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Abstract

Introduction and Objectives: Biological control is an important and sustainable approach for managing
widespread invasive weeds. In biological control, host specific natural enemies (usually insects) are
introduced with the goal of establishing a permanent population that will provide sustained, cost-effective
control of the plant. The overall goal of our project was to preserve and enhance the effectiveness of
biological control for weeds, including on Department of Defense installations, through an understanding
of the phenological constraints that may arise with a change in climate as a result of the insects’ combined
responses to photoperiod and temperature. Our work applies to three important weed species that are
currently (or soon to be) targets for biological control: purple loosestrife, tamarisk, and Japanese
knotweed.

Technical Approach: We developed an advanced geo-climatic phenology model, which provides an
innovative approach to tracking life cycle responses to both temperature and photoperiod. The model can
be used to predict phenology, voltinism (number of generations per year), and the degree of asynchrony
between the biocontrol agent’s life cycle and the host plant’s growing season under new climate
conditions. Experiments carried out in controlled environment chambers were used to quantify and
compare the photoperiod response among different geographic populations of all three biocontrol agents
and, along with field phenology observations, to obtain parameter estimates for the model. A common
garden field experiment set up in Corvallis, Oregon compared the phenology and voltinism of
geographically distant source populations of biocontrol agents under a common climate, while also testing
our model’s ability to predict performance of agents moved into in new climates. This experiment also
quantified the follow-on consequences of insect photoperiodism and climate change for impacts to the
host plant.

Results: Results from the experiments and model indicate that photoperiodism plays a crucial role in
determining each biocontrol agent’s phenological response to a change in climate. We found that local
populations of both Galerucella calmariensis and Diorhabda carinulata have evolved photoperiod
responses that improve local fitness by allowing an appropriate number of generations for the season
duration. For D. carinulata this adaptation has occurred in conjunction with a rapid range expansion to
the south. With G. calmariensis, the local differences in photoperiodism can affect voltinism, and the
resulting level of impact to the weed, when moved into new locations. For the knotweed psyllid, 4.
itadori, our model predicts one to three attempted generations throughout the range of North America
where knotweeds are invasive. However, the insect is likely to attempt too many generations for the
season duration in northern areas and too few generations in the south. A sweet spot with voltinism
matched to the season duration is present at middle latitudes. Geographic patterns of phenological
mismatch were similar for all three species and represent a generalizable pattern for other introduced
insects sharing a similar multi-voltine life cycle cued by photoperiod.

Benefits: We dedicated considerable effort toward sharing the model and encouraging its application for
other systems, including other biocontrol agents, invasive pests, and threatened and endangered species.
The model is now publicly accessible online as part of an advanced degree-day phenology modeling
system developed and managed by the Oregon IPM Center (formerly IPPC) at Oregon State University.
Key results that affect management decisions were shared with DoD resource managers in customized
reports. As the most comprehensive geo-climatic phenology model that incorporating photoperiodism,
this project has contributed greatly to a general theoretical understanding of how photoperiodism and
thermal responses interact for introduced organisms and those exposed to change in climate.



Executive Summary

Introduction and Background

Invasive non-native plants are a leading ecological threat and a major management concern in
the extensive natural areas and training grounds on Department of Defense (DoD) lands and
waters (Westbrook and Ramos 2005, DOD NRP 2014). Commonly referred to as “weeds” when
deemed detrimental, invasive plants displace native plant communities, degrade wildlife habitat,
alter hydrology and erosion dynamics, reduce navigability, impede access for recreation and
training, and incur enormous costs for control. Invasive species also represent a threat to species
of conservation concern (Wilcove et al. 1998), with an estimated 80% of endangered species at
risk from these invaders (Pimentel et al. 2005).

Biological weed control in the classical sense involves the purposeful introduction of specialist
natural enemies or “biocontrol agents” (usually insects) from the weed’s native range with the
goal of establishing a permanent population that will suppress the weed population. Biological
control is an environmentally sound, sustainable, and cost-effective approach to managing
widespread weeds. The approach has claimed many spectacular successes throughout the world,
including many on U.S. military installations (Michels et al. 2013, Johnson 2007). Even at
military bases where biocontrol has not been directly applied or documented, biocontrol agents
spread on their own from other areas to provide the ecosystem service of maintaining lower
densities and reducing the competitive ability and invasiveness of environmental weeds.
However, not all biocontrol programs are successful in all locations and as many as two-thirds of
introduced biocontrol agents fail to establish or do not substantially reduce the weed population
(Schwarzlaender et al. 2015). Although rarely objectively confirmed, a climate mismatch
between the introduced and native ranges of the biocontrol agent is a commonly implicated cause
of failure. In this project, we investigated the important role of insect photoperiodism and the
ways that it interacts with climate to affect the performance as biological control agents.

Photoperiodism in insects. A key feature of climatically adapted organisms is that their life
cycles are precisely timed to coincide with favorable environmental conditions and resources
(Danilevskii 1965; Tauber et al. 1986). Many organisms (perhaps most in temperate zones) use
the annual changes in day length as a cue for optimizing timing of at least some life cycle events
(Bradshaw and Holzapfel 2007). The response often takes the form of a switch between
reproductive and non-reproductive states when a photoperiod-sensitive life stage is exposed to
day lengths that are longer, or shorter, than a critical length. Insects, for example, often use
shortening day lengths as a cue for entering diapause, a state of suspended development and
reduced metabolic activity that allows them to survive through the winter or other unfavorable
time periods. As a genetically encoded quantitative trait, the critical photoperiod that triggers the
developmental switch is specific and adaptive to a given location but may be mal-adaptive and
lead to mismatched phenology if that population is exposed to a new climate, latitude, or
seasonal regime.



Although the adaptive functions and fascinating mechanisms of photoperiodism have received
decades of attention, especially in plants and insects (reviewed by Danilevskii 1965, Beck 1980,
Tauber et al. 1986, Danks 1987, Thomas and Vince-Prue 1996, Nelson et al. 2010), there is a
notable absence of models that predict the consequences of photoperiodism when organisms are
moved into a new climate or are exposed to a rapid change in climate in their home location.
Progress in understanding the consequences of photoperiodism have been hampered by the lack
of clear conceptual frameworks, illustrative field and lab studies, and accessible predictive tools.
We developed a geo-climatic phenology model that incorporates a short-day cue for diapause
(dormancy) and applied it to biocontrol insects used against 3 weed species that are widespread
in North America, including on many DoD installations.

Objectives

In correspondence with the SERDP SON, our overall goal is to preserve and enhance
effectiveness of biological controls used against non-native invasive plants on Department of
Defense (DoD) installations in the United States (U.S.) through an understanding of the
phenological constraints that arise in insects due to their responses to the abiotic factors of
photoperiod and temperature. Insects that are used as biological control agents are particularly
vulnerable to these effects, both because they are translocated into new regions, and exposed to
climate change and climate variation due to global processes.

The specific task-oriented objectives of this project were to:

(1) Develop an advanced geo-climatic model that incorporates insect response to the abiotic
factors of temperature and photoperiod and use it to predict phenology, voltinism (number of
annual generations), and degree of asynchrony with the seasonal conditions and host plant
growing season.

(2) Carry out a series of field and laboratory experiments to test model predictions of the
ecological and evolutionary consequences of a non-stationary climate in 3 biocontrol systems
important to DoD lands: Tamarisk, purple loosestrife, and Japanese knotweed.

