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1. Studies on the phylogeographic structure of species (strains) have yielded insights
into their geographic distribution but tell less about strain’s capacity to invade novel
environments.

2. Extensive age-specific life table data on two strains of the invasive Palearctic alfalfa
weevil, Hypera postica (Gyllenhal) (i.e., Ebro Valley, Spain (S) and Hamadan, Iran (/)
strains) having disparate vital rates, are used to develop weather-driven physiologi-
cally based demographic models (PBDMs) of their biology. The PBDMs are used to
explore prospectively their invasive potential across much of the Holarctic.

3. Using N.E. Gilbert's theory that fecundity is selected to the level appropriate for the
population in its environment, we explore the interacting effects of multiples of
observed fecundity, temperature-dependent mortality and density-dependent pop-
ulation growth constraints on stabilizing adaptation in strains S and | to weather in
their native area. Aestivating adults (“*A) bridge the critical winter period, and their
annual production is used as a metric of adaptation. Maximization of A in the
native environments supports Gilbert’s supposition.

4. The S and I strains have wide invasive potential, and we posit stabilizing selection
for maximizing ?*A would occur after successful invasion of novel environments.

5. We propose that the evolving adaptation of an invasive strain to extant and climate
change weather can be examined by periodic updates of the biodemographic biol-

ogy in the weather-driven PBDMs.

KEYWORDS
geographic distribution, invasive species, pest risk analysis, physiologically based demographic
models, population dynamics, relative abundance, stabilizing selection, strains

INTRODUCTION Hadiistylli et al., 2016) has yielded limited generality on their invasive-
ness as measured by potential geographic distribution and relative
Research on adaptation of invasive species to novel environments abundance. Species with wide geographic distributions may exhibit

(e.g., Le Roux, 2021; Moran & Alexander, 2014) and their phylogeo- phylogeographic structure, with lineages (strains) adapted to local

graphic structure (e.g., Biedrzycka et al, 2022; Du et al., 2023; biotic and abiotic conditions. A strain is defined as a population of
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FIGURE 1 Developmental biology of the alfalfa weevil: (a) egg, larval and pupal, and preoviposition, reproductive and aestivating adult
stages, and (b) the reproductive states of adult weevils in response to hours (h) day length. The red dotted arrows in 1a indicate entry into
aestivation of new adults and of reproductive adults, and the dark dotted arrow indicates termination of aestivation during the fall to early spring
period. Some new adults may not enter aestivation and produce a second generation, temperature-dependent mortality occurs in all stages
(dashed black arrows) and density-dependent mortality occurs in the larval stage (green dashed arrow).

individuals of the same species having similar vital rates adapted to
conditions in a geographic region (c.f., Downie, 2010). An invasive
strain may invade a novel area from any part of its range (see
Godefroid et al., 2015; Messenger & van den Bosch, 1969) with its
behavioural and physiological traits determining establishment suc-
cess (DeBach, 1964). Further, its natural enemies may co-evolve
(e.g., Salt & van den Bosch, 1967) making discovery of adapted natural
enemies for biological control challenging.

Alfalfa (Medicago sativa L.) was likely domesticated in modern-day
Iran and Turkiye (Brough et al., 1977) and spread globally as a major
forage crop (Tang et al., 2024). The alfalfa weevil, Hypera postica
(Gyllenhal), co-occurs with alfalfa over its vast Palearctic range and, as
an invasive species, has become a major pest of alfalfa across the Hol-
arctic. Several strains of alfalfa weevil have been documented
(e.g., Coles & Day, 1977; Sanaei & Seiedy, 2016; Schroder &
Steinhauer, 1976; Tuda et al., 2021), and the weevil invaded North
America from unknown areas of its Palearctic range at least three
times. The ‘western’ strain entered the Salt Lake Valley of Utah in
1904 (Titus, 1910), the ‘Egyptian’ strain was found in Yuma, Arizona,
in 1939 (Wehrle, 1940) and the ‘eastern’ strain in Maryland in 1952
(Poos & Bissell, 1953). The eastern strain is distributed across the cen-
tral and eastern regions of the United States, the western strain is dis-
tributed in

central California and across the northwestern

United States, and the Egyptian strain is found in the southwestern
United States (Bottger et al., 2013), but areas of intergrade occur (see
Bundy et al., 2005). Sanaei et al. (2016) sequenced the mitochondrial
COlI gene of populations from Iran, Poland and the Czech Republic
and detected two groups that suggest the European populations may
be the western US strain, with the western and Egyptian/eastern
strains co-occurring in Iran. Tuda et al. (2021) made a comprehensive
analysis of the spatial genetic structure of the weevil in the Palearctic,
and though behavioural, taxonomic and genomic studies can detect
differences, they are insufficient to assess strain invasiveness; this
requires biodemographic data on their biology sufficient to model
their weather-driven population dynamics in the invaded area.

A general physiologically based demographic model (PBDM, see
Appendix) for the supposedly Egyptian strain (designated E) (Gutierrez
et al., 1976) was developed as a component of a larger modular alfalfa
system model composed of 14 interacting species (see Gutierrez &
Ponti, 2013). This heritage model for the E strain was based on labora-
tory data for a population from the desert regions of Arizona and Cali-
fornia (Butler & Ritchie, 1967; Gutierrez et al., 1976). The general
biology of all known alfalfa weevil strains is similar (Figure 1); hence,
the E strain model was easily recast in a modular structure to include
the biology for strains from the Ebro Valley, Spain and Hamadan, Iran,

hereafter designated the S (Spain) and | (Iran) strains. Additional
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TABLE 1 Stage-specific parameters and developmental times.

