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• Extreme overlap among life stages
• Traditional DD models lose accuracy for insects with overlapping life stages
• Traditional DD models don’t incorporate mortality or physiological variation
• Simple to use and interface with weather-based software
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Nielsen et al. Phenology Model of H. halys

and compare model outputs with field observations. We use
these validation e!orts, along with varying specific photoperiod
sensitivity for diapause induction and termination, to focus
attention to areas in need of further study by demonstrating
sensitivity of simple population dynamics models to these
parameters defining physiology.We then apply the most e!ective
models to eight locations in the US that are relevant to
horticultural crops at risk of damage over a 10 year timeframe,
which span the latitudes of recent and potential invasion in the
US and current climatic conditions.

METHODS

Model Formulation
We adopt an agent-based stochastic modeling framework to
explicitly track the life history and population dynamics (through
birth and death) ofH. halys (see Grimm et al., 2006). Each model
run is initiated on January 1 with 1000 overwintering female
H. halys, all categorized as pre-vitellogenic diapausing adults,
and continues until the end of the year when the successive
generations’ adults are in diapause. Each individualH. halys is an
autonomous agent in this model, and they develop, reproduce,
and die according to the environmental factors (temperature
and photoperiod). The initial adults are considered the parent
generation (P). The model comprises five major modules: (i)
diapause termination of generation P, (ii) fecundity of P and
successive generations of adults (F1, F2, ... Fx), (iii) development
from egg to adult, (iv) diapause induction of successive (Fx)
adults, and (v) survivorship in all generations (Figure 1).
Among these five modules, diapause termination and induction
are photoperiod-mediated (Yanagi and Hagihara, 1980), while
development and survivorship are primarily dependent on
temperature (Nielsen et al., 2008). Reproduction is assumed
to be mostly environmentally independent, although the newly
eclosed adult females need to accumulate about 68 degree-days
using a lowest development threshold temperature of 12.7!C
(denoted as DD12.7) prior to oviposition (Yanagi and Hagihara,
1980). The development module is divided into six stages with
varying responses to temperature: from egg to 1st instar nymph
(egg incubation), between two consecutive nymphal instars
(nymphal development, four processes in total), and between
the last (5th instar) nymph and adult (eclosion). We use the
temperature-dependent development rates reported by Nielsen
et al. (2008), and linear relationships between temperature
and development rate for each process computed from these
published data (Table 1). In each day, each individual H. halys
has a specific development rate based on temperature and
survivorship (Nielsen et al., 2008), and this rate is further applied
in a Bernoulli trial to simulate whether the individual will
develop to the next stage, and this step imparts stochasticity. For
example, two individuals that have exactly the same development
rate may result in a di!erent development result (i.e., whether
or not transit to next life stage) because of the outcome of
the Bernoulli trial. We also use the minimum and maximum
developmental thresholds estimated from Nielsen et al. (2008),
as 14.17!C and 35.76!C, respectively. Beyond this temperature
range, development is halted. In addition, the mean degree-day

FIGURE 1 | Diagram of the Halyomorpha halys individual-based model

steps during development. Squares indicate developmental stages and

parallelogram indicate inputs. Diapause is represented by a diamond and

represents a key physiological decision point.

TABLE 1 | Stage-specific development rate as function of daily mean

temperature.

Process Life stage Development rate (y = f(T)) R2

Egg incubation Egg–1st instar y = "0.9843T + 33.438 0.88

Development 1st instar–2nd instar y = "0.3728T + 14.68 0.84

2nd instar–3rd instar y = "0.6119T + 25.249 0.81

3rd instar–4th instar y = "0.3986T + 17.602 0.77

4th instar–5th instar y = "0.4408T + 19.036 0.82

Emergence 5th instar–Adult y = "0.5332T + 24.147 0.90

P < 0.01 for all life stages.

T, daily mean temperature (!C); y, percent development per day for transition through that

life stage; e.g., if y = 0.2 then the individual has 20% probability of transition to the next

life stage.

requirements for egg incubation and complete life history are
53.30 DD13.94 and 537.63 DD14.14, respectively (Nielsen et al.,
2008).