3) Apply the model and experimental outcomes to design strategies for improving biological
control for the three target weeds.

(4) Share the model framework and encourage its application for other species of concern on
DoD lands, including other biocontrol agents, invasive forest pests, and threatened and
endangered species.

Technical Approach

We developed a geo-climatic phenology model that incorporates a short-day cue for diapause
(dormancy) and applied it to biocontrol insects used against 3 weed species. The model was



supported with laboratory and field experiments that test the effects of climate change on insect
phenology.

The main model developed in this project (Grevstad et al. 2022), expands and improved upon an
earlier and simpler version (Grevstad and Coop 2015) by incorporating individual variation in
development timing and photoperiod response. We apply the model to three different weed
biocontrol systems and carry out related field and laboratory experiments to parameterize and
test the model. These systems include a leaf beetle (Galerucella calmariensis) used against
purple loosestrife (Lythrum salicaria), a wetland weed; another leaf beetle (Diorhabda
carinulata) used against the tamarisk species complex (or salt cedar, Tamarix spp.) in Western
desert riparian areas; and a newly approved psyllid (Adphalara itadori) for the Japanese knotweed
species complex (Fallopia spp.), which is invasive in northern riverbanks and floodplains. The
model combines high resolution, daily, spatialized climate data (from the PRISM group at OSU
(Daly et al. 2008)) with date- and latitude-specific photoperiod calculations to predict phenology
for a population of insects newly introduced across the continent’s varied climate landscape. An
important component of the predicted phenology is voltinism, the number of generations that
occur in a year. We also developed an individual-based model, limited to tracking phenology at
a single site, but capable of incorporating individual variation in parameters and of estimating the
population growth resulting from different parameters.

For all three biocontrol agent species, we carried out experiments in controlled environmental
chambers to quantify needed parameter estimates for the model and to compare among
populations. These parameters included developmental rates, developmental thresholds, and the
mean and variance of the critical photoperiod (day length) that cues diapause. The photoperiod
response experiments involved rearing insects in six identical environmental chambers that were
set with different light: dark cycles. We compared the photoperiod response for insects collected
from different geographic locations throughout their introduced range (for tamarisk and
loosestrife beetles) and two locations of origin in the native range (for the knotweed psyllid).

We used our individual-based model to determine if the mean critical photoperiod was optimal
for population growth in each location. A common garden experiment was set up in Corvallis,
OR, for the purpose of (1) testing the model predictions in a field setting and (2) determining the
consequences (for both insect and target weed) of differences in photoperiod response for insects
moved into new climates. In this experiment, the loosestrife leaf beetle, collected from different
locations (including DoD sites) with known differences in their photoperiod response were caged
onto potted plants. Their phenology, reproductive status, and population growth was monitored
throughout the growing season. At the end of the experiment, we harvested and weighed the
plants to compare the impacts of difference sources of the biocontrol agent on the weed. We
used time lapse field cameras to monitor the phenology of each of the three weed species at field
sites throughout the U.S. and to gage the range of dates when plants were green and available for
feeding by insects. Finally, we used our model tools and knowledge gained about each
biocontrol agent species to develop prospectus reports for each cooperating DoD installation.
These reports provided useful results and recommendations relating to managing weed
biocontrol systems under variable and changing climates.



Results and Discussion

Our model results reveal geographic patterns of predicted voltinism that differ substantially from
traditional phenology models that are based only on degree-days. For introduced insects, such as
biological control agents, we reveal the potential for phenological mismatches between the
duration of the active phase of the life cycle and the season duration. Our model also reveals the
potential for abrupt (non-linear) shifts in the number of annual generations resulting from
relatively small changes in climate. These results are relevant for newly introduced organisms
(including insect pests and biological control agents) as well as for resident species exposed to
rapid changes or variation in climate.

Populations of both the tamarisk beetle and the loosestrife beetle collected throughout their
introduced range were found to have evolved geographic differences in the critical photoperiod
that cues diapause. The two studied populations of the knotweed psyllid from northern and
southern Japan also differed in this trait. In general, where time has allowed it to evolve, the
critical photoperiod tends to be longer in more northern (cooler) locations, cuing diapause at an
earlier date, and shorter in the south, allowing more generations in warmer southern locations
with longer growing seasons.

Our model predicts that biological control agents moved into new regions (or new climates) may
experience phenological mismatch in voltinism, attempting to have too many, or too few
generations for the season duration, as quantified by our voltinism mapping model. In the case
of A. itadori, a newly introduced biocontrol agent, the best phenological match is expected in the
central regions of the United States (equivalent to the southern half of the invasive range of
knotweeds) and it is in these regions where the initial released populations may have the best
chance for establishing thriving populations.

Our model was useful for explaining the dramatic release of a phenological constraint in the
tamarisk beetle, D. carinulata. With the evolution of a shorter critical photoperiod for diapause,
this insect was able to increase its voltinism in southern locations from a single generation,
before evolution of a shorter critical photoperiod, to seven generations afterward. In this project,
we documented the evolutionary change in the critical photoperiod in recent years and the rapid
southern range expansion into the Lower Colorado River Basin that became possible because of
it.

Our common garden experiment demonstrated how the processes in our model play out in a real
field setting. Populations of G. calmariensis from different geographic sources and with
different quantified photoperiod responses, displayed clear differences in voltinism when moved
into a common environment. Moreover, this experiment showed that the particular photoperiod
response of a populations used for biocontrol can affect the level of impact that it has on a weed.
At least in the near term, populations that attempted a second generation had larger impacts on
the plant.



Key outputs from this project included: 1) Mapping version of our model in the DDRP online
interface set up for each of the three weed biocontrol agents (at https://uspest.org/dd/dodmaps),
(2) Degree-day calculator for user specified locations customized to each of the three biocontrol
agent species, (3) online version of the individual-based model, (4) Corresponding software
manuals for (1) and (2) above; (5) five published peer-reviewed scientific articles; (6) three
manuscripts in preparation (to submit later this year); (7) Twenty presentations related to our
project; (8) Seven reports provided to DoD land managers with customized results and
recommendations relating to the weed biocontrol systems present at each installation; (9) a 128-
page final report accompanying this executive summary.

Implications for Future Research and Benefits

In this study, we demonstrated the utility of our newly developed photoperiod phenology model
to predict voltinism and phenological mismatch for insects that are exposed to changes in
climate. Our results suggest that new biological control programs for weeds should carefully
consider the geographic source (and corresponding photoperiod response) that will provide an
appropriate number of generations for the target region. There may be situations where impacts
to the weed may be increased by ensuring use of a source that will have more generations (rather
than fewer) since increased generations is likely to have a larger impact on the weed, provided
these generations can be completed during the favorable seasonal window. Further, we showed
that future climate change and increased annual climate variation can have drastic effects on
insect voltinism and the degree to which the active phase of the life cycle “fits” into the seasonal
window (or gets “caught” in unfavorable weather). Our model can help predict near term booms
and busts based on year-to-date and near-term future forecasted climate.

Our results demonstrate a general pattern that may arise whenever an insect or other
poikilothermic organism with a short-day diapause response is moved (either purposefully or
accidentally) to a new region or continent. Specifically, insects originating from a lower latitude,
which typically have shorter critical photoperiods (Danilevskii 1965; Masaki 1999), will have a
tendency to reproduce too late in the fall when they are moved to a higher latitude (south to north
in the northern hemisphere). Conversely, those moved from higher to lower latitudes may be
prone to diapausing too early, sometimes far too early, and missing part (or most) of the
favorable season. We emphasize, however, that end-of-season mismatches can occur even when
there has not been a change in latitude, because temperature changes alone can expose the
photoperiod-sensitive stage to a different day length that may induce an inappropriately timed
developmental response. Thus, the model can help us to understand the potential consequences
of long-term local climate change or increased climate variation due to global processes.