@%‘“"“‘ 575

Stage 0,2 ou° dd > 6,
Ebro Valley, Spain (S strain; Levi-Mourao et al., 2021, 2022)
Egg 6.85 375 118.3
Larval stages 6.25 36.5 2704
Pupa 6.75 36.85 74.1
Pre-viposition period 5.5 27.5 487.8
Adult longevity (mean) 5.5 27.5 1015.0
Hamadan, Iran (I strain; Zahiri et al., 2010a, 2010b)
Egg 10.75 355 100.7
Larval stages 10.75 35.5 164.36
Pupa 10.75 35.75 108.36
Preoviposition period 4.37 33.5 643.86
Adult longevity (mean) 4.37 335 ~2071
Arizona—Southern California (E strain; Butler Jr. & Ritchie Jr., 1967; Gutierrez et al., 1976)°
Egg 7.2 33 117.2
Larval stages 7.2 33 207.0
Pupa 7.2 33 157.0
Preoviposition period 7.2 33.5 155.0
Adult longevity (mean) 7.2 33.5 ~1150

Note: Sources of the parameter estimates are indicated in the table.
20 is the low temperature when the rate of development is zero.

b@y is the upper temperature where the developmental rate begins to decline to zero.

“Parameters from Gutierrez et al., 1976.

strains can easily be incorporated in the computer algorithm coded in
Borland Pascal, and any of the strains can be included in a simulation
run using a Boolean variable. The S and [ strains are the major focus of
our study to explore prospectively their invasive potential across the
Euro-Palearctic region and the United States, Mexico and Central
America and to explore adaptation of strains S and | to weather in
their native Palearctic environments.

As background, the Ebro Valley (41° 37’ N, 00° 38’ E, elevation
155 m) has a temperate semi-arid climate (Képpen BSk) (Baranowski
et al., 2015) with mild winters and dry moderate summers with maxi-
mum temperatures occasionally exceeding 30°C. Frosts are common
during winter with occasional snowfall, and average precipitation of
369 mm per year with peaks in April-May and in September-
October. Hamadan, Iran (34°58' N, 48°26' E; elevation, 1710 m) has
long cold winters with extreme low temperatures and high maximum
summer temperatures (Adka'i, 2003). The desert regions of Arizona
and California (e.g., Brawley, Ca., 32° 44’ N, 114° 57" W) have hot dry
summers and mild winters. Irrigated alfalfa is cultivated in all three

areas.

METHODS

Despite underpinning biology common to all strains (Figure 1), the
vital rates of strains may vary widely. Strain biology and the effects of

weather on their vital rates are captured as biodemographic functions

(BDFs, see below) and used to parameterize the PBDMs based on the
time-invariant distributed maturation time population dynamics model
(Abkin & Wolf, 1976; Manetsch, 1976) (see Appendix). PBDMs fall
under the ambit of weather-driven time-varying life tables (Gilbert
et al., 1976; Gutierrez, 1996).

Biodemographic functions

The biodemographic functions were estimated from extensive pub-
lished laboratory age-specific life table data in Levi-Mourao
et al. (2021, 2022) for strain S, and from Zahiri et al. (2010a, 2010b)
for strain I. The data used to develop the original E strain model were
more limited (Butler & Ritchie, 1967; Gutierrez et al., 1976). The avail-
able data are summarized in Table 1 and in the figures below.
The data often did not cover the full range of relevant temperatures,
and to avoid unrealistic estimates, the data were fitted using iterative
methods in Microsoft Excel with the goodness of fit evaluated by
regressing fitted to observed values. The fitted functions are given in

each figure.

Developmental times and rates

The development time of ectotherms in days (d(T)) varies primarily

with temperature (T) but may be influenced by nutrition and other
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FIGURE 2 Developmental rates for the Ebro Valley S strain life stages: (a) eggs, (b) larvae, (c) pupae, (d) preoviposition period and
(e) normalized oviposition rate (i.e., eggs female™* d —2) (data from Levi-Mourao et al., 2021, 2022)).
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FIGURE 3 Developmental rates for the Hamadan [ strain life stages: (a) eggs, (b) larvae, (c) pupae, (d) preoviposition period and (e) normalized

oviposition rate (i.e., eggs female™* d ~%) (data from Zahiri et al.

,2010a, 2010b).
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factors (Gutierrez, 1996). The developmental rate of a stage (1/°d(T)
with left superscript s) across temperatures is estimated by a simple
nonlinear model fit to laboratory data (Equation 1, see Figures 2
and 3)

_ G(TfeL)

R =1/dM) =1,

(1)

where a and b are constants, 0, is the lower temperature threshold at
*R(T) = 0 and 6y, is the approximate upper inflection point where the
rate of development begins to depart from linearity that, with increas-
ing temperatures, declines to zero (see also Briére et al., 1999). Each
data point in Figures 2 and 3 was estimated from a single life table
conducted at a specific temperature.

The physiological developmental time constant (°A) of a stage in
degree days (dd > °6,) was estimated in the linear range of favourable
temperatures as *A =d(T) x (T —°6.) (Campbell et al., 1974). The daily
increment of physiological time/age at time t is computed as
SAx(T(t)) =°R(T(t))°A. The time step in the model is a day that from
the perspective of the ectotherm weevil may vary greatly in physio-
logical time units (i.e., *A4(T(t))). On average, a cohort initiated at to
completes development when j':OSR(T(t))dt: 1 in continuous form, or
ZfOSAX(T(t)) =*A in our discrete time-invariant distributed matura-
tion time dynamics model. Developmental times of cohort members
have an Erlang distribution centered on °*A (Manetsch, 1976; see
Appendix). Mean stage developmental times and thresholds for the
three strains are summarized in Table 1.

