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Abstract
Assessing the geographic distribution and abundance of invasive species is critical for
developing sound management and/or eradication policies. Ecological niche modeling
approaches that make implicit assumptions about the biology and mathematics are commonly
used to predict the potential distribution of invasive species based on their recorded
distribution. An alternative approach is pphysiologically‐ based demographic modeling (PBDMs)
that make explicit assumptions about the biology and mathematics based on data and the
observed field biology, include trophic interactions, and predict the temporal phenology and
dynamics of the species across wide geographic areas independent of pest distribution records.
Contrary to common perceptions, the data requirements for developing PBDMs are not onerous.
A weather driven PBDM system model for the noxious yellow starthistle (YST) and its
interactions with annual grasses and four seed head feeding herbivorous biological control
agents is used to demonstrate the utility of the PBDM approach for analyzing complex invasive
species problems (see Gutierrez et al., 2005). The model predicts the geographic distribution
and relative abundance of YST across the western USA, and the results are used to assess the
effects of temperature, rainfall, competition from grasses, and the four herbivorous insects
introduced for its control. The inter‐specific competition among the biological control agents is
also reviewed. Observed increases in YST growth rates with increasing CO2 could exacerbate the
management problem and complicate the biological control and management of this noxious
weed (Dukes et al., 2011). A heuristic bioeconomic model is developed to show how the YST
PBDM can be used to assess the biological and economic effects of climate change on YST
infestation levels regionally.
Last, a call is made to develop a unified system for assessing invasive species problems at the
field, regional and global levels with the goal of enhancing the development of policy and
management decisions.
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1. Introduction
A critical step to assessing biological invasions is to predict their potential geographic
distribution and dynamics in time and space. This capacity is a critical component in developing
strategies for their management, including eradication. To do this we must recognize that
species are affected not only by climatic change, but also by trophic relationships (Davis et al.,
1998). However, assessing the impact of these factors on invasive species biology has proven
difficult (Gallien, 2010).
The most commonly used methods to characterize the ecological niche space of species fall
under the ambit of ecological niche modeling (ENMs) approaches that attempt to characterize the
distribution of species using aggregate weather and other factors in areas where the species has
been recorded. ENMs are often used to predict the potential range of invasive species following
introduction. ENMs may be statistical models (e.g., generalized linear models, generalized
additive models, generalized boosted models, genetic algorithm for rule‐set prediction, principal
components analysis; see Estrada‐Peña, 2008), physiological index models (e.g., CLIMEX;
Sutherst and Maywald 1985; Sutherst et al. 2007), models based on information theory (MaxEnt;
Phillips et al., 2006; Phillips and Dudík, 2008) and other methods (see Elith and Leathwick,
2009). Elith et al. (2011) provides a useful exposé of the MaxEnt approach.
ENMs assume the current geographic distribution of a species is the best indicator of its
climatic requirements, that the distribution is in equilibrium with current climate, and climate
niche conservatism will be maintained in both space and time (Beaumont et al., 2009). But there
are several deficiencies: incorporating trophic interactions in ENMs is difficult (Davis et al.,
1998); the assumed native range may be in error (e.g., the species may have been misidentified);
a single species may be composed of different ecotypes; aggregate weather data used to
delineate distribution may miss important short‐term weather effects. Different ENM
approaches may also give different results as the region considered and sample size affect the
demographic projection (Wisz et al. 2008), and other factors (see Lozier et al., 2009 for
additional important cautions). An additional deficiency is that ENMs make implicit ecological
and mathematical assumptions having no mechanistic basis (Soberón and Nakamura, 2009). For
these reasons, the results and transferability (validation) of ENMs are often conjectural with the
predictive power being potentially lower than spatial interpolation (Bahn and McGill, 2007). As
a result, ENM predictions of invasive species ranges in response to climate change may also be
unsound, as climate change effects not captured by the ENM may influence species abundance
and subsequent trophic interactions (van der Putten et al., 2010; Wardle et al. 2011). Despite
these acknowledged shortcomings, ENMs have been used to assess the potential distribution of
invasive species under climate change (Jeschke and Strayer, 2008). Because ENMs are unable to
predict the dynamics of invasive species, we suggest they are marginally useful for developing
management strategies.
The main advantage of ENM approaches is their relative simplicity to implement and low
biological data requirements. Thuiller et al. (2005) has suggested ENMs may provide an
unbiased first‐step for screening the potential range of invasive plants in new areas; but as
Hickler et al. (2009) caution, process‐based representations of water balance in terrestrial
ecosystems need to be included. The use of ENMs for heterothermic animal species such as
insects have also provided useful insights when based on species biology (see Lozier and Mills
2011).
A more direct approach, however, is to model explicitly the mechanistic weather driven age
structured biology and dynamics of a species and of important species in its food chain or web
(i.e. the system) using weather driven physiologically based demographic models (PBDMs). This
approach is independent of data concerning the assumed native range of the species. PBDMs
estimate prospectively the phenology, dynamics and distribution of species in time and space as
driven by observed or climate model scenarios. The PBDM approach has early roots in the work
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of Fitzpatrick and Nix (1968), Gutierrez et al. (1974) and de Wit and Goudriaan (1978). The
underpinning concepts were summarized in Gutierrez and Baumgärtner (1984) and Gutierrez
(1992, 1996). PBDMs may be developed for an individual, a single species population or a tri‐
trophic food web system that includes bottom‐up effects of plant growth and development on
herbivores and the top‐down action of natural enemies (Gutierrez et al., 2010b). In their most
complete form, PBDMs capture the daily age structured dynamics of dry matter acquisition and
allocation (See Chapter 3). The same model may be used to model the growth dynamics of
plants or animals having very different resource acquisition and allocation biology (Gutierrez et
al., 1987). As such, we believe that PBDMs may be a more effective method to capture
biogeographical and physiologically relevant parameters likely to be influenced with climate
change.
2. Estimating the physiological effects of weather
Biological functioning of a species is highly dependent on local weather, and if climate changes,
the species dynamics will respond to the new weather regime. For example, if temperature
increases, the ontogenetic development and growth rates of plants and other heterothermic
species may change in positive or negative ways. Additional factors associated with climatic
change such as moisture and CO2 concentration [CO2] are likely to change globally as well. For
example, the highly invasive weed, yellow starthistle (Centaurea solstitialis L.) grew more than
six times faster in response to elevated CO2 in community settings (Dukes et al., 2011). In some
plants, increases in the potential growth rates may be slowed by extant physical, morphological
and physiological constraints, and in some cases photoperiod and other factors may act as
developmental switches (e.g., Morison and Lawlor, 1999). These are important considerations
that call for physiological based modeling approaches to capture the expression of the biology as
it varies with changes in weather, including climate change.