Our measurement of the critical photoperiod in populations collected in different regions suggest
that the critical photoperiod that cues diapause can evolve with time. Thus, these results may be
most relevant for either newly introduced insects, before they have had time to adapt, or insects
exposed to rapid annual changes in climate (climate variation). Insects experiencing longer term
climate change may have time to adapt their critical photoperiod and alter the number of



generations to match the availability of degree days. The inclusion of individual variation in our
model versions offers improved accuracy in voltinism and mismatch estimation with fractional
values possible. For example, fractional increases in attempted voltinism (i.e., partial
generations) with a warmer climate, rather than discrete jumps to the next whole number, would
help to avoid “lost generations” as described by van Dyck et al. (2015). Including this variation
also provides the groundwork from which an evolutionary model could be generated.

In customized reports provided to DoD land managers, we were able to use the model to make
specific recommendations for improved biological control of weeds. For example, at wetlands
near West Point, NY, where beetles normally have only one generation per year, the introduction
of G. calmariensis from a source population with a shorter critical photoperiod (such southern
Oregon), could result in two completed generations per year. The resulting higher population
growth rate for the insect and longer feeding exposure time on the plant would likely result in
better weed control. Other useful applications include the potential to predict near term
biocontrol agent ‘booms’ or ‘busts’ based on real time climate and near term voltinism and
phenology prediction.

Importantly, our work makes substantial progress toward a general understanding how climate
change affects organisms that use day length as a phenological cue. The role of photoperiodism
has previously been underappreciated in assessments of their predicted response of insects and
other organisms to climate change due to a lack of conceptual frameworks, illustrative field and
lab studies, and accessible predictive tools. All of these were provided by this project. Beyond
biological control systems, the modelling tools developed in this project can readily applied to
invasive pest species, insects of conservation concern, and other organisms.
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1. Introduction and Objective

Invasive non-native plants are a leading ecological threat and a major management concern in
the extensive natural areas and training grounds on Department of Defense (DoD) lands and
waters (Westbrook and Ramos 2005, DOD NRP 2014). Commonly referred to as “weeds” when
deemed detrimental, invasive plants displace native plant communities, degrade wildlife habitat,
alter hydrology and erosion dynamics, reduce navigability, impede access for recreation and
training, and incur enormous costs for control. Invasive species also represent a threat to species
of conservation concern (Wilcove et al. 1998), with an estimated 80% of endangered species at
risk from these invaders (Pimentel et al. 2005).

Biological weed control in the classical sense involves the purposeful introduction of specialist
natural enemies or “biocontrol agents” (usually insects) from the weed’s native range with the
goal of establishing a permanent population that will suppress the weed population. Biological
control is an environmentally sound, sustainable, and cost-effective approach to managing
widespread weeds. The approach has claimed many spectacular successes throughout the world,
including many on U.S. military installations (Michels et al. 2013, Johnson 2007). Even at
military bases where biocontrol has not been directly applied or documented, biocontrol agents
spread on their own from other areas to provide the ecosystem service of maintaining lower
densities and reducing the competitive ability and invasiveness of environmental weeds.
However, not all biocontrol programs are successful in all locations and as many as two-thirds of
introduced biocontrol agents fail to establish or do not substantially reduce the weed population
(Schwarzlaender et al. 2015). Although rarely objectively confirmed, a climate mismatch
between the introduced and native ranges of the biocontrol agent is a commonly implicated cause
of failure.

A key feature of climatically adapted organisms is that their life cycles are precisely timed to
coincide with favorable environmental conditions and resources (Danilevskii 1965; Tauber et al.
1986). Many organisms (perhaps most in temperate zones) use the annual changes in day length
as a cue for optimizing timing of at least some life cycle events (Bradshaw and Holzapfel 2007).
The response often takes the form of a switch between reproductive and non-reproductive states
when a photoperiod-sensitive life stage is exposed to day lengths that are longer, or shorter, than
a critical length. Many insects, for example, use shortening day lengths as a cue for entering
diapause, a state of suspended development and reduced metabolic activity that allows them to
survive through the winter or other unfavorable time periods. As a genetically encoded
quantitative trait, the critical photoperiod that triggers the developmental switch is specific and
adaptive to a given location but may be mal-adaptive and lead to mismatched phenology if that
population is exposed to a new climate, latitude, or seasonal regime.

Although the adaptive functions and fascinating mechanisms of photoperiodism have received
decades of attention, especially in plants and insects (reviewed by Danilevskii 1965, Beck 1980,
Tauber et al. 1986, Danks 1987, Thomas and Vince-Prue 1996, Nelson et al. 2010), there is a
notable absence of models that predict the consequences of photoperiodism when organisms are
moved into a new climate or are exposed to a rapid change in climate in their home location.
Progress in understanding the consequences of photoperiodism have been hampered by the lack
of clear conceptual frameworks, illustrative field and lab studies, and accessible predictive tools.
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Objective

In correspondence with the SERDP Statement of Need, the overall goal of this project was to
help preserve and enhance effectiveness of biological controls used against non-native invasive
plants on Department of Defense (DoD) installations in the United States (U.S.) by gaining
understanding of the phenological constraints that arise in insects due to their responses to the
abiotic factors of photoperiod and temperature.

The specific task-oriented objectives are to:

(1) Develop an advanced geo-climatic model that incorporates insect response to the abiotic
factors of temperature and photoperiod and use it to predict phenology, voltinism (number of
annual generations), and degree of asynchrony with the seasonal conditions and host plant
growing season.

(2) Carry out a series of field and laboratory experiments to test model predictions of the
ecological and evolutionary consequences of a non-stationary climate in 3 biocontrol systems
important to DoD lands: Tamarisk, purple loosestrife, and Japanese knotweed.

(3) Apply the model and experimental outcomes to design strategies for improving biological
control for the three target weeds and to.

(4) Share the model framework and encourage its application for other species of concern on
DoD lands, including other biocontrol agents, invasive forest pests, and threatened and
endangered species.

In this final project report, we first describe two versions of our improved model (Chapter 2 and
Grevstad et al. 2022), which expand upon a simpler, earlier version (Grevstad and Coop 2015)
by incorporating individual variation in development timing and photoperiod response. We then
describe applications of the models and associated field and laboratory experiments involving 3
different weed biocontrol systems. These systems include a newly approved psyllid (4Aphalara
itadori) for control of Japanese knotweed species complex (Fallopia spp.) which is invading
northern riverbanks and floodplains (Chapter 3); a leaf beetle (Galerucella calmariensis) used
against the wetland weed purple loosestrife (Lythrum salicaria (Chapters 4 and 5); and another
leaf beetle (Diorhabda carinulata) used against tamarisk species complex (or salt cedar, Tamarix
spp.) in Western desert riparian areas (Chapter 6). We use an individual-based version of the
model to assess whether evolved photoperiod responses in different populations of two of these
species are optimized for the local climate. Finally, we summarize our project’s outreach
activities in which we provided information and decision support for land managers wishing to
conserve the benefits of biological control in a changing climate.
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2. A geo-climatic insect phenology model incorporating
photoperiod-cued diapause

Model background

Insects are poikilothermic, meaning their speed of development is determined by environmental
temperature. This makes it possible to model life cycle timing (phenology) using historic or
forecasted climate data. Degree-day phenology models have long been used to predict
emergence timing and voltinism (number of annual generations) of pests and beneficial insects.
Such models are also useful in predicting future phenological changes that might occur under
predicted global climate change scenarios.