Figures 2 and 3 summarize the developmental rate data for the
egg, larval, pupal and preoviposition stages of the Ebro Valley (S) and
Hamadan () strains, respectively. The lower thermal thresholds for the
egg, larval and pupal stages of strain S are in the range ~ 7.25-
7.75°C, while the preoviposition stage threshold is 5.5°C (Figure 2a-d
respectively). The lower thresholds of | strain stages are in the
range ~ 9.9-10.75°C, while the threshold for the preoviposition stage
is 4.37°C with an oviposition threshold of 9.85°C (Figure 3a-e respec-
tively). The rate of development of the egg, larval, and pupal stages of
both strains decreases above ~32°C. The adult preoviposition devel-
opmental rate of the S strain begins to decline at about ~25°C, while
that of the I strain begins to decline at ~29°C (Figure 2d vs. 3d). The
upper thermal threshold for the two strains is ~38°C. The preoviposi-
tion developmental rate is used to compute daily aging in mature
adults.

Aestivation

Most new spring-summer adults enter aestivation (i.e., summer-
winter dormancy) in response to increasing photoperiod (dl >12 h,
Figure 1b) (Bland, 1971; Ohto, 1996; Rosenthal & Koehler, 1968;
Schroder & Steinhauer, 1976). The time of 12 h dI varies with lati-
tude and is a critical component in local weevil phenology and
dynamics. To develop the aestivation sub-model, 12 h dl is brack-
eted by +0.5 h.

e | s

Specifically, during the fall to spring period as day length declines
below 12.5 h and if adult physiological time #A, >0, a proportion of

Outip(t) <1, Equation 2) terminate aestivation and

aestivating adults (0 <
begin preoviposition development leading to reproductive adults

(Figure 1b).

if di(t) < 12.5hand”A, >0, thenQ < %y (t) =12.5h—dI(t) < 1, 2
else ““tp(t) =0

Upon completion of the preoviposition period during the fall to
late spring period, females begin ovipositing in dry and green alfalfa
stems, and upon hatching, the larvae feed on foliage, culminating in
the production of new spring-summer adults.

However, in response to increasing daylength >11.5 h, a propor-
tion of the new adults (0 < "¢(t) < 1) enter dormancy each day during

the hot summer—winter period (Equation 3)

ifdi(t) > 11.5hthen0 < My (t) = (dl(t) —11.5h) < 1,

else "gp(t) =0. ®
New adults not entering aestivation (0 < 1—""¢(t) < 1) begin preovipo-
sition development and at maturity may produce a second summer
generation. These two simple rules (Equations 2 and 3) capture the
aestivating biology in the three strains. Further, reproductive adults
may cease ovipositing during summer when average temperatures
consistently exceed the upper oviposition threshold (see below) and

may over winter.

Reproduction

The life table studies used to summarize alfalfa weevil life stage devel-
opmental rates provided data on average physiological age (x) specific
per capita oviposition rates (Figure 4a-c). Total oviposition (F(t,T)) by
all females in the populations at time t and temperature T is com-
puted as

J. f(x, Topt)N(x,t)dx} AAy, 4)

x=1

F(t,T)= {O‘S-qﬁE(T)

_ex—d)
T lyeE

where f(x, Topt) is the per capita profile of eggs female ! dd ~?
at age (x) at approximately the optimum temperature (T,,) with con-
stants (c, d, e, g), the concave function 0= ¢¢(T) <1 scales reproduc-
tion at non-optimal temperatures (Figures 2e and 3e),
N(t) :XTX N(x,t)dx is the total number of adults, 0.5 is the proportion
of femZ\Tgs, and AA(T(t)) is the changes in physiological age (time).
The threshold temperature for egg maturation and the preoviposition
period are the same in the S strain (Figure 2d,e) but differ in the
| strain (3 d, e). The minimal temperature for oviposition of strains
S and | are respectively ~5.5°C and ~ 9.85°C, the optimal tempera-
tures for the maximum oviposition d 1 are ~22°C and ~26°C, and

the upper limits are ~31°C and ~ 32°C (Figure 4d). The minimum and
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FIGURE 4 Biodemographic functions for three strains of alfalfa weevil: Oviposition profile of eggs female™* dd ~* on age at the optimum
average temperature (T, for (a) the Ebro Valley S strain at 20°C, (b) the Hamadan | strain at 24°C and (c) the California E strain at 21.1°C which
is below the optimum of ~30°C (see correction in the text); (d) the normalized eggs per female per day (¢£(T)) on temperature, and (e) the
composite intrinsic adult mortality rate per day (A/;T(T)d’l) from the S and | strains data at mean temperatures plus the extreme value at —10°C
from Peterson (1960, see text). The data for the S, | and E strains are, respectively, from Levi-Mourao et al. (2021, 2022), from Zahiri et al. (2010a,
2010b) and from Butler and Ritchie (1967) and Gutierrez et al. (1976). Values for all data were estimated from published figures and tables.

optimal temperatures for oviposition in the California E strain are
~7.2°C and ~ 30°C with an upper maximum of ~35°C (Gutierrez
et al., 1976). The available oviposition profile for the E strain is at
21.1°C (Figure 4c) that
(Figure 4d), and hence, 1.67¢¢(T) corrects for this in Equation 4. The
average total fecundities of S, | and E females under laboratory condi-
are approximately 500, 3600 and 3000
(Figure 4a-c).

is below the optimum of ~30°C

tions respectively

Temperature-dependent mortality rate (7(T)d 1)

All life stages occur in the field during summer, but only aestivat-
ing adults and eggs overwinter, and both stages are tolerant of
freezing temperatures. Stage-specific daily mortality rates as a
function of mean temperature (Su;(T)d™!) were estimated as the
slope in the midrange of the life table survivorship curves (Ix(T) ~ 0.5).
Auz(T)d™! data for the S strain are similar to the I strain data but are
more variable. However, data at low temperature extremes were esti-
mated from other sources and proved highly variable. For example,
weevil adults collected in the field at different times were exposed to
temperatures ranging from —5 to —15°C for 24 h and had average
super cooling points ranging from —14.4+0.7°C in October to —8.7
+0.4°C in May due to changes in seasonal levels of cryoprotectants

(e.g. (Saeidi &
Moharramipour, 2017). Using the January data, the mortality rate
was ~0.9d 1 at —10°C (i.e., ~0.09/dd.o°c). In contrast, Peterson
(1960) exposed aestivating adults from Alberta, Canada and Utah,
USA, to —10°C for different periods and found the two strains had
similar mortality rates 0.01d ! (i.e., 0.001/dd.o°c). This rate is con-
siderably lower than estimated by Saeidi and Moharramipour

isorbitol, glycerol, glucose and trehalose)

(2017) who further noted that actual temperatures experienced in
overwintering refuges are likely higher.