Figure 1. The effects of temperature on growth rates: (a) photosynthesis and respiration and (b)
plant growth rate (i.e., f(T)‐r(T) ) at given light and [CO2].
2.1 Physiological index model
The origins of the PBDM approach is the concept of plant growth indices proposed by Fitzpatrick
and Nix (1968) for Australian pastures which Gutierrez et al. (1974) extended to the study of the
effects of weather on the distribution of insect populations. The Fitzpatrick‐Nix physiological
indices were also the basis for the development of the widely used CLIMEX ENM algorithm
(Sutherst and Maywald 1985). The growth index approach was an important bridge to the
development of PBDMs and hence is reviewed in greater detail here.
Fitzpatrick and Nix (1968) proposed that plants have a concave growth response to various
factors, that when normalized yields growth indices having minimum and maximum limits and
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optimal values (Fig. 1b). Assuming current [CO2], the effects of temperature T on the
photosynthetic (f(T)) and respiration (r(T)) rates (i.e., the Q10 rule) in a hypothetical plant given
constant light is illustrated in Fig 1a. The difference f(T) ‐ r(T) is the potential assimilation rate
(G(T)) (Fig. 1b). The normalized growth response (an index) is computed by dividing G(T)= f(T) ‐
r(T) by the maximum potential growth rate Gmax(T) (eqn. 1).
0 < GI(t) = (f(T) ‐ r(T))/Gmax < 1

(1)

Normalized growth responses to other factors may also be computed in a similar fashion, with
the limiting effects of all factors estimated as the product of the various indices (e.g., light (LI(t)),
temperature (TI(t)), moisture (MI(t)), nitrogen (NI(t)), etc.) (eqn. 2, see Fitzpatrick and Nix
1968).

0

GI (t )

LI (t ) TI (t ) MI (t ) NI (t ) ... 1

(2)

This model assumes that concentrations of any factor or combination of factors away from the
optimum slows plant growth rates, and in the extreme may be limiting. This is not a new idea
(see von Liebig, 1840, Shelford 1931, Andrewartha and Birch 1954). The same approach can be
applied to other organisms (say arthropods) with limiting factors being weather variables,
resource levels, availability of mates, oviposition sites, density, etc. (see below). One enduring
example of this approach is Haefner (1970) who mapped the effects of temperature, salinity and
dissolved oxygen on the survival of sand shrimp. A major difficulty, however, is a priori
determining the limits and optimum for each index.
The physiological index niches of three hypothetical species in three weather dimensions are
depicted in a stylized manner in Fig. 2a. In practice, the physiological indices can be computed
using weather data during periods when the species are active in the field, and used to define
their ecological niches. For example, the average MI index for the plant and TI indices for three
aphids (Rhopalosipum padi Koch, R. maidis Fitch, and Aphis craccivora Koch) were estimated
during periods when winged aphids (alate) were trapped in some of 40 pasture sites across SE
Australia during 1968‐70 (Fig. 2b; Gutierrez et al. 1974; see also Gutierrez and Yaninek 1983 for
other species). During periods when the aphids were active, MI was computed using a soil water
balance model based on pan evaporation data, and TI was computed using average daily
temperatures. Weather varied greatly across SE Australia during this period and only a few
locations were favorable. A bivariate normal model was fit to average MI and TI values for the
periods of activity (i.e. the MI x TI space is the 95% tolerance region), with highest favorability
occurring in the middle of the bivariate distribution space.