Until recently, most degree-day models that are used to predict insect responses to climate
change have neglected the fact that a majority of insects in temperate zones use the seasonal
changes in day length as a cue for synchronizing their life cycle with favorable seasonal
conditions. In previous work (Grevstad and Coop 2015), we showed that climate change can
have dramatic and unexpected effects on voltinism (number of annual generations) for insects
that use photoperiod as a cue for terminating reproduction. For example, an insect that would
normally have 3 generations per year might only have one generation when exposed to a warmer
climate. Alternatively, in a cooler climate, they may attempt more generations than the growing
season allows leading to a fall generation that is “lost” to a fall frost. Newly introduced insects,
such as biological control agents, are especially vulnerable to these effects. A major objective of
this SERDP project was to expand and improve this phenology model and parameterize it for our
three focal biocontrol species and to make it available online for other users.

Our model applies to a common multi-voltine life cycle that alternates between diapausing and
reproductive phases (Fig. 1). Day lengths shorter than a critical length serve as the cue for
diapause. A change in temperature affects the date of emergence of the photoperiod-sensitive
stage (newly eclosed adults for the three insects we studied) and thus the day length to which it is
exposed. This interaction between temperature and photoperiod can lead to major phenological
consequences from small changes in climate.

Overview of model versions and improvements

In this project we expanded our previous model creating two improved versions (see Table 1).
The first is a spatialized phenology model that can be used with continent-wide climate datasets.
It produces mapped output such as voltinism prediction maps (Grevstad et al. 2022) and maps of
the date of predicted occurrence of phenological events. This improved mapping version also
incorporates individual variation as described in our original project proposal. The second
version is an individual-based model (IBM) that can be used to model populations of insects at
one geographic location (or a cluster of point locations in a small region) and which fully
incorporates individual variation in development timing and photoperiod response (Wepprich et
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al. ms. in prep.). It also allows population growth between generations. For both of these

models, we added the capacity to use future forecasted climate datasets in order to explore and
understand how weed biocontrol systems may be affected by future climate change scenarios.

Both models are available online. The mapping model was integrated with the Oregon IPM

Center’s Degree-Days Risk and Phenological Event Mapping (DDRP) model platform and can

be found here: uspest.org/dd/dodmaps. The individual-based model is in its own shiny-app

location: tyson-wepprich.shinyapps.io/Biocontrol Voltinism_Simulation/. Further differences

between the completed model versions are described in Table 1.

specified random variation in
emergence timing, oviposition
timing, development rate, and
response to photoperiod

Individual Based Model Mapping Model (v. 1.0)
Scale of | Single site or very small region Large regions or entire continent
Application
Model Units | Individual-based simulation with Time distributed cohorts (see Fig. 2),

each with a fixed degree-day
requirement for development

Diapause | For each individual, diapause is The proportion of the population
determined by the critical diapausing is a function of
photoperiod, drawn from a normal | photoperiod at the time of adult
distribution with mean and variance | eclosion (sensitive stage). The
selected to match the range of function represents a logistic curve
responses from chamber fit to data from chamber
experiments. experiments.

Voltinism | Tracks the mean number of Tracks the mean number of
generations completed each year, generations completed each year,
including partial generations including partial generations
accounting for the individuals in accounting for the proportion of the
diapause population in diapause

Population | Tracks population growth between | Tracks phenology and voltinism, but
Growth | generations and between years not population growth
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All versions share the same general input:
*  Species-specific development rate and developmental thermal thresholds
* Photoperiod response derived from experiments
* Spring emergence timing estimated in degree-days

* Location-specific daily maximum and minimum temperatures (from available high

resolution spatialized climate datasets), used to calculate species-specific degree-days.

» Latitude-specific day lengths calculated using method of Forsythe et al. (1995).

Table 1. A comparison of the two completed model versions.
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Model Details

Both versions of the model apply to a common insect life cycle that is multi-voltine with a short-
day diapause response (described by Kostal 2006, Fig. 1). All three biocontrol agents studied in
this project have this form of lifecycle, which includes the following characteristics: (1) The
transition into diapause is triggered when the photoperiod-sensitive life stage is exposed to day
lengths shorter than a critical photoperiod. (2) Diapause is maintained for a period of time
during which the insect is not developmentally responsive to warm temperatures. (3) At some
point during the cold season, but prior to the start of the accumulation of degree-days, diapause
ends and temperature-dependent development resumes (based on accumulated degree-days). (4)
During the active season, one or more generations occur until the photoperiod-sensitive life stage
is again exposed to day lengths that are shorter than the critical photoperiod. We make the
assumption that degree-day accumulation begins on 1 January. This is an arbitrary choice suited
to locations that have moderate to cold winters, where the temperature is rarely (if at all) above
the threshold for development during mid-winter.

Mapping Model

The mapping version of the model is our primary product from this project. It expands on an
earlier version by Grevstad and Coop (2015) by adding variation in the timing of spring
oviposition and in the day length threshold for cuing diapause. It uses a new computing platform
written entirely in R, greatly simplifying model operations and parameterization for other
species. The model has been integrated with, and builds on, our recently developed open-source
geo-climatic phenology modeling platform, Degree-Days, Risk, and Phenological Event
Mapping (DDRP) (Barker et al. 2020), by incorporating the short-day diapause response. Aside
from the addition of photoperiod-cued diapause, the basic operation is similar to DDRP models
that have recently been developed by our team for other species (Barker et al. 2020).

The key model parameters include spring oviposition timing, development rates, lower and upper
developmental thresholds, and the mean and standard deviation of the critical photoperiod. The
parameters for all three species were obtained from experiments (details in Table 1). Other
parameters including the timing and standard deviation of spring oviposition (the distribution of
cohorts) were approximated based on best available field and lab data. We designated the
photoperiod sensitive stage of each insect species based on results of our long-to-short and short-
to-long photoperiod transfer experiments.

The model is programmed in R 3.6.2 (R Core Team 2019) and uses publicly available daily
spatialized climate data sets (maximum and minimum temperatures) that have been interpolated
from weather station data. The source of the climate data varied by application, but included (1)
Daymet version 3 which has a resolution of 1 km? and is updated annually with data from the
NOAA National Centers for Environmental Information's Global Historical Climatology
Network (GHCN)-Daily weather stations (Menne et al. 2012, Thornton et al. 2016), (2) PRISM
Climate Data which is 4 km? near-real time and historical gridded climate data for the
conterminous US (Daly et al. 2008, Daly et al. 2015), and (3) for Europe, E-OBS version 22.0e
for 2010-2019 from the EU-FP6 project UERRA and the Copernicus Climate Change Service,
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which is compiled from ECA&D daily station data with a resolution of 0.1 degrees (Cornes et al.
2018).

The program workflow steps through each day of a calendar year beginning with January 1 and
calculates accumulated degree-days using the single triangle method (Zalom et al. 1983) and day
length using the method of Forsythe et al. (1995) with 1.5° of twilight for each spatial grid cell in
the geographic focal region or continent. The accumulated degree-days are used to determine
the life stage present (overwintering stage, eggs, juvenile stages, and adults) and the number of
generations completed.