Hence, as an initial estimate, a polynomial function was fitted to
the S, | and Peterson data (Figure 4e, Equation 5). Sufficient digits are
given to ensure accurate replication by others, and the function was
extrapolated to temperatures < —10°C.

0.0025 <7 (T)d~* =0.0000001T* —0.0000035T2 + 0.0000293T2
+0.0001172T +0.0039875<1 R?=0.86, df =16
(5)

Morrison and Pass (1974) exposed four developmental age cate-
gories of eggs to —15, —20.5 and —23.3°C for periods of one to eight
days. The older egg stage had begun embryonic development and was
highly susceptible to cold, hence it was not used to estimate
Eur(T)d™L. The data at —15°C were consistent and at —15°C pre-
dicted ~ Epy(T=-15°C)d ' =0.186 (i.e, 0.0124dd"). These data
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combined with data for the [ strain data at non-freezing temperatures

yield convex Equation 6.

0.0025 < ,7(T)d ' = 0.0000004T* — 0.0000212T° 4 0.0003396T2
—0.0010359T —0.0028848<1 R?=0.984, df=13
(6)

Similar mortality functions for summer populations of the larval
and pupal stages were developed at non-freezing temperatures from
the life table data for strains S and I.

Density-dependent regulation

In an extensive study on density-dependent regulation in alfalfa wee-
vil at Hamadan, Iran, Zahiri et al. (2014) found that only larval mortal-
ity caused by the entomopathogenic fungus, Zoophthora phytonomi
(Arthur) Batko acted in a density-dependent manner. Larval instars
IlI-IV were also attacked at low levels by the parasitoids Bathyplectes
curculionis (Thomson) and B. anurus (Thomson) (Hymenoptera: Ichneu-
monidae), but density-dependent action could not be demonstrated.
Only weevil larvae and adults feed on alfalfa foliage causing intra- and
inter-stage competition. The non feeding egg and pupal stages are
assumed not affected. To capture direct density-dependent mortality

in larvae, a conservative composite function (‘xy, Equation 7) is used.
. L L
Y (T(8)) = 1 — g€ MO A7) @)
An arbitrary constant ¢ =0.0001 is

max
EN(E) = [ “N(xt)dx is larval density at time t, and “A.(T(t)) is the

increme)ﬁ:toof physiological time for larvae at temperature T(t).

assumed,

Weather data

The weather data used to run the PBDM are from AgMERRA (Ruane
et al., 2015), a global dataset for the period 1980-2010 consisting of
a reanalysis of weather observations combined with observational
datasets from in situ observation networks and satellites (https://
data.giss.nasa.gov/impacts/agmipcf/). AgMERRA was selected
because it is an established dataset developed by the Agricultural
Model Intercomparison and Improvement Project (AgMIP, https://
agmip.org/) providing daily, high-resolution, meteorological data
designed for agricultural modelling applications. Compared with simi-
lar datasets, AgMERRA includes a substantially improved representa-
tion of daily precipitation distribution and extreme events, with
relative humidity pegged to the time of maximum temperature, allow-
ing for a more accurate representation of the diurnal cycle of near-
surface moisture (Ruane et al., 2015). The AgMERRA daily weather
data have a ~ 25 km spatial resolution for each of the 17,791 lattice
cells for the Euro-Mediterranean region and 15,843 lattice cells for
the United States, Mexico and Central America. Daily weather

(max-min temperatures, solar radiation, mm rainfall, relative humidity)

e | <7

for the period 1 January 2000 to 31 December 2010 was used to run
the PBDM across all lattice cells. Subsets of weather data were used

to simulate site-specific dynamics.

GIS mapping

The PBDM predicts daily age-structured dynamics in all lattice cells
(Figures 5 and 6), but only yearly georeferenced summary variables
written to year-specific text files were used in mapping. Data from
the first year when the model is assumed to be equilibrating was
omitted in calculating means, standard deviations and coefficients
of variation for all cell variables. Only mean values are
reported here.

The open-source geographic information system (GIS) GRASS
(2022), https://grass.osgeo.org; Neteler et al. (2012) GRASS version
8.3.1 was used for mapping using bi-cubic spline interpolation of the
data on a 3-km raster grid that matched the resolution of the underly-
ing digital elevation data. The interpolated PBDM raster maps were
overlaid on base map layers using Natural Earth free data (https://
www.naturalearthdata.com/). The digital elevation model is the public
domain NOAA Global Land One-km Base Elevation (https://www.
ngdc.noaa.gov/mgg/topo/globe.html). Only data below 2000 m asl
were mapped. The geographic distribution of alfalfa cultivation is
widespread in the Euro-Palearctic compared with the Nearctic (Tang
et al., 2024), hence only the simulation data for areas of the Nearctic

were masked.

RESULTS

As a guide, we first examine the prospective daily dynamics per m? of
alfalfa for strains S and | using site-specific max-min temperatures,
mm rainfall and hours daylength during years 2006-2010 (Figures 5a
and 6a). Next, we simulate prospectively the geographic distribution
and relative abundance of the three strains (S, I, E) across the Euro-
Palearctic region, the United States, Mexico and Central America
using 2000-2010 weather data. Lastly, the stabilizing adaptation of

the S and | strains to weather in their native regions is explored.