Figure 2. The ecological niche space: (a) three hypothetical species, and (b) three aphids in
Australian pastures with the data being the average MI and TI values during the period when
aphids were present (Gutierrez et al. 1974). The elipses are bi‐variate normal fits to the data.
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As observed in the field, the model suggests that R. padi was active during the cooler wetter
periods (fall‐mild winters), A. craccivora was active during periods with mild temperatures and
adequate soil moisture for pasture growth (fall or spring), and R. maidis winged forms were
active during warmer and drier periods (late spring‐early summer). Interpreting the model for
future time and other locations suggests that populations of each species could develop only
when the computed indices fall within the species’ ecological niche tolerance region. Further, we
note that the geographic distribution of these species is not static, and migration of alate forms
plays a key role in the life cycle of these aphids. Hence, whether populations of these species
develop in an area also depend on the arrival of migrants during the favorable period.
Different species may have different responses to weather, and this problem is illustrated in
a tri‐trophic setting where the trace of weekly MI and TI values at one location during a year is
the line circumscribing the grey area in Fig. 3a. Other years and other locations would have
different MI and TI traces indicating different weather patterns and hence levels of favorability.
The ecological niche tolerance regions for the plant, an herbivorous species, and its natural
enemy are superimposed in the same MI x TI space in Fig. 3a. The relationships suggest that the
different populations may grow during periods when the MI x TI trace falls within their
ecological niche boundary provided its resource (species) is also present. Some species may
enter dormancy or survive in microclimates during unfavorable periods, or as in our cowpea
aphid examples may survive in the larger region via migration from areas of permanence.
Fig. 3a shows a good climatic match for the three species to current climate for relatively
long periods. In contrast, the weather scenario in Fig. 3b shows suggests marginal favorability.

Figure 3. Hypothetical ecological space on temperature (TI) and moisture (MI): (a) a well‐
adapted tritrophic system, and (b) an alternate scenario of decreasing favorability. The margins
of the grey areas are the average weekly TI x MI values starting 1 January.
The weather scenarios, say from Fig. 3a to 3b could be viewed as climate change. We note
that in the short run the physiological niches of the species does not change, though in some
species selection may occur on a shorter time scale (see Meineke et al., 2013), but predicting the
rate of that change remains vexing. Climate change could lead to trophic and spatial mismatches
(Schweiger et al., 2008), disruption of pollination (Schweiger et al., 2010), and, potentially, new
communities composed of more adapted species (i.e. succession) (George et al. 2009).
Although figure 3 relates weather to trophic interactions, how to extrapolate this link to
project demographic change, particularly in a rapidly shifting climate, is the crux of this chapter.
Sakai et al. (2001) proposed that population biology holds promise for understanding and
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managing invasive species demography, but we argue that, in a climate change context, the
models must be weather driven (e.g., Aurambout et al., 2009). In doing so, greater realism can
be added to the PBDM approach with subsequent improvements in our understanding of climate
driven invasive species dynamics.
2.2 Age structured physiologically based demographic model (PBDM)
We first make the links to the physiological index concepts using a single species model lacking
age structure where N is species density and R is its resource density. In dynamics model eqn. 3,
f ( R, N ,T ) is the functional response of N to R, T is temperature, is the efficiency of converting
resource R to N (number or mass), r(T) is the respiration rate (i.e. the Q10 rule in a time varying
environment) (Fig. 1), (T) is the temperature dependent net death rates, and is the product of
all limiting factors affecting the growth rate of N (eqn. 2) (see Gutierrez and Baumgartner 1984;
Gutierrez, 1992; Gutierrez et al.,1994).

dN
dt

[ f ( R, N ,T ) - r (T )] N

(T ) N

(3)

The single species model may be recast with parallel structure to include mass structure (not
shown) and one or more higher‐trophic level consumers (C) may be added where f c ( N , C,T ) ,
r c,

c

and

dN
dt

c

c,

have analogous definitions as given above (see Gutierrez et al. 1994; eqn. 4).

{ [ f ( R, N ,T ) r (T )] N

(T ) N

g ( N , C,T )C }
(4)

dC
dt

c

{ c [ g ( N , C,T ) rc (T )]C

c

(T )C }

Adding age structure to eqn. 4 (Gutierrez, 1996) enables more nuanced modeling of the
interactions of R, N and C. A variety of age/mass structured models may be used to imbed the time
varying dynamics in an age specific manner (see Di Cola et al.,1999). Such models may be used at the
individual or population level, and apply equally well to plant and animal species (see Chapter 3). For
example, plants pass through various life stages, and each plant has subunit populations (e.g. leaves,
stem root, fruit), with fruit having distinct developmental stages and potential growth rates (i.e. bud
stage, growing buds, flowers, maturing growing fruit and ripe fruit). Similarly, a holometabous insect
species has distinct stages: egg (i.e., e = eggs) larval (l), pupal (p) and adults (a), but the model can be
structured for hemimetabolus life cycles as well. Individuals enter the first age class, say as an egg, and
age through the life stages at temperature dependent rates exiting from the final age class, or via
mortality (the double arrows) from any age or stage (Figure 4). One may also add developmental
variability using models such as those developed by Manetsch (1976) and Vansickle (1977) (see Di
Cola et al. 1999 for a review) wherein the distribution of maturation times depends on the number of
age classes in each stage. The numerical solution for the time varying form of this model is given in the
appendix (see Severini et al., 2005).