The mapping version of the model incorporates variation in phenology through the use of six
time-distributed cohorts that reflect the distribution of oviposition dates in the spring (truncated
normal on a degree-day scale, Fig. 3). Thus, the daily accumulation of degree-days and
accompanying life cycle transitions are carried out in six separate bins starting from each
cohort’s initial oviposition date. For computational simplicity, individuals within each cohort are
assumed to develop in synchrony, requiring a fixed number of degree days to reach the next life
stage. Oviposition in subsequent generations also occurs at one time point within each cohort (as
measured in degree-days) but maintains the same variation in timing across the cohorts. The use
of six cohorts was an arbitrary compromise between adding realism and keeping model run time
manageable.

When a cohort reaches the photosensitive stage (e.g., first day of fifth instar nymph in the case of
the knotweed psyllid, Fig. 3), the date- and latitude-specific day length determines the proportion
of the cohort that switches to a diapause developmental pathway (based on probit curve fit to
experimental data). Cohorts differ in the proportions entering diapause because they reach the
sensitive life stage on different dates. The portion that does not enter diapause proceeds through
the pre-oviposition period to the egg stage in the next generation. The above steps are repeated
when the next sensitive stage is reached. Reproduction is assumed at replacement level (no
population growth) and reproductive individuals are assumed to die following oviposition (i.e.,
they do not go on to diapause after reproducing).

After the last day of the daily time step (December 31), the program combines results across all
cohorts and calculates weighted means of the output based on the relative size of each cohort.
Cohorts that are in an immature stage at the end of the year count toward attempted generations,
but not completed generations. Weighted means are used to estimate the overall proportion of
the population in each life stage, the cumulative percent of the population in diapause, and
voltinism (described below in “Predicting voltinism and phenological mismatch™).
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Figure 3. Phenology progression and diapause determination used in the mapping model. The curve represents
site-specific day length as a function of site-specific cumulative degree-days (example for Aphalara itadori
(knotweed psyllid) in Corvallis, Oregon, USA at 44.6 ° latitude, year 2019). The bars show time-distributed cohorts
of initial spring eggs (white) and fifth instar nymphs (the photoperiod-sensitive stage, shaded bars). The proportion
of nymphs in each cohort that will reproduce (light gray shading) is determined by the day length when the sensitive
stage emerges in accordance with the photoperiod response curve. In this example, only the earliest of the third-
generation nymphs will reach the diapausing adult stage.

Predicting voltinism and phenological mismatch

The mapping model produces three types of maps at the end of the year. The first map depicts
the number of potential generations based on available degree-days alone (no short-day trigger
for diapause induction in model). Potential generations were quantified by running the model
without the diapause response to photoperiod and counting the number of generations that were
completed (reaching adult reproductive or diapause stage) before the end of degree-day
accumulation (or December 31). While each cohort’s potential voltinism was an integer, the
weighted average across cohorts could be a decimal if cohorts completed a different number of
generations (made possible by the initial distributed springtime oviposition).

The second type of map shows the number of generations that would be attempted, given the
population’s diapause response (short-day trigger for diapause included in model). Attempted
generations were quantified for each cohort by summing the proportion in each generation
(including overwintering generation) that were reproductive at oviposition time, regardless of
whether there were sufficient degree-days for their offspring to develop. Because overwintered
adults are assumed to be 100% reproductive, the minimum attempted generations is always one.
Attempted voltinism for the entire population was estimated as the weighted average of
generations attempted across the six cohorts.
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The third type of map presents the degree of phenological mismatch, quantified by subtracting
the potential number of generations from the attempted number of generations for each cohort
separately and then taking the average of the differences, weighted by cohort size. Negative
mismatch means that, due to the diapause response to photoperiod, fewer generations were
attempted than the seasonal temperatures could actually support. Positive mismatch means that
diapause was not cued early enough, and its value (between zero and one) represents the
proportion of the final generation that dies because there were too few degree-days to complete
development to the diapause stage. We rounded the voltinism mismatch estimates to the nearest
integer number (or to the nearest 0.25 in the case of positive mismatches) for mapping purposes.

Individual-Based Model

Our individual-based model is similar to the mapping model, except that it incorporates the full
range of individual variation by tracking the lifecycle of each individual in a population, rather
than grouping into cohorts (Fig. 4). This model was not a product originally planned as part of
our proposed project, but it has proven valuable as a complement to the mapping model for
certain applications. It is available online in an adaptable form for researchers with knowledge
of the parameters for the organisms they work with. Individuals, assumed all females in the
simulation, are assigned development rates and diapause day length threshold as random
numbers drawn a specified distribution. Because tracking of individuals is computationally
intensive, use of the model is restricted to single sites or small clusters of sites. The model can
also incorporate demographic information to estimate the effects of phenology and voltinism on
population growth from one year to the next. This makes it suitable to investigate the fitness
consequences of a change in climate or latitude, as well as any evolved change in the organism’s
life cycle parameters such as the critical photoperiod that cues diapause.

The parameters for the model are similar to those in our mapping model, expressed as
distributions estimated from field and lab studies. The initiation of oviposition by overwintered
females occurs at a number of degree days assigned by random draw from a skewed normal
distribution. Females in this parental generation were assumed to have one surviving offspring
each. For subsequent generations, we assigned stage-specific time requirements in degree-days
and day length thresholds to each simulated individual by sampling from normal distributions.
We assumed that adult beetles must complete a pre-oviposition or pre-diapause stage before
successfully reproducing or entering diapause, although most studies only measure pre-
oviposition time requirements. We tracked the timing (day of year and accumulated degree-
days) of lifecycle transitions for each simulated individual across all generations if reproduction
occurred.

In our project, this version of the model was particularly useful for understanding the
complicated nature of voltinism (including populations with split diapause decisions, incomplete
generations, and lost generations) and for estimating the effect of climate or latitude change on
not only phenology/voltinism but also its follow-on effect on population growth or fitness. We
used it to determine the optimal mean critical photoperiod that would provide optimal fitness for
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a population in a given location and compared these predictions to critical day lengths of field
collected populations measured in controlled environment chambers (see section 7).
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Figure 4. Example of output
from the individual based model.
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3. Predicting phenology match for a new biocontrol agent—
Aphalara itadori introduced for Japanese knotweed

Our mapping model can be used to predict regions where biocontrol agents are likely to succeed
or fail prior to their introduction. Two biotypes of the knotweed psyllid (Aphalara itadori, Fig.
5), one from northern Japan (Hokkaido) and one from southern Japan (Kyushu) were approved
for release into the United States in 2020 as a host specific biocontrol agent for the knotweed
species complex (Shaw et al. 2009; Grevstad et al, 2013). Releases of this biocontrol agent have
also been made into the United Kingdom (2010), Canada (2014) and the Netherlands (2020).
We use the model to map predicted voltinism, given the photoperiod response, and the degree of
phenological mismatch in voltinism (or diapause timing) for the length of the local growing
season throughout North America and Europe. Full details are available in our published paper
(Grevstad et al. 2022).

In North America, knotweeds have become most abundant in the northern half of the United
States and southern Canada (Grevstad et al. 2018). In Europe, both parental species are
widespread, and the hybrid is increasingly recognized as a significant component of the invasion
(Vukovi¢ et al, 2019). The plants are most problematic in riparian zones, where they crowd out
native plants, alter stream nutrients and food webs, and increase erosion (Beerling and Dawah
1993; Maerz et al. 2005; Urgenson et al. 2009).