Location-specific dynamics

The weather data used to run the Ebro Valley S strain model is sum-
marized in Figure 5a. As observed in the field (Levi-Mourao
et al., 2022), adult weevil oviposition may begin during late fall, with
egg and larval populations occurring in late winter during some years
(Figure 5b). Pupal stage dynamics are not illustrated. The phenology
of adult entry to and exit from aestivation (Equations 2 and 3) is
depicted in Figure 5c, with the transition periods in all years occurring
at the same time in response to the critical one-hour day length win-
dow. The data in the figure are but part of the variables computed for

each lattice cell.
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FIGURE 5 Simulated daily dynamics of Ebro Valley weevil S strain m~2 using weather data from Lleida, Ebro Valley, NE Spain (1/1/2006-
12/31/2010): (a) daily values of maximum and minimum temperature (°C), mm rainfall and hours daylength; (b) the average number of eggs,
larvae (left scale) and adults (right scale); and (c) the dynamics of new adults entering aestivation, terminating aestivation and becoming
reproductive adults.

Hamadan, Iran (/ strain)
Tmax=—— Tmin day length (h)— mm rainfall=—

mature adults

i 1
3000 eggs : 40
(b) larvae = - '
2000 | i
: i 20
1000 ! '
ANl - : -
0 - ? 0
250 1 (c) :
200 aestivating adults terminating aestivation [0  reproducing adults O

171 2006 11 2007 11 2008 11 2009 11 2010 11

FIGURE 6 Simulated daily dynamics of the Hamadan [ strain alfalfa weevil m~2 using Hamadan, Iran weather data (1/1/2006-12/31/2010):
(a) daily values of maximum and minimum temperature (°C), mm rainfall and hours daylength; (b) the average number of eggs, larvae (left scale)
and adults (right scale); and (c) the dynamics of new adults entering aestivation, terminating aestivation and becoming reproductive adults.

Hamadan, Iran temperatures (Figure 6a) may exceed 40°C during illustrated in Figure 6b,c showing that high summer temperatures and
summer, and minimum temperatures may fall below —10°C during cold fall-winter weather restrict oviposition mostly to the spring-
winter (e.g., 2007-2008). The dynamics of the Hamadan [ strain are summer period. Outbreaks of the weevil may occur in Iran after mild
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FIGURE 7 Simulated prospective average cumulative alfalfa weevil larvae m~2 per year using weather data from 2000 to 2010 for the Euro-
Palearctic region below 2000 m asl: (a) Ebro Valley S and (b) Hamadan I strains, (c) map of the relative larval abundance of the I strain relative to
the S strain (i.e., [(I—S)/S]) clipped at 10 with the broad white line in the colour bar indicating the zero value, and (d) the relationship of
cumulative [ strain larval densities to cumulative S larval densities across all locations. In North Africa and the Middle East, >350 mm rainfall/year
is used to define the limits of alfalfa growth except under irrigation (not shown). Alfalfa is widely grown in Europe (c.f., Tang et al., 2024) and
hence masking was not performed. The dash line arrow between a to b indicates equal values.

winters (Saeidi & Moharramipour, 2017) as seen in the development
of high numbers of aestivating adults in late 2010 due to relatively

mild late summer-fall weather.

Geographic distribution and abundance
Euro-palearctic region

The georeferenced simulation data are mapped below 2000 m asl,
accounting for apparent gaps in the maps (e.g., the Alps). Prospectively,
annual larval densities of the Ebro Valley S strain are lower than the
Hamadan | strain across the Euro-Palearctic region (Figure 7a vs. b)
with both strains being more abundant in warmer areas. Note the high
densities in the Ebro Valley in NE Spain (Figure 7a). As a reference, the
dashed arrow above the colour bars indicates equivalent densities of
the two strains. The S strain is prospectively more uniformly distributed
in northern areas. The difference in the distribution of abundance is

illustrated as the strain larval density ratio (I—S)/S computed for each
lattice cell (Figure 7c) and by the regression showing the I strain is

~2.8 times more abundant than the S strain (Figure 7d).

Invasive potential of the S and I stains in the Nearctic

Using the same nominal initial conditions as in Figure 7, the simulated
geographic distribution and relative cumulative annual abundance of
S and | strain larvae in the United States, Mexico and Central America
masked for alfalfa cultivation are summarised in Figure 8a,b respec-
tively. The area with favourable temperatures in the southwest
United States is much larger than the area masked for cultivated
alfalfa.

Prospectively, the S strain has ~25%-50% lower densities across
the regions than the [ strain suggesting a lower invasiveness potential.
The [ strain is predicted most abundant in the hot area of California
and Arizona where the Egyptian strain was first detected, but
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FIGURE 8 Simulated prospective average cumulative number of alfalfa weevil larvae m~2 per year utilizing weather data from 2000 to 2010
in the United States, Mexico, and Central America below 2000 m asl and masked for area of alfalfa cultivation (c.f., Tang et al., 2024): (a) Ebro

Valley S strain and (b) Hamadan | strain clipped at 360.

relatively high densities are also predicted in the southern US plains
with densities decreasing northward to below the Canadian border.
Most alfalfa in Canada is grown in the provinces of Alberta, Saskatch-
ewan and Manitoba beyond the limits of our study.

The lower preoviposition temperature threshold in the I strain
(4.37°C) compared with the S strain (5.5°C) enables earlier reproduc-
tion in spring, and its higher optimum (~26.5°C vs. ~21°C) enables
oviposition during hotter weather despite its higher minimum temper-
ature for oviposition (9.85 vs 5.5 degrees) (Figure 4d). Further, the
7 to 8-fold higher fecundity and longer oviposition period of the

| strain give it an added advantage.