Figure 4. Population dynamics: (a) an age structure models for the dynamics for the egg (symbol e),
larval (l), pupal (p) and adult (a) stages with flows (aging) between age classes and stages, with the
double arrows indicating net age specific mortality.
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2.3 Parameterizing PBDMs
PBDMs are time varying life tables (sensu Gilbert et al., 1976), and the parameters may be
estimated from laboratory and field age‐specific life table studies conducted across gradients of
ecological factors (e.g., temperature). Optimally, studies on dry matter allocation and growth
would also be performed at the same time. The parameterization process is simplified by the fact
that models for all species have similar sub components models that may vary with temperature
and other factors (e.g., density, nutrition) and can be captured using simple functions. PBDMs
may include aspects of behavior such as host preferences, physiology, dormancy, and other
factors. At a minimum, developmental times of life stages, and age specific resource acquisition,
reproduction and mortality rates, and dormancy as applicable must be estimated (see review in
Gutierrez and Ponti, in press a; see appendix). While this may appear to be a difficult task, in
reality it is quite simple and straight forward.

Figure 5. Biological sub models: (a) the rate of development on temperature (Brière, et al.
1999), (b) type II and type III functional responses, (c) the per capita fecundity profile on female
age in days at the optimum temperature (Topt in Fig. 5d, e) (Bieri et al., 1983), (d) the normalized
effects of temperature on longevity (and gross fecundity) (Gutierrez, 1996), (e) effects of
temperature on mortality, and two examples of diapause induction; (f) the proportion diapause
induction as a function of day length (e.g., grape vine moth, Gutierrez et al., 2012), and (g) as a
function of day length and temperature (e.g., pink bollworm, Gutierrez et al., 1981). Figure
modified from Gutierrez et al. in press a).
The effect of temperature on the developmental rate is illustrated in fig. 5a (Brière et al.
1999). Similar demand and search driven resource acquisition processes (functional response)
occur in all trophic levels (e.g., photosynthesis, water and nitrogen acquisition by plants, and
resource acquisition by higher trophic levels; Gutierrez ,1992, 1996; Gutierrez and Baumgärtner,
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1984, 2007) and at the economic level (Regev et al., 1998), and all can be modeled using the
same functional form (Fig. 5b). Depending on the biology of search, the functional response
model (e.g., f ( R, N , T ) may be type II if the search rate is a constant, or type III if it is an
increasing function of consumer density C. The choice of predator (single attacks) or parasitoid
(multiple attacks per host) form of the model depends on the acquisition biology being modeled.
For example, a predator model is used for photosynthesis because a quantum of light can be
captured only once, while a parasitoid form might be used for herbivores (or parasitoid) when
multiple attacks are possible (e.g., on fruit).
Per capita age‐specific fecundity at the optimum temperature (i.e., Topt in Fig. 5d, e) may be
captured by a simple function (Fig. 5c; Bieri et al., 1983) and scaled for the effects of
temperature by the function (T) (Fig. 5d) and other factors (eqn. 2). Mortality varies with
temperature and may be captured by a convex function (e.g., Fig. 5e). Of course, in trophic
interactions, we must include predation by higher trophic levels (e.g., g(N,C,T), see eqn. 4).
Dormancy in some species may allow them to survive unfavorable periods (see Hahn and
Denlinger, 2011). We note however that dormancy may be absent in some species, may be
transient in others, may be induced by low host density and/or high temperatures, or day length
(Fig. 5f), or it may depend on multiple factors (e.g., temperature, day length (Fig. 5g) and
nutrition). As appropriate, the time of dormancy initiation and termination, and the daily rates
of dormancy induction must be computed in the model.
Energy (dry matter) flow in an age structured tri‐trophic system model consisting of a
plant/herbivore/pathogen/parasitoid/predator system) is illustrated in Fig. 6a‐c (e.g., Gutierrez
et al., 2008a, 2011). The plant provides bottom up effects via resource availability to herbivores,
while higher trophic levels provide top down regulation.

Figure 6. A plant/herbivore/pathogen/parasitoid/predator system: (a) the basic tri‐trophic
relationships, (b) dry matter flow in the plant as modified by the pathogen, and (c) to the
herbivore and a parasitoid and predator showing stage‐specific attack preferences (modified
from Gutierrez et al., 2008a, 2011).
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Table 1. Summary of PBDM systems evaluated in a GIS context.
host plant

herbivores

parasitoids

predators

pathogens

regions

reference

Origins

alfalfa

spotted alfalfa aphid

Aphelinus semiflavus,
Praon palitans, Trioxys
complanatus

Hippodamia
convergens

Erynia neoaphidis
(insect)