Two screened source populations of A. itadori were included in this study. A southern strain was
originally collected from plants of Japanese knotweed [Fallopia japonica (Houtt.) Ronse
Decraene] on the Island of Kyushu in southern Japan at 32.8° latitude, and a northern strain was
collected from giant knotweed [Fallopia sachalinensis (F. Schmidt) Ronse Decraene] on the
Island of Hokkaido in the vicinity of Lake Toya at 42.6° latitude. The southern strain was
released against F. japonica (and hybrid genotypes) in the United Kingdom and Canada. In the
United States, both strains have been released to target all three knotweed species. Despite the
many years of repeated releases, establishment of permanent populations of 4. itadori has not
been confirmed in either the United Kingdom or Canada. Monitoring for establishment of the
recent (2020) releases into the United States and the Netherlands has only just begun.

Aphalara itadori has a facultative multi-voltine life cycle, switching development toward
diapause in response to short days in the late summer (confirmed in the photoperiod response
experiment below). Eggs are laid on the surfaces of knotweed stems and leaves, especially along
the leaf veins and under the leaf sheaths. Nymphs and adults feed by inserting mouthparts into
leaves or stems and ingesting the sap. There are five nymphal instars. The adult stage
overwinters in an apparent state of reproductive diapause and emerges to continue reproductive
development in response to warming temperatures in the spring. For the two source populations,
we carried out experiments to determine developmental parameters, including temperature-
dependent development rates, overwintering emergence timing, and the diapause response to a
range of photoperiods.
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Figure 5. Aphalara itadori
(adult with eggs) and its host
plant Fallopia japonica

Methods for Parameterizing the Model

Determining development rates and thresholds

We carried out two experiments in controlled environment chambers to quantify the relationship
between temperature and development rate and then combined these results with those
previously published by Myint et al. 2012 in a linear regression (Fig. 6, details in Grevstad et al.
2022). We used the x-intercept as the estimate of the lower developmental threshold and the
inverse of the slope as the degree-day requirement for development from egg to adult (Campbell
et al. 1974). The upper threshold was estimated as the temperature at which a large drop in
development was found.

Photoperiod response experiment

We determined the relationship between day length and the proportion of adult psyllids entering
diapause in an experiment using controlled environment chambers programmed with five
photoperiod treatments (light: dark cycles) as follows: 13 L:11 D, 14 L:10 D, 14.5L: 9.5 D, 15
L: 9D, and 16 L: 8 D. Knotweed plants were grown from seed to a height of approximately 15
cm in 13 cm square pots in a greenhouse. For each psyllid strain (northern, southern), and for
each photoperiod treatment, five pairs of adult psyllids were caged onto each of eight plants for
24 hours to establish cohorts of same age eggs. We used the preferred host plant for each psyllid
strain (F. sachalinensis for Hokkaido and F. japonica for Kyushu). The environmental chambers
were set with a constant temperature of 22 °C and 60% relative humidity. During egg
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development the chambers were set with light: dark cycle of 16 L: 8 D (for 12 days) and then the
lights were programmed to the treatment photoperiod for the remainder of the experiment. The
plants were watered as needed. As adults eclosed, they were removed and placed in a separate
cage
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Figure 6. Relationship between development rate (egg to adult) and temperature in Aphalara itadori using data
from three experiments (from Grevstad et al. 2022). The mean development rate (points) and spread of data for each
treatment (middle 95% percentile, vertical lines) is shown. The trend line is the fitted linear regression for the linear
portion of the relationship (excluding the 30 °C point): y =0.00183x - 0.0126.
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Table 2. Parameter values used in the phenology model for Aphalara itadori. Degree-days are in Celsius units.

each life stage (important
for cohort model and to
know when sensitive stage
happens)

Nymph stages 1-4:
270

Nymph stage 5: 133

Parameter Estimate Source

Lower developmental 6.9 °C X-intercept of linear regression of development

threshold (LDT) rates on constant temperatures from three
separate chamber experiments (Fig. 6).

Upper developmental 30°C Approximated based on observed decrease in

threshold (UDT) development rate at 30 °C (data from Myint et
al. 2012, Fig. 6)

Degree-days required to 546 Inverse of the slope in linear regression (Fig. 6)

develop (egg to new adult)

Degree-days required for | Egg: 143 From Myint et al. (2012), the mean proportion

of development time spent in each stage
multiplied by 546 degree-days.

Pre-oviposition/pre-
diapause degree-days

70

From Myint et al. (2012): pre-oviposition period
was ~4.5 days at optimal temperatures 20 or 25
°C or an average of 70 required DDg9. Pre-
diapause assumed to be similar.

Photoperiod Response
(Critical photoperiod (CP)
and standard deviation

(sd)

Hokkaido: 14.7 h
Kyushu: 14.1 h
sd =0.284

Probit regression fit to data from photoperiod
experiment (Fig. 7).

Sensitive stage

Early 5" instar

Based on test of nymph vs. adult exposure to 12
vs. 16 hours day length (Appendix S1)

Delay for peak oviposition
timing

50

Approximated based on oviposition schedule
and assumed greater contribution of earlier eggs
to future generations.

Start of post-overwintering
oviposition in the spring,
in degree-days

Normal (pu =220, sd =
50), truncated between
150 and 300 to avoid
unrealistic outliers

Estimated from spring emergence experiment,
mostly from Kyushu strain that had more
reliable data (Fig. 8). Also corresponds with
observed emergence timing in Japan.
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on a fresh plant in the same chamber. After one week, adult females were placed individually
into a small petri dish with moist filter paper and a piece of knotweed leaf to determine if they
were reproductive, as evidenced by the presence of eggs on the leaf after 48 hours. The
relationship between photoperiod and reproductive status was quantified using probit regression
and assumed similar slopes for each psyllid strain. The southern biotype was found to have a
shorter critical photoperiod (14.1 h) (where 50% entered diapause) than the northern psyllid
(14.9 h). This relationship was then used in our phenology model to determine the timing of
diapause.
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Figure 7. Proportion of adults of both northern (from Hokkaido, Japan) and southern (from Kyushu, Japan) strains
of the knotweed psyllid (Aphalara itadori) that remained reproductive (as opposed to diapausing) when reared at
different photoperiods. Fitted probit models assume similar slopes (or individual variation) for the two populations
(from Grevstad et al. 2022).
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Spring emergence timing

We experimentally determined the degree days required to bring psyllids out of diapause. Both
populations were reared on caged potted knotweed plants under conditions that induced diapause
in the adult stage (gradually decreasing photoperiod and temperature). The caged plants with
dormant psyllids were kept in a refrigerator at 4 °C for 4 months. We then transferred psyllids
into each of 24 15-cm diameter petri dishes lined with damp filter paper and a fresh piece of leaf.
Each dish (containing approximately 30 psyllids) was then exposed to one of 12 treatments. The
treatments consisted of 6 photoperiods (ranging from 10 to 16 hours of light) crossed with two
constant temperatures (14 °C and 26 °C). The leaves were replaced as needed and the number of
eggs on the leaves were counted every two days. We also tracked adult mortality in the petri
dishes allowing us to estimate oviposition rates per live adult.