The survivorship module consists of three submodules:
for immatures (egg and nymphal stages), for overwintering
adults (P), and for all the successive generation adults (Fx).
The temperature-dependent immature survivorship rates are
reported in Table 2 from Nielsen et al. (2008) and we assume a
1:1 sex ratio. Overwintering adult (P generation) mortality rates
post-diapause termination was extracted from Haye et al. (2014).
This step also involves stochasticity similar to the development
module because of the stochasticity of Bernoulli trial. In addition,
eggs and nymphs will die once the daily minimum temperature
falls below 0!C after the autumnal equinox. We also make the
conservative estimate that reproductive state is not plastic, and
thus adults who are reproductively mature (“vitellogenic”) prior
to the diapause initiation cue of critical photoperiod will not
enter a diapausing state, and with all other vitellogenic adults
will die at 0!C. In the fecundity module, a total of 68 DD12.7
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and compare model outputs with field observations. We use
these validation e!orts, along with varying specific photoperiod
sensitivity for diapause induction and termination, to focus
attention to areas in need of further study by demonstrating
sensitivity of simple population dynamics models to these
parameters defining physiology.We then apply the most e!ective
models to eight locations in the US that are relevant to
horticultural crops at risk of damage over a 10 year timeframe,
which span the latitudes of recent and potential invasion in the
US and current climatic conditions.

METHODS

Model Formulation
We adopt an agent-based stochastic modeling framework to
explicitly track the life history and population dynamics (through
birth and death) ofH. halys (see Grimm et al., 2006). Each model
run is initiated on January 1 with 1000 overwintering female
H. halys, all categorized as pre-vitellogenic diapausing adults,
and continues until the end of the year when the successive
generations’ adults are in diapause. Each individualH. halys is an
autonomous agent in this model, and they develop, reproduce,
and die according to the environmental factors (temperature
and photoperiod). The initial adults are considered the parent
generation (P). The model comprises five major modules: (i)
diapause termination of generation P, (ii) fecundity of P and
successive generations of adults (F1, F2, ... Fx), (iii) development
from egg to adult, (iv) diapause induction of successive (Fx)
adults, and (v) survivorship in all generations (Figure 1).
Among these five modules, diapause termination and induction
are photoperiod-mediated (Yanagi and Hagihara, 1980), while
development and survivorship are primarily dependent on
temperature (Nielsen et al., 2008). Reproduction is assumed
to be mostly environmentally independent, although the newly
eclosed adult females need to accumulate about 68 degree-days
using a lowest development threshold temperature of 12.7!C
(denoted as DD12.7) prior to oviposition (Yanagi and Hagihara,
1980). The development module is divided into six stages with
varying responses to temperature: from egg to 1st instar nymph
(egg incubation), between two consecutive nymphal instars
(nymphal development, four processes in total), and between
the last (5th instar) nymph and adult (eclosion). We use the
temperature-dependent development rates reported by Nielsen
et al. (2008), and linear relationships between temperature
and development rate for each process computed from these
published data (Table 1). In each day, each individual H. halys
has a specific development rate based on temperature and
survivorship (Nielsen et al., 2008), and this rate is further applied
in a Bernoulli trial to simulate whether the individual will
develop to the next stage, and this step imparts stochasticity. For
example, two individuals that have exactly the same development
rate may result in a di!erent development result (i.e., whether
or not transit to next life stage) because of the outcome of
the Bernoulli trial. We also use the minimum and maximum
developmental thresholds estimated from Nielsen et al. (2008),
as 14.17!C and 35.76!C, respectively. Beyond this temperature
range, development is halted. In addition, the mean degree-day

FIGURE 1 | Diagram of the Halyomorpha halys individual-based model

steps during development. Squares indicate developmental stages and

parallelogram indicate inputs. Diapause is represented by a diamond and

represents a key physiological decision point.

TABLE 1 | Stage-specific development rate as function of daily mean

temperature.