California

Gutierrez and Ponti (in
press b)

temperate

cotton

pink bollworm

USA/Mexico

Gutierrez et al. (2006a, in
press)

tropical

citrus

Asian citrus psyllid

USA/Mexico

Gutierrez and Ponti
submitted c

tropical

grapevine

European grapevine moth,

USA/Mexico

Gutierrez et al. 2012, in
press)

temperate

USA/Mexico

Gutierrez et al. 2011, in
press

sub tropical

California

Gutierrez et al. 2008

temperate

Tamarixia
radiata

glassy-winged sharpshooter,

Gonatocerus ashmeadi,
G. triguttatus

grapevine mealybug

Anagyrus pseudococci,
Leptomastidea abnormis)

coccinellid beetles

Xylella fastidiosa a
(plant)
Cryptolaemus
montrouzieri

olive

olive fly

USA/Mexico
Mediterranean
Basin

Gutierrez et al. 2009, in
press; Ponti et al.
2009a,b; in press

sub tropical

perennial
plantb

light brown apple moth

USA/Mexico

Gutierrez et al. 2010a

temperate

fruit tree
hosts b

medfly

USA/Mexico/
Italy

California
laurel b

oleander scale

vertebrate
hosta

screwworm

USA/Mexico

Gutierrez and Ponti in
press

tropical

yellowstar
thistle

Bangasternus orientalis, Eustenopus
villosus, Urophora sirunaseva,
Chaetorellia succinea

California

Gutierrez et al. 2005

temperate

Gutierrez and Ponti 2011

a

Aphytis chilensis

California

Rhysobius
lophanthae

not modeled, b generalized host.

9

tropical
Gutierrez and
Pizzamiglio 2007

temperate
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3. Regional analysis
Several systems have been modeled using this basic structure in a GIS context (Table 1). The
analysis path is as follows: (1) run the model using daily weather data (observed or climate
model data) across all grid points in the landscape, (2) map the geo‐referenced data using GIS,
(3) perform marginal analysis of the output data (i.e., y xi ) to assess the relative contribution
of various factors in the regulation of the pest, and (4) use the model as the objective function in
a bio‐economic analysis of the invasive species problem. To illustrate these phases, we review
the biological control of the invasive Mediterranean annual yellow starthistle (YST) in California
(Gutierrez et al., 2005).
3.1 The yellow starthistle system
YST is an important noxious weed that heavily infests pastures in the Western USA, and has
been the focus of an ongoing biological control effort for more than 25 years. Growth of the
thistle is affected by competition for light and water from exotic Mediterranean annual grasses
(G), and attack from introduced exotic seed head (= capitula) feeding insect herbivores
introduced for its biological control (Fig. 7a).
Figure 7. The yellow starthistle PBDM
system: (a) trophic interactions (competition
between yellow starthistle and exotic annual
grasses and herbivory by seed feeding insects
as affected by temperature and soil moisture
(see text), (b) the simulated phenology of YST
from germination through senescence during
a wet (1983) and a dry year (1990) (see
Gutierrez et al., 2005), and (c) the prospective
average distribution of flowering plants m‐2
during the period September 1982 to
September 2003 in the western USA.
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Among the species introduced are two weevils (Bangasternus orientalis (abbreviation BO) and
Eustenopus villosus (EV)), and two picture winged flies (Chaetorellia succinea (CS) and Urophora
sirunaseva (US)). Gutierrez et al. (2005) analyzed the system using the PBDM approach to
estimate the distribution and abundance of YST, and to estimate the impact of the interacting
herbivores on YST and each other across the varied ecological zones of California. Here, the
analysis is extended to the western USA.
Germination of YST (and Mediterranean grasses) in California normally begins during fall
with the intensity and patterns determined by seed bank density and the timing and quantity of
autumn‐fall‐spring rains and favorable temperatures. The germination patterns vary greatly
across years, location and regionally. Germination of an annual cohort of seed occurs over
several years providing an important stabilizing mechanism for coping with variable rainfall.
Winter dormancy in the insect herbivores provides a bridging mechanism between seasons.
Season‐length for YST is determined mostly by temperature and the availability of soil‐moisture
estimated using a mechanistic soil water balance model that predicts the evapo‐transpiration
rate in response to weather and developing leaf area index (Ritchie, 1972).
The phenology and population dynamics of plant stages at Davis, California from
germination in fall to senescence and death during a wet (1983) and a dry (1990) year are
illustrated in Fig 7b (see Gutierrez et al., 2005). The number of germinating seed (cotyledon
stage) during the wet 1983 period was ten‐fold that in 1990, with the steep pattern of
germination in 1983 starting after the first heavy rains. In contrast, germination during dry 1990
occurred over a protracted 110 day period due to low infrequent rainfall. Fig. 7c shows the
predicted average distribution of flowering YST plants across the varied ecological zones of the
western USA. In California, the average distribution of YST is restricted to areas with more than
350mm of annual rainfall. Similar maps can be drawn for each plant stage, and for the
herbivorous insect species, but aside from illustrating the predicted distribution, the maps are
not highly informative.
3.2 Marginal analysis of simulated yellow starthistle data
Using marginal analysis we review the average impact of each herbivore species and grass in
suppressing YST, their competitive interactions, and the effect of competition from grasses on
YST populations. The simulated action of the different combinations of herbivores and grass
(abbreviations Bo, Ev, Us, Cs and G) at the 72 sites across the varied ecological zones of California
were summarized using linear multiple regression wherein species absence or presence (i.e., 0
or 1) and the interactions were used as the independent variables. Only independent variable
having slopes significantly different from zero were retained in the multiple regression models
(see Gutierrez et al., 2005 for full details). The goal of the regression analysis was not prediction
(explained variance), but rather to estimate the direction and average impact of the various
factors. (We note, however, that prediction increases with decreasing geographic scale.)
Regressing mature flowering plant density on season length (dd), total rainfall (mm), and
presence‐absence of the four herbivores, grass and their interactions yielded multiple regression
eqn. 5. The weevil B. orientalis and the fly U. sirunaseva had no significant effect in reducing plant
densities, and are not included in the final model.