For both psyllids and both temperature treatments, oviposition appeared to reach full capacity at
around 220 or 230 degree-days (Fig. 8). There was a very slight delay in emergence timing for
the two shortest photoperiods. However, this effect is omitted from our model since
photoperiods this short would only occur before the spring equinox and well before sufficient
degree days are reached in the regions of interest. For the model, we represented the start of
oviposition after springtime diapause termination with a normal distribution with mean 220
degree-days and standard deviation of 50 degree-days.
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Figure 8. Timing of oviposition of artificially overwintered adults of northern (top) and southern (bottom) biotypes
of the knotweed psyllid when moved into two temperature treatments (14 °C left, 21 °C right) and six photoperiod
treatments.
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Results
Knotweed psyllid predicted voltinism and phenology match

Using the developmental parameters obtained from the above experiments, we used our model to
map the number of potential generations (based on degree days alone, Fig. 9b. We then
compared this with the number of expected atfempted generations (given the photoperiod
response, Fig. 10), and create a third map of the degree of mismatch (= attempted minus
potential generations, Fig. 11).

Estimates of potential voltinism, based on a model without photoperiod-cued diapause, closely
align with the geography of climate. For both North America and Europe, a greater number of
generations are possible in warmer regions with longer growing seasons (Fig. 9). Potential
voltinism generally increases to the south, but climate influences of coast and mountain ranges
break up the pattern on both continents (in western North America and south-central Europe). In
the regions where knotweed is most prevalent (for example, north of the 36th parallel in North
America), the number of potential generations ranges from one to four.
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Figure 9. Potential number of annual generations (voltinism) of Aphalara itadori based on the availability of degree-days
alone (without photoperiod cued diapause response) and using daily degree-days averaged across years 2010-2019 for (a)
North America and (b) Europe.

Incorporating A. itadori’s experimentally determined photoperiod response in the model results
in a very different map for attempted voltinism (Fig. 10). For both the northern and southern
psyllid strains, the number of generations ranged from one to three for most of North America
and Europe, with 3.5 attempted generations in very limited locations. The highest attempted
generations are expected in the middle latitudes. Attempted voltinism decreases to the north and
with increasing elevation in mountainous zones because of a combination of low degree-days
and shortening photoperiods in the fall. Perhaps surprisingly, voltinism also decreases moving
toward the south. For some locations, fewer generations in the south may occur because shorter
southern day lengths induce earlier diapause in late summer, but usually earlier diapause is made
up for by faster development. Instead, the major cause for the gradual decline in voltinism
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toward the south, as we have quantified it, is that there is an increasing proportion of the
population that enters diapause in earlier generations during spring or early summer. In the far
south (e.g., the Southwest and Gulf Coast states), the entire population (all individuals in all
cohorts) is expected to diapause after only a single spring generation that is completed before the
summer solstice.

The model results show that the northern (Hokkaido) strain would attempt one fewer generation
than the southern (Kyushu) strain in many regions because of its longer mean critical
photoperiod, which cues the insects into diapause at an earlier date (compare Figs. 10a, b with
Figs. 10c,d). While these results represent the average of model runs using temperature data from
10 recent consecutive years (2010-2019), results from individual years vary from this average.
For example, compared to the presented averages for the southern strain (Fig. 10c, d), the
warmest years within this span (e.g., 2012 in North America and 2018 in Europe) result in much
larger regions where three generations would be attempted (see Grevstad et al. 2022).
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Figure 10. Expected number of generations that would be attempted by the introduced knotweed psyllid Aphalara itadori,
based on degree-day accumulation and incorporating its diapause response to photoperiod (averages for years 2010-2019).
(a) Northern strain (from Hokkaido, Japan) in North America. (b) Northern strain in Europe. (c) Southern strain (from
Kyushu, Japan) in North America. (d) Southern strain in Europe.
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Figure 11. Degree of phenological mismatch expected for introduced populations of Aphalara itadori. Mismatch values are
quantified as the weighted average of the difference between the expected number of attempted generations (given the
photoperiod response) and the potential generations (based on degree-days) among the time-distributed cohorts. Shown are
regions where the insect is expected to attempt an appropriate number of generations for the available degree-days (white),
too few generations (negative mismatch, light to dark brown), or up to one generation too many (positive mismatch, light to
dark green). For mapping purposes, negative values were rounded to the nearest integer and positive values were rounded to
the nearest 0.25. (a) Northern strain (from Hokkaido, Japan) in North America. (b) Northern strain in Europe. (c) Southern

strain (from Kyushu, Japan) in North America. (d) Southern strain in Europe.
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The phenological mismatch maps (Fig. 11), which depict the difference of the number of
potential generations and the number of attempted generations, reveal regions where A. itadori
populations may experience mismatched diapause timing at the end of the season. For both
psyllid strains, populations introduced into northern regions of both North America and Europe
are predicted to attempt up to one more generation than can fit based on degree-days, whereas
those introduced into the south are predicted to have too few generations. For both strains, there
is a central region within the range of approximately 36 to 43° where diapause is expected to
occur with good timing, shortly before degree-day accumulation slows (white areas in Fig. 11
maps). The region with a good match is shifted slightly more northward for the northern psyllid
strain due to its longer mean critical photoperiod.

The maps reveal how the degree of mismatch fluctuates across the latitudinal gradients. This is
particularly evident for the southern strain across the north central United States and Canada,
where mismatch displays as alternating horizontal bands of near zero and positive one mismatch
(Fig. 11c). This pattern arises because the geographic shifts in attempted voltinism are out of
phase with the change in season duration across the same gradient. Similar changes in the
degree of mismatch can also occur at the same location from one year to the next with annual
climate variation. For example, positive mismatch values in parts of the north central United
States dropped substantially from 2012 to 2013, which were the hottest and coolest year that
were modeled, respectively.

Discussion

In this study, we demonstrated the utility of our newly developed photoperiod phenology model
to predict voltinism and phenological mismatch in the knotweed psyllid (Adphalara itadori)
which has been recently introduced into new climates as a biocontrol agent in North America
and Europe. Experimentally determined photoperiod thresholds for diapause induction were
found to differ between the two studied strains of A. itadori. While these genetic-based
responses are likely well-suited for their respective locations of origin in Japan, we show how
they could cause the insects to attempt too many generations in cooler northern regions
(diapausing too late) and limit them to only one generation in warmer southern locations
(diapausing too early). Not unexpectedly, the region with a good phenology match is shifted
northward for the more northern source population.

These results illustrate an emerging general pattern that may arise whenever an insect or other
poikilothermic organism with a short-day diapause response is moved (either purposefully or
accidentally) to a new region or continent. Specifically, insects originating from a lower latitude,
which typically have shorter critical photoperiods (Danilevskii 1965; Masaki 1999), will have a
tendency to reproduce too late in the fall when they are moved to a higher latitude (south to north
in the northern hemisphere). Conversely, those moved from higher to lower latitudes may be
prone to diapausing too early, sometimes far too early, and missing part (or most) of the
favorable season. These findings are in line with predictions generated for the loosestrife leaf
beetle Galerucella calmariensis (Grevstad and Coop 2015), and with observed field phenology
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in the tamarisk leaf beetle Diorhabda carinulata (Bean et al. 2007, Bean et al. 2012, and section
6 in this report). We emphasize, however, that end-of-season mismatches can occur even when
there has not been a change in latitude, because temperature changes alone can expose the
photoperiod-sensitive stage to a different day length that may induce an inappropriately timed
developmental response.