Process Life stage Development rate (y = f(T)) R2

Egg incubation Egg–1st instar y = "0.9843T + 33.438 0.88

Development 1st instar–2nd instar y = "0.3728T + 14.68 0.84

2nd instar–3rd instar y = "0.6119T + 25.249 0.81

3rd instar–4th instar y = "0.3986T + 17.602 0.77

4th instar–5th instar y = "0.4408T + 19.036 0.82

Emergence 5th instar–Adult y = "0.5332T + 24.147 0.90

P < 0.01 for all life stages.

T, daily mean temperature (!C); y, percent development per day for transition through that

life stage; e.g., if y = 0.2 then the individual has 20% probability of transition to the next

life stage.

requirements for egg incubation and complete life history are
53.30 DD13.94 and 537.63 DD14.14, respectively (Nielsen et al.,
2008).

The survivorship module consists of three submodules:
for immatures (egg and nymphal stages), for overwintering
adults (P), and for all the successive generation adults (Fx).
The temperature-dependent immature survivorship rates are
reported in Table 2 from Nielsen et al. (2008) and we assume a
1:1 sex ratio. Overwintering adult (P generation) mortality rates
post-diapause termination was extracted from Haye et al. (2014).
This step also involves stochasticity similar to the development
module because of the stochasticity of Bernoulli trial. In addition,
eggs and nymphs will die once the daily minimum temperature
falls below 0!C after the autumnal equinox. We also make the
conservative estimate that reproductive state is not plastic, and
thus adults who are reproductively mature (“vitellogenic”) prior
to the diapause initiation cue of critical photoperiod will not
enter a diapausing state, and with all other vitellogenic adults
will die at 0!C. In the fecundity module, a total of 68 DD12.7
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and compare model outputs with field observations. We use
these validation e!orts, along with varying specific photoperiod
sensitivity for diapause induction and termination, to focus
attention to areas in need of further study by demonstrating
sensitivity of simple population dynamics models to these
parameters defining physiology.We then apply the most e!ective
models to eight locations in the US that are relevant to
horticultural crops at risk of damage over a 10 year timeframe,
which span the latitudes of recent and potential invasion in the
US and current climatic conditions.

METHODS

Model Formulation
We adopt an agent-based stochastic modeling framework to
explicitly track the life history and population dynamics (through
birth and death) ofH. halys (see Grimm et al., 2006). Each model
run is initiated on January 1 with 1000 overwintering female
H. halys, all categorized as pre-vitellogenic diapausing adults,
and continues until the end of the year when the successive
generations’ adults are in diapause. Each individualH. halys is an
autonomous agent in this model, and they develop, reproduce,
and die according to the environmental factors (temperature
and photoperiod). The initial adults are considered the parent
generation (P). The model comprises five major modules: (i)
diapause termination of generation P, (ii) fecundity of P and
successive generations of adults (F1, F2, ... Fx), (iii) development
from egg to adult, (iv) diapause induction of successive (Fx)
adults, and (v) survivorship in all generations (Figure 1).
Among these five modules, diapause termination and induction
are photoperiod-mediated (Yanagi and Hagihara, 1980), while
development and survivorship are primarily dependent on
temperature (Nielsen et al., 2008). Reproduction is assumed
to be mostly environmentally independent, although the newly
eclosed adult females need to accumulate about 68 degree-days
using a lowest development threshold temperature of 12.7!C
(denoted as DD12.7) prior to oviposition (Yanagi and Hagihara,
1980). The development module is divided into six stages with
varying responses to temperature: from egg to 1st instar nymph
(egg incubation), between two consecutive nymphal instars
(nymphal development, four processes in total), and between
the last (5th instar) nymph and adult (eclosion). We use the
temperature-dependent development rates reported by Nielsen
et al. (2008), and linear relationships between temperature
and development rate for each process computed from these
published data (Table 1). In each day, each individual H. halys
has a specific development rate based on temperature and
survivorship (Nielsen et al., 2008), and this rate is further applied
in a Bernoulli trial to simulate whether the individual will
develop to the next stage, and this step imparts stochasticity. For
example, two individuals that have exactly the same development
rate may result in a di!erent development result (i.e., whether
or not transit to next life stage) because of the outcome of
the Bernoulli trial. We also use the minimum and maximum
developmental thresholds estimated from Nielsen et al. (2008),
as 14.17!C and 35.76!C, respectively. Beyond this temperature
range, development is halted. In addition, the mean degree-day

FIGURE 1 | Diagram of the Halyomorpha halys individual-based model

steps during development. Squares indicate developmental stages and

parallelogram indicate inputs. Diapause is represented by a diamond and

represents a key physiological decision point.