Strain adaptation to local environments

Weather varies greatly across the weevil's Holarctic range, and strains
occurrence has been amply documented (e.g., Bundy et al., 2005;
Coles & Day, 1977; Sanaei & Seiedy, 2016; Schroder &
Steinhauer, 1976; Tuda et al., 2021). The high variability of the vital
statistics of strains S, | and E is summarized in Figure 9. The most
interesting question is why fecundity in the S strain is ~7-8-fold less
than that of the | and E strains (~500 vs. ~3600, ~3000), and
less than the averages of 4200, 3100 and 3250 eggs estimated for
field-collected females in New Jersey, Kentucky and Indiana, respec-
tively (see Coles & Day, 1977). The Levi-Mourao et al. (2021, 2022)
studies on the S strain used sound experimental procedures and

continually refreshed laboratory stocks with adults captured in differ-
ent fields to reduce inbreeding and selection for a laboratory strain.
The excellent studies by Zahiri et al. (2010a, 2010b) on the [ strain
were similarly rigorous. Hence, the obvious question to explore is
whether the differences in fecundity are adaptations to conditions in
their native environments.

Gilbert (1986; see Gilbert et al., 2010) opined that ‘The ecological
notion of density-dependence implies that, as population density
increases, there will be a corresponding decline in the survival or repro-
duction of the population as a whole ... there must be some mechanism-
ecological or genetical-which restricts individual fecundity to the level
appropriate to the population as a whole’. To explore this and specifi-
cally why the difference in fecundity of the S and [ strains is so large,
we examine what would happen if the observed fecundity of both
strains was increased or decreased keeping all other vital rates
unchanged (c.f., Gilbert, 1986).

A critical aspect of the weevil's biology is survival during the
adverse periods when hosts may be lacking and/or when weather
becomes too hot or too cold for reproduction (see Marshall
et al.,, 2020). Such periods are bridged by aestivating adults (“**A), and
hence, the annual production of “A is used as our metric of stabiliz-
ing selection. Weather affects weevil vital rates, density-dependent
mortality (LﬂN, Equation 7) limits larval density, and adult temperature-
dependent mortality (*47) is density-independent.

Using 2006-2010 Ebro Valley weather and multiples (¢f = [0.1,
05, 1, 15, 2, 3, 4, 5, 6, 7]) of observed S strain fecundity (¢r F,
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FIGURE 9 Comparison of alfalfa weevil strains traits: (a) larval thermal thresholds with the black arrow indicating the lower thermal threshold
of the E strain, (b) thermal limits for preoviposition development, (c) thermal limits for oviposition with temperature for maximum oviposition in
each strain indicated by open arrows, (d) total fecundity per female at the optimum temperature and (e) approximate mean adult female longevity
in degree days above the lower preoviposition threshold indicated next to bars. The black arrow in 9a is the lower thermal threshold of the

California E strain.

Equation 4), simulated maximum A occurs near observed fecundity
(i.e., ¢~ 1, Figure 10a) while larval survival decreases with increasing
¢r (Figure 10b). Using Ebro Valley weather for the | strain but scaling
its high fecundity by ¢; _ [0.1, 0.25, 0.5, 0.75, 1.0, 1.5, 2, 3], maximum
%A occurs near ¢y=0.1 (Figure 10c). This suggests that under Ebro
Valley conditions, the ~7-8-fold higher fecundity of the I strain would
be largely wasted due to density-dependent mortality, and by exten-
sion, selection for lower fecundity should occur as anticipated by Gil-
bert (1986) and Gilbert et al. (2010).

Using Hamadan weather for the [ strain, and applying ¢ — [0.1,
0.25, 0.5, 0.75, 1.0, 1.5, 2, 3] to scale fecundity while keeping the
same density-dependent mortality model (*x), maximum average “*A
still occurs at ¢ps~ 0.1 (Figure 10d). This arises because #u;(T) is based
on average temperatures and has a small range
(e.g., ~0.0025d ! <Aur(T) < ~0.03d7 1, Equation 5) resulting in low
adult winter mortality compared with the impact of density-
dependent mortality (“1y). To explore this interaction, we examine the
joint effects on “®A in the S and | strains of scaling both

temperature-dependent adult mortality (i.e., ¢r*uy) and fecundity (¢¢
F) given the effects of Luy,.

Effects of (1" ur,¢¢F) and Ly, on “A

Using Ebro Valley 2006-2010 weather and the S strain model, annual
combinations of (¢r*ur,¢¢F) were run to examine the effects on the
production of “A. Specifically, fecundity (F(t,T), Equation 4) was
scaled by ¢ _ [0.1, 0.25,0.5,0.75, 1, 1.5, 2, 3, 4, 5, 6, 7] and daily “ur
(Equations 5) was scaled by ¢r=[1, 2, 3, 4, 5, 6, 7]. Similarly, using the
I strain model and Hamadan weather, high fecundity F(t, T) was scaled
by ¢ — [0.1, 0.25, 0.5, 0.75, 1, 2, 3] and Au; was scaled by ¢r=[1,
2, 3,4, 5, 6, 7, 8. The simulation data are mapped in Figure 11
smoothing the surface to capture the average trends (MATLAB, The
MathWorks Inc., 2022).

For strain S, maximum A follows the contour of the surface

indicated by the dashed line arrow indicating maximization occurs
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FIGURE 10 The effects of multiples of observed weevil strain fecundity (¢;) on average aestivating adults (“*A) per year during 2006-2010:
(a) Ebro Valley S strain using Lleida, Spain weather (EV), (b) mean S strain larval survival on ¢y, (c) Hamadan I strain using Lleida, Spain weather
(EV) and (d) Hamadan | strain “*A per year using Hamadan, Iran weather. The white bars indicate observed fecundity.

near [¢r=1, ¢r=1] (black dot in Figure 11a,c), but as ¢ increases, ¢
must increase to achieve roughly the same level of “*A (i.e., Gilbert's
prediction). This suggests a more limited invasive potential of the
S strain into harsher climates.