The addition of time-distributed development and variation in the photoperiod response (versus
Grevstad and Coop 2015) offers improved accuracy in voltinism and mismatch estimation with
fractional values possible. While not specifically explored in this study, within-generation
dimorphism in the diapause response resulting from this variation likely provides populations
with increased resilience and adaptability in the face climate change. For example, fractional
increases in attempted voltinism (i.e., partial generations) with a warmer climate, rather than
discrete jumps to the next whole number, would help to avoid “lost generations” as described by
van Dyck et al. (2015). Including this variation also provides the groundwork from which an
evolutionary model might be generated.

Our results suggest that a tendency to diapause too late in the season may be a factor hindering
establishment and/or population growth of 4. itadori in the northern countries of Canada and the
United Kingdom, where releases have been ongoing for many years without confirmation of
establishment. Other contributing factors such as predation and foliage quality could also be
involved (Jones et al. 2020). More recent releases of A. itadori made in the southern part of
knotweed’s range (e.g., in North Carolina, U.S.A.) could face the opposite problem of an ill-
timed spring diapause after a single generation. Our model suggests that 4. itadori is likely to
initially perform best in the central parts of the United States and in southern Europe, where up
to three generations are likely to be attempted and where there are sufficient degree-days to
complete all three. Although the northern (Hokkaido) strain of 4. itadori, which has the longer
critical photoperiod, is a better match for more northern regions, this strain is only considered
effective against giant knotweed, F. sachalinensis, and not the more common F. japonica or F. x
bohemica. Field monitoring of the phenology of released populations of 4. itadori is ongoing
and will serve as a test of the model predictions.
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4. Divergence in the photoperiod response of the loosestrife leaf beetle
(Galerucella calmariensis) across a climatic and latitudinal gradient

A key concern in classical biological control is whether, and by what means, insect agents adapt
to novel environmental conditions following their introduction into new regions (McEvoy et al.
2012, Roderick et al. 2012). The loosestrife leaf beetle (Galerucella calmariensis) was
introduced from Germany to North America in 1992 for the biological control of purple
loosestrife, an aggressive weed of wetlands. This agent (along with 3 others introduced against
this weed) has provided successful control in some areas but not others, with success more likely
in regions where more than one generation occurs. The number of generations occurring at a
location is largely determined by the diapause response to photoperiod (i.e., the critical
photoperiod). As part of this project, we completed two experiments to gain understanding of
this biocontrol system: (1) a chamber experiment to determine and compare the photoperiod
response curve among beetle populations from different climates and latitudes; and (2) a
common garden field experiment to test how these differences affect phenology, voltinism, and
phenological mismatch when these populations when exposed to a new climate in a common
environment. The latter experiment also serves as a test of the predictions of our phenology and
voltinism model (section 2).

Study System

G. calmariensis (Fig. 12) has a facultative multivoltine lifecycle. Adults overwinter and emerge
as reproductive regardless of photoperiod exposure in spring (Blossey 1995, Bartelt et al. 2008).
Based on degree-day (base 10°C) requirements, oviposition from overwintered adults occurs
around 100 accumulated degree-days and subsequent development from egg to adult to
oviposition requires around 523 degree-days (McAvoy and Kok 2004, Grevstad and Coop 2015).
Newly eclosed (teneral) adults from subsequent generations are photoperiod sensitive and will
enter diapause in response to short days (Velarde et al. 2002). The baseline critical photoperiod
(=critical day length) in beetles introduced from Germany was not measured experimentally.
However, soon after release, it was estimated as < 15.2 day-hours by Bartelt et al. (2008) and
between 15 and 15.5 day-hours by Grevstad (1999) based on conditions inducing oviposition
during rearing. In North America, the insect has between one and three generations depending
on location.
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Figure 12. Galerucella calmariensis adult (left) and its target weed, Lythrum salicaria (right, purple loosestrife).

Methods

In 2018, beetles were collected from ten geographic locations that span a range of climates and
latitudes and in both the West and the Northeastern U.S. For publication purposes (Wepprich
and Grevstad 2020), and most of the results presented here, we decided to focus on 7 populations
spanning the western U.S. due to a greater reliability of the data and because we were able to
combine and compare results with the 2014 experiment that used the same populations and
similar methods. The environmental conditions, model-predicted phenology, and known release
history for these sites is summarized in Table 3.

The insects were reared for one generation under similar conditions to eliminate maternal effects
and the F1 adults were overwintered outdoors from November 2018 through April 2019 in
Corvallis, Oregon. We obtained same-age cohorts of eggs by placing 3 adult pairs on each of 12
caged potted L. salicaria plants (15-20 cm tall) for each beetle population for a 48-hour period.
This resulted in roughly 90 eggs per plant. When larvae started to hatch, they were carefully
transferred using a moist paintbrush onto sprigs of fresh foliage in 150mm-diameter petri dishes
(approximately 30 individuals per dish). The chambers were set to 23°C and had built in lights.
We assigned rearing dishes from each population to photoperiod treatments at 14.5/9.5, 15.0/9.0,
15.5/8.5, 16.0/8.0, 16.5/7.5, and 17.0/7.0 L/D hours (2 dishes x 6 populations x 6 photoperiod
treatments). As they emerged each day, we removed teneral adults and re-pooled them (within
treatments) into new petri dishes with fresh leaves for the pre-oviposition or pre-diapause
development period of ten to 14 days. To assay their reproductive status, adults were then
isolated into 50mm-diameter petri dishes with a leafy shoot tip and moist filter paper for 48
hours. They were scored as reproductive if observed to be feeding, ovipositing (if female), and
active. They were scored as diapausing if they were inactive, hiding, and not feeding. In
ambiguous cases (which were rare), we replaced the shoot tip with a fresh one and repeated the
assessment after another 48 hours. A total 1,782 beetles were scored. The proportion
reproductive for each treatment combination (pooled across rearing dishes) served as the
dependent variable for our analysis.
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Table 3. Description of sites in the western USA with introduced Galerucella calmariensis populations.

Avg
Elevation Max annual Average
(meters day degree- F1 adult
above length days emergence
Site sea level)  (hours)* (SD)® prediction®  Population history (year introduced)? Voltinism in the field®
Bellingham, Washington 17 16.3 1067 July 20 Introduced from Ephrata, WA 1 generation
(48.76°, -122.48°) (122) (unknown year in 1990s)
Ephrata, Washington 350 16.1 1677 June 24 Original release from north and south 3 generations
(47.16°,-119.66°) (127) German sources (1992-93)
Yakima Training Center, 204 16.0 1809 June 19 Introduced from Ephrata, WA Not observed, assumed similar
Washington (46.76°, -119.99°) (131) (unknown year in 1990s). to nearby Ephrata, WA
Rickreall, Oregon 64 15.8 1366 July 9 Original release from south German 1 generation
(44.98°, -123.27°) (114) source (1992)
Sutherlin, Oregon 153 15.6 1601 June 27 Original release from south German 2 generations
(43.39°, -123.32°) (143) source (1992)
McArthur, California 1006 15.3 1559 July 1 Introduced from Rickreall, OR and 2 generations
(41.10°, -121.41°) (122) vicinity (1998, 2000) & Ephrata, WA
(2002)
Palermo, California 35 15.1 2769 May 13 Introduced from Rickreall, OR and 3 generations
(39.41°, -121.58°) (175) vicinity (1998-2001) & McArthur, CA

(2006). Release from Ephrata, WA
10km northwest of this site (2004-05)
could have dispersed here.

“Maximum day length includes twilight until the sun is 1.5° below the horizon (using method of Forsythe et al. 1995).
?Degree-days are calculated with the triangle method with 