TABLE 1 | Stage-specific development rate as function of daily mean

temperature.

Process Life stage Development rate (y = f(T)) R2

Egg incubation Egg–1st instar y = "0.9843T + 33.438 0.88

Development 1st instar–2nd instar y = "0.3728T + 14.68 0.84

2nd instar–3rd instar y = "0.6119T + 25.249 0.81

3rd instar–4th instar y = "0.3986T + 17.602 0.77

4th instar–5th instar y = "0.4408T + 19.036 0.82

Emergence 5th instar–Adult y = "0.5332T + 24.147 0.90

P < 0.01 for all life stages.

T, daily mean temperature (!C); y, percent development per day for transition through that

life stage; e.g., if y = 0.2 then the individual has 20% probability of transition to the next

life stage.

requirements for egg incubation and complete life history are
53.30 DD13.94 and 537.63 DD14.14, respectively (Nielsen et al.,
2008).

The survivorship module consists of three submodules:
for immatures (egg and nymphal stages), for overwintering
adults (P), and for all the successive generation adults (Fx).
The temperature-dependent immature survivorship rates are
reported in Table 2 from Nielsen et al. (2008) and we assume a
1:1 sex ratio. Overwintering adult (P generation) mortality rates
post-diapause termination was extracted from Haye et al. (2014).
This step also involves stochasticity similar to the development
module because of the stochasticity of Bernoulli trial. In addition,
eggs and nymphs will die once the daily minimum temperature
falls below 0!C after the autumnal equinox. We also make the
conservative estimate that reproductive state is not plastic, and
thus adults who are reproductively mature (“vitellogenic”) prior
to the diapause initiation cue of critical photoperiod will not
enter a diapausing state, and with all other vitellogenic adults
will die at 0!C. In the fecundity module, a total of 68 DD12.7
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• Differences in stage structure between locations
• Population size differs between geographic populations
+Suggests landscape features may play an important role as well as population 

haplotype

Adult Population Size, 2005 - 2015

Nielsen et al. Phenology Model of H. halys

FIGURE 7 | Model predictions of adult population size for Wenatchee, WA. P represented parental overwintered adults, which was initialized as 1,000 for each year

and for each simulation run.

FIGURE 8 | Predicted population sizes (+/! range from all simulations and years) across all geographic locations for (A) maximum adult population size, and (B) final

population size, and (C) yearly degree-day accumulation. The error bars represent the standard errors from 100 simulations for the metrics.

Frontiers in Physiology | www.frontiersin.org 4 August 2017 | Volume 8 | Article 568



Peak Population Periods in Pheromone Trap Captures and Phenology 
Model Simulations 

Milnes et!al. 2016, Hedstrom et!al. 2017) and in Europe (Sabbatini 
et!al. 2018, Stahl et!al. 2019). This parasitoid has been reported to 
average 50–80% H.!halys egg parasitism in its native range (Yang 
et! al. 2009, Zhang et! al. 2017), and is likely the primary natural 
enemy keeping H.!halys populations below damaging levels in Asia. 
Following the discoveries in the United States and Europe, the use 
of baited traps may provide longer-term data on relative population 
densities in response to abiotic or biotic factors, such as T.!japonicus 
presence and establishment.