In contrast, “*A for the Hamadan strain is not maximized at
[¢pr~1, ¢r~ 1], but is maximized along a narrower ridge at ¢;~ 1 as
¢1— 8 (Figure 11b,d). Large increases in [ strain fecundity (¢ >1) are
countered by increasing uy, while ¢¢<1 is grossly suboptimal. This
results because “u; (Figure 4e) was estimated using average labora-
tory temperatures that underestimate field mortality rates. However,
multiplying Au; by ¢r=8 is more in line with the mortality rate esti-
mated in Iran by Saeidi and Moharramipour (2017). In contrast to Ebro
Valley, daily field temperatures at Hamadan, Iran fluctuate to extreme
highs during summer and extreme lows during winter (see Figure 6a)
with concomitant increases in mortality. Further, the results suggest
Aur should be estimated and applied in the model on a shorter time
interval (say hourly) to capture the effects of daily temperature fluctu-
ations under extreme conditions.

The ~8-fold greater reproductive rate of the | strain compared
with the S strain appears to a hedge against expected high levels of
mortality, enabling maximum production of A to survive extreme
low winter temperatures. The results suggest a tradeoff between high
fecundity and high expected “u; given expected Luy (i.e., stabilizing
selection, sensu Gilbert, 1986; Gilbert et al., 2010). Compared with
the S strain, other attributes increasing A production in the | strain

are its low preoviposition threshold (4.37°C) that enables earlier matu-
ration of eggs in spring and a higher optimal oviposition temperature
(~26.5°C) that enables greater oviposition during the hot summer.

But how do these attributes affect strain invasiveness?

Strain invasiveness and adaptation

To examine invasiveness of the S and | strains under high levels of
expected winter mortality of “*A across the Euro-Palearctic region,
we use ¢ ur where ¢y =8 for T<0°C, and given observed F(t,T) and
Luy (Figure 12a,b). While the S strain is optimal for the Ebro Valley at
¢ = 1(see Figures 7a and 10a), its invasive potential regionally under
the higher winter mortality rates is low, especially in the eastern Pale-
arctic (Figure 7a vs. 12a). The density and distribution of the [ strain
are largely unchanged in western regions with a reduction of about
10% in warmer areas such as Spain and North Africa but greatly
reduced and limiting densities in the eastern Palearctic (Figure 7b
vs. 12b).

Using weather data for the United States, Mexico and Central
America and masking the results for areas of alfalfa cultivation, the
distribution of densities of all three strains is constrained northward
by high winter mortality. However, the | and E strains are constrained
less because of 7-8-fold higher F(t,T) (Figure 12c-e). All three strains
are predicted in the Great Central Valley of California, with I strain
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FIGURE 11 Average number of aestivating alfalfa weevil adults per year (*°A) for the Ebro Valley (S) and Hamadan () strains using multiples
of observed daily fecundity (¢;) and multiples of daily temperature-dependent mortality rate (¢7) using 2006-2010 weather: (a) Ebro Valley strain
S and (b) Hamadan, Iran strain I. The dashed rectangles in the figures (a) and (b) indicate ¢ = 1 across all ¢7. Subfigures (c) and (d) are surface plots

of (a) and (b) data, respectively (MATLAB, The MathWorks Inc., 2022).

weevil densities being highest there and in known irrigated alfalfa in
the hot desert areas of southern California and Arizona where freez-
ing winter temperatures are rare, and in part of the central plains of
the United States with harsh winters (Figure 12b). While the prospec-
tive distribution of the E strain is similar to the [ strain, its larval densi-
ties are ~35% lower, suggesting the | strain is more invasive across
the region. Sanaei et al. (2016) concluded that the western and
Egyptian/eastern strains in the United States may have had their ori-
gins in climates like Iran. Further, adaptative changes in E strain vital
rates likely occurred since its initial invasions of the United States in
the late 1930s and the Gutierrez et al. (1976) study, with vital rate
changes (Sanaei & Seiedy, 2016) not being detectable by the genomic
analyses (Bottger et al., 2013; Sanaei et al., 2016).

DISCUSSION

Alfalfa weevil is an important invasive pest of alfalfa with origins in
the Palearctic and numerous strains have been characterized genomi-
cally (e.g., Bottger et al., 2013; Bundy et al., 2005; Coles & Day, 1977,
Sanaei et al, 2016; Sanaei & Seiedy, 2016; Schroder &
Steinhauer, 1976; Tuda et al., 2021), but their invasiveness in novel

environments has not been assessed demographically. Three strains

having different current distributions invaded the United States (see
Bundy et al, 2005) that are separable based on mitochondrial
sequence data but cannot be separated using nuclear loci, suggesting
that they recently diverged (Bottger et al., 2013).

To examine the invasiveness of weevil strains, PBDMs of their
weather-driven population dynamics were developed. Specifically, the
extensive life table data for weevil populations from the Ebro Valley
in NE Spain (Levi-Mourao et al., 2021, 2022) and from Hamadan, Iran
(Zahiri et al., 2010a, 2010b) were used to parameterize PBDMs for
them. Because of their disparate vital rates, the populations are desig-
nated as strains S and I. The PBDMs were used to explore strain inva-
siveness in parts of the Palearctic and Nearctic. Our analysis shows
that the vital rates of the | strain make it more invasive than the
S strain, but its 7-8-fold higher fecundity would be wasted due to
density-dependent mortality in many areas. The obvious question is
why the large difference in fecundity occurs.