plants m

2

219.4 0.012dd 0.01mm 12.0 Ev 30.0Cs 8.6 EvCs 7.9G
(5)

R

0.22, F

27.6, df

3, 233

Plants density declines with factors that increase season length (dd, mm) and with E. villosus, C.
succinea and competition from annual grasses. A longer season enables more generations of Ev
11

Gutierrez A.P., Ponti L., 2014. Assessing and managing the impact of climate change on invasive species: the PBDM
approach. In: Ziska L.H., Dukes J.S., (eds.), Invasive Species and Global Climate Change. CABI Publishing, Wallingford, UK:
271-290. ISBN 978-1780641645. DOI 10.1079/9781780641645.0271
Definitive version available at http://dx.doi.org/10.1079/9781780641645.0271

and Cs. The interaction EvCs decreases control and is a measure of interspecific competition.
Using marginal analysis, average dd (2,656) and mm (466) and herbivore presence, the
predicted high average plant density is 142m‐2 indicating, as observed, poor control.
A regression of log10 seed density on the same independent variables yielded eqn. 6.

log10 seed density 3.30 0.00007dd 0.0002mm 0.18Ev 0.36Cs 0.16Ev Cs
(6)

R

0.42, F

141.4, df

3,234

Again, B. orientalis and U. sirunaseva on average had no significant effect in reducing seed
densities. Taking the antilog of eqn. 6 and substituting mean values for dd and mm across sites
shows that yellow starthistle seed densities increase with season length and total rainfall, but
decrease with Ev and Cs presence. The action of E. villosus and C. succinea on average reduce
seed production 58% across California with C. succinea having the greatest impact. The impact of
C. succinea was reduced by its interaction with E. villosus because it kills fly larvae when they co‐
occur in capitula. The interaction EvCs increases seed survival 12.8% offsetting much of Ev’s
contribution to seed reduction. Most important, the proportion of seeds that survive in attacked
capitula is far higher than required for plant replacement.
3.3 Inter‐specific competition among YST herbivores
The interactions of the four herbivore species (and grass) were also examined using log10
cumulative larval days during the season (i.e. abundance) as the dependent variable and the
presence‐absence and interactions terms of the other species and grass as the independent
variables. The results of the marginal analyses suggest (see Gutierrez et al., 2005):
B. orientalis ‐ Only the presence of the weevil E. villosus has a significant large negative effect
on the abundance of the weevil B. orientalis. Without E. villosus, average cumulative B. orientalis
abundance would be 1,096m‐2 larval days but with E. villosus the average of B. orientalis drops to
3.5m‐2 because E. villosus is a superior competitor.
E. villosus ‐ Competition from B. orientalis, C. succinea and U. sirunaseva on log E. villosus are
not significant, but the indirect effects of grass competition on YST growth and hence capitula
production reduced average E. villosus larval days by 23%.
C. succinea ‐ E. villosus reduces average abundance of the fly C. succinea an average of 62%.
U. sirunaseva – The combined action of E. villosus (weevil) and C. succinea (fly) decreased
average larval days of the fly U. sirunaseva with C. succinea having the larger effect. In the
absence of competitors, U. sirunaseva average larval days would be 10,715m‐2, but with
competition it is reduced to 19.5 m‐2 because both E. villosus and C. succinea are superior
competitors in cases of multiple occurrences in capitula.
In summary, lack of control of yellow starthistle is due to the high survivorship of seed and
to plant compensation that increase per plant seed production at lower plant densities. The
analysis suggests that herbivory that reduces the plant’s ability to compensate and/or kills
whole plants before seed maturity would be most likely to lead to the control of yellow
starthistle. This is what occurred in the control of the noxious Klamath weed in California by the
root feeding Klamath weed beetle (Huffaker and Kennett, 1959). The results of our YST model
are consistent with field observations and illustrate the utility of a well parameterized PBDM.
However, increases in CO2 levels have been shown to increase greatly YST growth rates, and this
will likely complicate the biological control and management of this weed (Dukes et al., 2011).
The effects of increasing [CO2] can be incorporated in the current PBDM via the demand
parameter (see appendix eqn. A3), though a more physiologically nuanced sub models could also
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be incorporated. In addition, the modular structure of the PBDM allows integration of the effects
of additional biological control species, and used to assess the evolving temporal and spatial
changes in YST density with climate change, and used as an aid in guiding ongoing management
policy. It could also be used as a template to assess other weed species. Below, we examine the
YST problem heuristically from a bio‐economic perspective.
3.4 Analyzing the bio‐economics of climate change in yellow starthistle
The static production and damage control function approach is commonly used in agricultural
economic analyses (e.g., Lichtenberg and Zilberman, 1986), but a PBDM model could be
substituted for the production function (Pemsl et al., 2007). For example, the YST model
(i.e. Y ( ) ) could be used as the production function to estimate the effects of YST infestation
levels (I) on changes in land value under current ( wo ) and future climate change ( wF , e.g.,
Dell’Aquila et al. 2012)) weather including [CO2] (eqn. 7). The revenues per unit of uninfested
grazing land (ρ) are assumed to decrease with infestation level (i.e., e I ) where is the
parameter for change. Control costs enter as the product of the number of control interventions
(n) and unit price ρx, while X o and X F are the dynamics of current and potential future sets of
biological control agents. Ignoring location coordinates subscripts for convenience in eqn. 7, and
assuming p and px are constants, profits ( o and F ) under wo and wF could be estimated as
follows.