With respect to pest management, captures in traps must be 
relatable to biological activity of the insect in order to support ef-
fective pest management decisions. Using the baited pyramid traps, 
a management threshold was established for H.!halys in apple or-
chards that reduced insecticide applications by 40%, but with stat-
istically identical levels of injury to blocks sprayed weekly (Short 
et! al. 2017). A! similar approach in peppers decreased insecticidal 
applications by 50% in one location (Bush 2018). Comparable 
studies in other crops vulnerable to H.!halys injury are warranted 
and would need to be adapted for sticky traps. However, our re-
sults demonstrated that sticky traps baited with H.!halys pheromone 

and pheromone synergist can reliably detect and monitor H.!halys 
adult and nymphal populations at different population densities and 
geographical locations. Indeed, this simpler and less expensive trap, 
integrated with the pyramid trap when appropriate, may promote 
greater adoption by pest management specialists and growers and 
provide the means for long-term monitoring of H.!halys populations, 
particularly as T.!japonicus continues to spread and establish across 
the United States.

Supplementary!Data
Supplementary data are available at Journal of Economic 
Entomology online.
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Fig. 7. Comparisons between captures of H.!halys in pheromone-baited traps and phenological model predictions using 2017 temperature and photoperiod data, 
at select sites in each region. The onset of the F1 and F2 generations in the simulation were based on the egg stage.

Table 5. T-test statistics comparing the peak population periods between captures in the two trap types and phenological model simulations

State

Adults Days between population 
peak dates (vs. phenology 

models)

Nymphs Days between population 
peak dates (vs. phenology 

models)t P t P

Pyramid trap
 Michigan 2.14 0.1131 16.67 4.88 0.0099 37.67
 Maryland "0.53 0.6301 7 3.02 0.0422 31
 Georgia 2.46 0.072 15.67 "0.86 0.4667 20
 Oregon 0.92 0.4382 12.33 4.33 0.0444 37
Clear sticky trap
 Michigan 2.14 0.1131 16.67 1.76 0.3051 31.83
 Maryland "0.09 3.9894 1.33 1.66 0.1731 14.67
 Georgia "0.93 0.4417 18 "1.01 0.3937 19.33
 Oregon "1.97 0.1638 27.67 1.89 0.1970 27

The negative t values signify that population peak periods based on model predictions were later than those observed from trap captures.

Journal of Economic Entomology, 2020, Vol. 113, No. 1 169
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NC State: Number of Living Adults and Eggs Laid

• Empirical model based on 
developmental data of cohorts of 
bugs from winter through fall.
– Western NC (Mills River, 2067 ft 

elevation)
– Eastern NC (Goldsboro, 79 ft elevation)

• Using DD accumulations, predicts 
cumulative oviposition and eclosion
of adults from each generation.

• Biofix – Initiation of reproductive 
development (Nielsen et al. 2017)
– 12.7 hr photoperiod (4 April in NC)

• Temperature thresholds (Nielsen et 
al. 2008)
– 14.2 and 35.6 °C



Cumulative Oviposition and Adult Eclosion 
vs. Degree-Day Accumulations
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and compare model outputs with field observations. We use
these validation e!orts, along with varying specific photoperiod
sensitivity for diapause induction and termination, to focus
attention to areas in need of further study by demonstrating
sensitivity of simple population dynamics models to these
parameters defining physiology.We then apply the most e!ective
models to eight locations in the US that are relevant to
horticultural crops at risk of damage over a 10 year timeframe,
which span the latitudes of recent and potential invasion in the
US and current climatic conditions.

