wBIC rmse

R = 1.56 9 (1 - (Nt-1/6.39)0.50) 0.42 31.54 0.04 5.9

R = 16.63 9 (1 - (Nt-1/3.57)0.04) ? 0.25 9 SAM 0.67 27.79 0.24 4.2

R = 0.94 9 (1 - (Nt-1/8.57)1.04) ? 0.56 9 ENSO 0.58 30.34 0.07 4.7

R = 1.36 9 (1 - (Nt-1/5.35)0.52) ? 0.02 9 WAT 0.42 33.94 0.01 5.9

R = 10.68 9 (1 - (Nt-1/62.39)0.12) - 0.21 9 SAT 0.45 33.33 0.01 5.6

R = 2.17 9 (1 - (Nt-1/16.27)0.40) - 0.002 9 WPP 0.54 31.55 0.04 5.4

R = 1.31 9 (1 - (Nt-1/5.28)0.57) ? 0.002 9 SPP 0.45 33.35 0.01 5.5

R = 0.84 9 (1 - (Nt21/5.25)0.69) 1 0.45 9 ENSO 1 0.22 9 SAM 0.77 26.16 0.54 2.6

R = 1.17 9 (1 - (Nt-1/11.53)0.91) - 0.001 9 WPP ? 0.43 9 ENSO 0.61 32.16 0.03 4.5

R = 4.56 9 (1 - (Nt-1/23.72)0.30) ? 0.001 9 SPP - 0.13 9 SAT 0.46 35.55 0.00 5.4

R = 0.93 9 (1 - (Nt-1/3.11)0.36) - 0.002 9 WPP ? 0.101 9 WAT 0.54 33.82 0.01 5.7

The best model is shown in bold face. Estimated parameters for each model are shown in the model (see Eq. 1 for reference). BIC, BIC weights

(wBIC), and root-mean-square prediction error (rmse) are shown. WAP and SAT are winter and spring average temperature, respectively; WPP

and SPP are winter and spring total precipitation; ENSO is the annual SOI index and SAM is the annual SAM index (see the ‘‘Methods’’ section

for details). The model ranking according to BIC is the same if we use Akaike information criterion for small sample size (AICc)
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1981; Madden 1981; Archer 1985; Barlow et al. 2002), but

the specific climate variable and the sign of the effect vary

with each study. Akree and Reed (1981) found that warm

and dry springs have a positive influence on wasp abun-

dance, but their analysis was based on anecdotal data, and a

rigorous evaluation was absent. A negative effect of spring

rainfall was found by Barlow et al. (2002), but Madden

(1981) described a positive effect of autumn and spring

rainfall on yellowjacket abundance, which was related to

food availability in the early spring. The dissimilarity

between these results suggests that the interaction between

endogenous and exogenous factors depends on the whole

environmental context in which the population is embed-

ded. Our study is believed to be the first to describe the role

of large-scale climatic variables on yellowjacket wasp

fluctuations. The use of SAM and ENSO allowed us to test

the influence of the overall climate condition (Stenseth

et al. 2003) rather than the influence of a single variable.

Previous studies have demonstrated that overwintering is a

key step to explain wasp abundance in the following spring

(Akree and Reed 1981; Archer 1985; Barlow et al. 2002).

Several variables, or the interaction between them, may

influence queen survival during the winter. Evidence of the

influence of rainfall (Akree and Reed 1981; Barlow et al.

2002) and/or temperatures (Madden 1981) on the perfor-

mance of yellowjacket wasps has been previously detected.

Our simple model was able to explain almost all of the 80%

variation in the population dynamics of yellowjacket wasps

in central Chile. We think that the remaining unexplained

variability may be related to resource availability.

Positive values of the SOI index (ENSO) are associated

with below-normal precipitation in northern and central

Chile (Garreaud et al. 2008). On the other hand, positive

values of the SAM index are associated with warm and dry

events over southern South America (Gillett et al. 2006),

especially with negatives anomalies in central Chile

(Stenseth et al. 2003; Garreaud et al. 2008). Both results are

in agreement with the previous studies of Akree and Reed

(1981) and Barlow et al. (2002). The influence of ENSO in

central Chile (Lima et al. 1999a, b, 2002) and SAM in

southern Chile (Murúa et al. 2003a, b) has been detected

previously in the dynamics of rodents. However, to the best

of our knowledge, the present study is the first to detect an

effect of these large-scale climatic phenomena on insect

population dynamics in southern South America. Climate

indices have been used successfully in other studies on the

population dynamics of insects (e.g., Saldaña et al. 2007).

As Stenseth et al. (2003) pointed out, the use of these

indices helps us to reduce the complexity of the problem to

one simple measure. For insect ecologists, these ‘‘packages

of weather’’ represent an opportunity to analyze the some-

times complex interaction between climatic variables and

insect physiology or behavior, and its consequences on

population processes. This simplification increase our pre-

dictive ability (Stenseth et al. 2003); however, the exact

mechanism involved in those processes remains unknown.

In this vein, we think that our simple logistic model com-

bined with the two large-scale climatic variables may be a

useful tool for predicting and managing this pest in central

Chile, but the general approach of this study can be applied

in every problem related to the management of insect pests

in the world. The use of simple theoretical-based models

together with a clear representation of the effect of climatic

variables allows one to increase the efficiency of control

measures and diminishes their cost by concentrating oper-

ations at times when they are strictly necessary. We hope

that these results will allow improvement of pest manage-

ment against this insect in central Chile, especially by using

the predictive ability of this model.
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