wo

Y ( wo ,[CO2 ]o , X ) e

I ( wo )

no p x
(7)

wF

Y ( wF ,[CO2 ]F , X F ) e

I ( wF )

nF p x

The effects of climate change on profits at any location under wo and wF
is

wo

wF , and could be mapped but also used in marginal analyses.

4. Management of invasive insects: a policy perspective
Effective management of invasive species requires approaches that go beyond the existing
environmental policy (Pyšek and Richardson, 2010). Some invasive species may disrupt extant
food webs, while others may be of minor consequence (see Tylianakis et al., 2008). It is to our
advantage to differentiate the threat posed once an invasive pest is introduced. Currently, the
presence of invasive species does not include differentiation of actual risk, and as a result,
invasives are often handled in a crisis mode by government agencies (Larson 2005). Yet, such
agencies often lack the capacity to predict the potential geographic range and relative
abundance of the exotic species (i.e., invasiveness) under current weather, much less under
future climate change (Gutierrez and Ponti in press a). McNeely et al. (2001) have suggested that
eradication of an invasive species is but one component of invasion policy, which must include a
combination of prevention measures and early detection, with effective management (including
eradication) being the last resort (see Simberloff et al., 2011). The capacity to predict the
occurrence and resulting impact of an invasive species is pivotal to developing science based
policy, including environmental, social and economic decisions (Larson et al., 2010). Policy
decisions should also extend to invasive species management, including eradication, control, and

13

Gutierrez A.P., Ponti L., 2014. Assessing and managing the impact of climate change on invasive species: the PBDM
approach. In: Ziska L.H., Dukes J.S., (eds.), Invasive Species and Global Climate Change. CABI Publishing, Wallingford, UK:
271-290. ISBN 978-1780641645. DOI 10.1079/9781780641645.0271
Definitive version available at http://dx.doi.org/10.1079/9781780641645.0271

in some cases acceptance (Myers et al., 2000). Decisions made for the management of invasive
species based on a ENM approach are likely suboptimal, as discussed herein, and hence there is a
greater need to be able to assess the effects of species interactions and other factors including
the effects of climate change. To that end, we propose that knowledge gaps can be effectively
bridged by developing biologically comprehensive, weather driven models such as PBDMs that
can utilize sound data in a GIS setting with fine space/time resolution, including data from
satellite remote sensing (e.g., Roiz et al., 2011, Table 1) and climate models (e.g., Ponti et al.,
2009b).
Venette et al. (2010) have argued that pest risk models that incorporate a high degree of
biological complexity (e.g., PBDMs) are less utilized because substantially more biological data at
temporal and spatial scales are required, and that decision makers with political and legislative
constraints cannot wait for research to fill the data gaps. Policy decisions based on simple
assessments may, over time, prove to result in greater environmental and economic damage as
illustrated by some of the cases reviewed in chapter 3 and in Table 1 of this chapter.
It is widely acknowledged that mmanagement/eradication efforts against some invasive
pests have been ongoing for decades. In the absence of basic biological information, large sums
of public monies are often spent in control efforts, efforts that could be strengthened if a fraction
of the funds could be applied to the research needed to develop the requisite biological data and
models that could improve policy and management decisions (Gutierrez and Ponti, in press a).
The recent termination of eradication efforts against the light brown apple moth (Epiphyas
postvittana) in California is a poignant case in point (see Gutierrez et al., 2010a; Lozier and Mills,
2011).
Overall, propensity to dismiss biologically intense approaches in favor of short‐term
“solutions” can be counterproductive and often leads to inadequate and/or misdirected research
funding and continuing gaps in scientific knowledge regarding the long‐term failures or success
of invasive species management programs (e.g., the YST example above, see Simberloff et al.,
2005). The field of invasion biology has matured sufficiently so that a synthesis and global policy
framework for research and implementation for dealing with diverse invasive species can be
developed. This synthesis would harness extant and develop new tools such as PBDMs to
enhance scientifically‐based decision making at the policy level (e.g., Yemshanov et al. 2009).
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Appendix 1. Distributed maturation time model.
The numerical solution of this model for a life stage i with i =1,..., K age classes is eqn. A1 (text
Fig. 4; see Manetsch, 1976; Vansickle, 1977; Di Cola et al. 1999; Severini et al., 2005). The state
variable is density (as a rate, ni(t)) in units of number (or mass). Births flow into the first age
class (i=1), survivors exit at the maximum age (i = k). Note that this is the time‐varying form
(Vansickle, 1977; Severini et al., 2005). The model can be adapted for flows in other dimensions
as well (mass, etc).