METHODS

Model Formulation
We adopt an agent-based stochastic modeling framework to
explicitly track the life history and population dynamics (through
birth and death) ofH. halys (see Grimm et al., 2006). Each model
run is initiated on January 1 with 1000 overwintering female
H. halys, all categorized as pre-vitellogenic diapausing adults,
and continues until the end of the year when the successive
generations’ adults are in diapause. Each individualH. halys is an
autonomous agent in this model, and they develop, reproduce,
and die according to the environmental factors (temperature
and photoperiod). The initial adults are considered the parent
generation (P). The model comprises five major modules: (i)
diapause termination of generation P, (ii) fecundity of P and
successive generations of adults (F1, F2, ... Fx), (iii) development
from egg to adult, (iv) diapause induction of successive (Fx)
adults, and (v) survivorship in all generations (Figure 1).
Among these five modules, diapause termination and induction
are photoperiod-mediated (Yanagi and Hagihara, 1980), while
development and survivorship are primarily dependent on
temperature (Nielsen et al., 2008). Reproduction is assumed
to be mostly environmentally independent, although the newly
eclosed adult females need to accumulate about 68 degree-days
using a lowest development threshold temperature of 12.7!C
(denoted as DD12.7) prior to oviposition (Yanagi and Hagihara,
1980). The development module is divided into six stages with
varying responses to temperature: from egg to 1st instar nymph
(egg incubation), between two consecutive nymphal instars
(nymphal development, four processes in total), and between
the last (5th instar) nymph and adult (eclosion). We use the
temperature-dependent development rates reported by Nielsen
et al. (2008), and linear relationships between temperature
and development rate for each process computed from these
published data (Table 1). In each day, each individual H. halys
has a specific development rate based on temperature and
survivorship (Nielsen et al., 2008), and this rate is further applied
in a Bernoulli trial to simulate whether the individual will
develop to the next stage, and this step imparts stochasticity. For
example, two individuals that have exactly the same development
rate may result in a di!erent development result (i.e., whether
or not transit to next life stage) because of the outcome of
the Bernoulli trial. We also use the minimum and maximum
developmental thresholds estimated from Nielsen et al. (2008),
as 14.17!C and 35.76!C, respectively. Beyond this temperature
range, development is halted. In addition, the mean degree-day

FIGURE 1 | Diagram of the Halyomorpha halys individual-based model

steps during development. Squares indicate developmental stages and

parallelogram indicate inputs. Diapause is represented by a diamond and

represents a key physiological decision point.

TABLE 1 | Stage-specific development rate as function of daily mean

temperature.

Process Life stage Development rate (y = f(T)) R2

Egg incubation Egg–1st instar y = "0.9843T + 33.438 0.88

Development 1st instar–2nd instar y = "0.3728T + 14.68 0.84

2nd instar–3rd instar y = "0.6119T + 25.249 0.81

3rd instar–4th instar y = "0.3986T + 17.602 0.77

4th instar–5th instar y = "0.4408T + 19.036 0.82

Emergence 5th instar–Adult y = "0.5332T + 24.147 0.90

P < 0.01 for all life stages.

T, daily mean temperature (!C); y, percent development per day for transition through that

life stage; e.g., if y = 0.2 then the individual has 20% probability of transition to the next

life stage.

requirements for egg incubation and complete life history are
53.30 DD13.94 and 537.63 DD14.14, respectively (Nielsen et al.,
2008).

The survivorship module consists of three submodules:
for immatures (egg and nymphal stages), for overwintering
adults (P), and for all the successive generation adults (Fx).
The temperature-dependent immature survivorship rates are
reported in Table 2 from Nielsen et al. (2008) and we assume a
1:1 sex ratio. Overwintering adult (P generation) mortality rates
post-diapause termination was extracted from Haye et al. (2014).
This step also involves stochasticity similar to the development
module because of the stochasticity of Bernoulli trial. In addition,
eggs and nymphs will die once the daily minimum temperature
falls below 0!C after the autumnal equinox. We also make the
conservative estimate that reproductive state is not plastic, and
thus adults who are reproductively mature (“vitellogenic”) prior
to the diapause initiation cue of critical photoperiod will not
enter a diapausing state, and with all other vitellogenic adults
will die at 0!C. In the fecundity module, a total of 68 DD12.7
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Overwintering 
survivorship

Developmental 
survivorship

13.5h

538 DD14

148 DD14

Nielsen et al. 2008 Env Entomol.; Haye et al 2014 J Pest Sci; Nielsen et al. 2017 Ecol & Evol; McDougall et al in prep
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Parasitism Predation
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Next Steps
• Incorporate any geographic differences in phenology

– Overwintering survivorship
– Critical diapause cues

• Refine impact of biotic factors
• Incorporate landscape influences
• Develop a decision aid system with BMSB model
• Increase parasitism!