To explore this question we used Gilbert's (1986) theory that indi-
vidual fecundity is selected to the level appropriate to the population
in the native environment using annual aestivating adult production in
response to varying levels of temperature-dependent mortality and
observed per capita fecundity given density-dependent mortality as
our metric (see Figure 11). While the results conformed to Gilbert's

predictions, after invasion of a strain into a novel area, strain vital
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FIGURE 12 Average alfalfa weevil larvae per year for the Ebro Valley (S), Hamadan () and California (E) strains using observed daily
fecundity (¢; = 1) and ¢r =8 fold the daily adult temperature-dependent mortality rate (*x7) using 2000-2010 weather <2000 m asl: (a) S strain
and (b) I strain in the Euro-Palearctic region; (c) S strain, (d) | strain and (e) E strain in the United States, Mexico and Central America. The dashed
line arrows between Figure 12a,b, Figure 12c,d and Figure 12d-e point to equal values. Data for the Nearctic regions were masked for the area of

alfalfa cultivation (c.f., Tang et al., 2024).

rates would be expected to change in concert (see Figure 9 and
Table 1).

The data for the supposed Egyptian E strain that invaded Arizona-
California in the 1930s are less complete (Butler & Ritchie, 1967;
Gutierrez et al., 1976), and unknown adaptations in the strain likely
occurred during the five decades. Hence, analysis of E strain adapta-
tion to Arizona-California conditions based on old data was not pru-
dent. Evidence of possible adaptation in the western strain to local
conditions comes from the Canadian prairies where its range and sta-
tus as a minor pest in 2001 increased to become the principal pest of
alfalfa by 2014 (https://canadianagronomist.ca/alfalfa-weevil-and-its-
parasitoids; see Soroka et al., 2024). Adaptation in the weevil (and
other invasive species) to novel environments has at least three com-
ponents: adaptation to extant local climate, to abiotic and biotic char-
acteristics of its new range, and dynamically to local climate change.
Parsing these effects on a strain in a novel environment(s) could be

accomplished by the development of a PBDM early in the invasion
process with periodic updates of parameters to track the time course
of adaptations. This is possible because PBDMs model the weather-
driven biology to determine the extant and potential range—species
presence data are not required but could be used for validation pur-
poses. Further, in concert with genomic analyses, possible genomic
changes could be discovered (e.g., Sanaei et al., 2016) that could help
determine prospectively the geographic/climatic origins of an invasive
species strain. In such studies, sound biological data underpinning the
model is paramount.

Two recent examples of PBDMs predicting the correct invasive
potential are for the South American tomato pinworm (Tuta absoluta
(Meyrick) (Lepidoptera: Gelechiidae)) in the Euro-Palearctic region
(Ponti et al., 2021) and the risk analysis of the invasive potential of
the African false codling moth (Thaumatotibia leucotreta (Meyrick)
(Lepidoptera: Tortricidae)) to Europe (EFSA PLH Panel et al., 2023).

85U80|7 SUOWIWOD A0 3|cedlidde au Aq pausenob ae sajoie VO ‘@SN JO e 10} A%eiq18ulUO A1 UO (SUORIPUCO-PUe-SWLRY/W0O" A3 1M Afeiq [ |uo//Sdny) SUORIPUOD pue swie | 8L 88S *[920z/70/60] U0 Areiqi]auljuo 8|1 ‘eleleueIyo0D A 989ZT @ /TTTT OT/I0p/WO0d 8| IM Aleiq puluo'S fuinokau//sdny woly papeojumod ‘¥ ‘5202 ‘€9S6TIT



ECOLOGICAL ADAPTATION IN AN INVASIVE SPECIES

Agricultural and Forest
Entomology

PBDM can easily accommodate tri-trophic interactions (see
Gutierrez & Ponti, 2013) and ex ante analyses would help guide the
search for and introductions of biological control agents to improve
the current low success rate of biological control programmes (Cock
et al., 2016; Van Lenteren et al., 2006). For example, the tri-trophic
PBDM system model of the coffee/coffee berry borer system in
Colombia explained the failure of parasitoids introduced for its control
and enabled developing recommendations for alternative pest man-
agement strategies (Cure et al., 2020). Biological control efforts for
alfalfa weevil are ongoing in North America, and a tri-trophic model
could include mating (Hsiao & Hsiao, 1985; Tuda et al., 2021) and
host-parasitoid incompatibilities (Salt & van den Bosch, 1967), the
action of fungal pathogens (Zahiri et al., 2014) and other issues
(e.g., Wolbachia effects). The model could aid in the development of

management strategies.
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APPENDIX: The time-invariant distributed maturation time model

The dynamics of a life stage s with k=1, 2..., °*k age classes

(Equation A1, Manetsch, 1976) can be viewed as composed of °k

e | s

dynamics equations. The forcing variable is temperature (T), with time
(t) being a day (d) that from the perspective of poikilotherm species is
of variable length in physiological time units (i.e., 0 < *A(T(t)) in degree
days (dd)), or proportional development (°>r(T(t))). Each species (and life
stage) may have different mean developmental times (*A) and temper-
ature thresholds. The state variable °Nit) is the density of the it" age
class (mass or numbers), and *;(t) is the proportional age-specific net
loss rate due to temperature, net immigration, growth in mass dynam-
ics models, and other factors (above) during °A,(T(t)) (Gutierrez, 1996).
Following the notation of Di Cola et al. (1999, page 523), the i*" age
class of stage s is modelled as follows:

dN; Ck-SA
dt — A

N1 (t) = *Ni(t)] =i (£)°Ni(t). (A1)

in terms of flux, *n;(t) =°N;(t)*v;(t) where Sy;(t) :j—iAx(t), and

The total density in life stage s is *N(t) = flesN,-(t). Ignoring
stage notation, new individuals enter the first age class of a stage
(i=1), flows occur via aging between age classes and between stages
at temperature-dependent rates, with surviving adults exiting as
deaths at maximum age (i="k). Absent mortality, the theoretical dis-
tribution of cohort developmental times of stage s may be estimated
by Erlang parameter *k =5A? /562, where 62 is the variance of average
developmental time °A. Last, because of non-linearities and time-
varying nature, the model can only be evaluated numerically (Wang &
Gutierrez, 1980). The numerical solution for Equation A2 can be
found in Abkin and Wolf (1976), and as implemented here in Gutier-
rez (1996, pages 157-159).
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