ni (t 1)

V
ni 1 (t )
(t )

ni (t )

1

(t )

1

i

V

(t 1)

ni (t )

(A1)

The forcing variable is temperature (T), and time (t) is a day that from the perspective of the
heterotherm organisms is of variable length in physiological time units above its lower thermal
threshold (see below). The variable V is the proportional change in development (aging),
(Topt ) is the mean developmental time under optimal Topt, and x(T (t )) is an increment of age
(x), and R(T(t)) is the rate of development at temperature T(t). The function variable i (t ) is the
proportional net loss rate that includes the rich biology affecting the age specific births, deaths,
growth, predation, net immigration, and other factors including text eqn.1.
The density of cohort i is Ni (t ) ni (t ) (T (t )) / k , the total density in the life stage is

N (t )

k
1

Ni (t ) and k

(Topt )2 / var . The model allows multiple thermal thresholds and

multiple age and time scales for the different species and their sub‐stages. The definitions of
variables in eqn. A1 are expanded below.
Parameterizing the dynamics model
All of the sub models below are parameterized by fits to data.
The developmental rates and times – In PBDMs, the time step is a day while the change in
age is in physiological time units (e.g., degree days) above the lower thermal threshold for
development. The effect of temperature and other factors on the developmental rate (fig. 5a) is
captured by eqn. A2 (Brière et al., 1999, see).
a (T (t ) TL )
(A2)
R (T (t )) 1
days (T )
1 bT TU
The constants a and b, and the lower and upper thresholds TL and TU are estimated from data.
The average developmental of a cohort initiated at some time t0 is completed when the daily
rates sum to 1 (i.e.,

t
t0

R(T (t ))dt

1 ). Development can also be affected by nutrition and other

factors.
Resource acquisition (f(R,N)) ‐ Similar demand and search driven resource acquisition
processes occur in all trophic levels (e.g., photosynthesis, water and nitrogen acquisition by
plants, and resource acquisition by higher trophic levels; Gutierrez, 1992, 1996; Gutierrez and
Baumgärtner, 1984, 2007) including the economic one (Regev et al., 1998). The per capita
resource acquisition rate S (=supply) is computed using the ratio‐dependent functional response
model (eqn. A3; Fig. 5b, solid line) where D is the per capita consumer demand that varies with
temperature and other factors (e.g., [CO2], see also Gutierrez, 1992).
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S

f ( N,C )

D(1 e

N
DC

)

(A3)
Depending on the biology of search, eqn. A3 is type II if is constant, but is type III if
is an
increasing function of C (i.e. (C)). In plant physiology, the function
C=LAI
would be the
well‐known Monteith (1965) light extinction model and in animal ecology the equally well‐
known Nicholson and Bailey model (1935) (see Gutierrez, 1996). The type II model is related to
the model proposed by Watt (1959) and is the predator form of the Frazer and Gilbert (1976)
parasitoid model. The choice of predator (single attacks) or parasitoid (multiple attacks) form of
the model depends on the attack biology being modeled. Dividing both side of eqn. A3 by D yields
the supply‐demand ratio ( 0 S / D 1 ) (i.e., search is always imperfect).
Per capita age‐specific fecundity (F(T, x), Fig. 5c) may be captured by a simple per capita
reproduction function f(x) (Biere et al., 1983) scaled by the effects of temperature ( (T), Fig. 5d).
F (T , x)
(T )h( x) ,
(A4)
where h( x)

cx
dx

Temperature dependent mortality ‐ Similarly, mortality varies with temperature and the
rate per unit time may be capture by upward convex functions such as Fig. 5e with constants d
and e.

0

(T )

d (T Topt ) 2 e 1

(A5)

Of course, in trophic interactions, we must include predation effects of higher trophic levels
(g(N,C,T), see text eqns. 3, 4).
Dormancy ‐ Various forms of dormancy allow different species to survive unfavorable
periods. Dormancy is absent in many species, it may be transient in some, may be induced by
low host density and/or high temperatures, it may be induced by day length (Fig. 5f), or it may
depend on temperature and day length (Fig. 5g), but may also be influenced by nutrition and
other factors (see (e.g., pink bollworm, Gutierrez et al., 1981). As appropriate, the time of
dormancy initiation, the daily rates of dormancy induction, and dormancy termination must be
computed in the model (see Gutierrez et al., 2006, 2011).
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