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Abstract: Despite their importance as mortality factors of many insects, the detailed biology and
ecology of parasitoids often remain unknown. To gain insights into the spatiotemporal biology of
insect parasitoids in interaction with their hosts, modeling of temperature-dependent development,
reproduction, and survival is a powerful tool. In this first article of a series of three, we modeled
the biology of Tranosema rostrale at the seasonal level with a three-species individual-based model
that took into account the temperature-dependent performance of the parasitoid and two of its hosts.
The predicted activity of the first adult parasitoid generation closely matched the seasonal pattern
of attack on the spruce budworm, Choristoneura fumiferana (Lepidoptera: Tortricidae). The model
predicted 1-4 full generations of T. rostrale per year in eastern North America. The generations
were generally well synchronized with the occurrence of larvae of a probable alternate host,
the obliquebanded leafroller Choristoneura rosaceana (Lepidoptera: Tortricidae), which could be
used as an overwintering host. Spatial differences in predicted performance were caused by complex
interactions of life-history traits and synchrony with the overwintering host, which led to a better
overall performance in environments at higher elevations or along the coasts. Under a climate
warming scenario, regions of higher T. rostrale performance were predicted to generally move
northward, making especially lower elevations in the southern range less suitable.

Keywords: biodiversity; ecology; environment; forest; global change; insect; parasitoids; spruce
budworm; obliquebanded leafroller; seasonal biology; host synchrony

1. Introduction

Parasitoids play an important role as natural mortality factors in population dynamics of insects [1].
However, relatively little is known about the life history and distribution of many. Besides common
uncertainties in taxonomy [2], distribution [3], and complex interactions over several trophic levels
(e.g., [4]), specific knowledge gaps, such as their seasonal biology, voltinism, and overwintering
strategies, restrict detailed understanding. Their frequent dependence on several host species to
complete their annual life cycle further impedes the investigation of parasitoid life histories.

Combining empirical data with modeling approaches can help identify and close knowledge gaps
that are otherwise difficult to resolve (e.g., [5]). As poikilotherms, insects are strongly dependent on
ambient temperature because it determines the rate at which most of their physiological processes occur [6].
Because of its importance relative to other factors, temperature is often used as input in models to better
understand and predict changes in insect phenology [6], distribution [7], and overall population dynamics [8].
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Few phenology and seasonal biology models have been developed for parasitoids [5,9,10]. Climate warming
is expected to have pronounced impacts on parasitoids and their interactions with hosts. They are thought
to be particularly vulnerable to increasing temperatures because, in addition to being directly affected, their
performance is also determined to a large extent by that of their hosts, which are strongly affected by climate
change [11-15]. Different responses to temperature can lead to phenological asynchrony between parasitoids
and their hosts, a phenomenon that has been much discussed (e.g., [11,12]). However, the evidence about
temperature-induced asynchrony between host-parasitoid relationships and population-level consequences
is complex and contradictory [16-18]. Nevertheless, seasonal variation in host availability due to phenological
mismatch may impact a parasitoid’s spatiotemporal biology and performance [13,19].

The spruce budworm (SBW) Choristoneura fumiferana (Clemens) (Lepidoptera: Tortricidae) is a univoltine
outbreaking insect with population cycles that last about 35-40 years [20]. Complex interactions of several
factors have been found to influence those cycles [21], with parasitoids playing a major role in keeping SBW
populations low over long periods [22,23]. We explored the seasonal host interactions in three parasitoids
that have a major impact on the population dynamics of their SBW host: Meteorus trachynotus (Vier.)
(Hymenoptera: Braconidae), which is most important during the decline of outbreaks [21]; Actia interrupta
(Diptera: Tachinidae), which becomes very common once SBW populations have declined to low density;
and Tranosema rostrale (Brischke) (Hymenoptera: Ichneumonidae), which succeeds A. interrupta, taking
over for the remainder of the so-called “endemic” period between outbreaks [24]. Elachertus cacoeciae
(Hymenoptera: Eulophidae) is another parasitoid that plays an important role as mortality factor at low
SBW population densities [22,25]. However, we did not have enough information about this species to
model its seasonal biology.

Tranosema rostrale, a koinobiont larval endoparasitoid with a Holarctic distribution, is the subject of
this paper. It is viewed as a “taxon oligospecialist” (sensu [26]) of tortricid moth larvae in central Europe,
and in North America from Alaska to Newfoundland [27]. It has been recorded at very high frequency in
low-density SBW populations [24,28], but not everywhere [29], and not at high host densities [4,30]. Spatial
variation in parasitism by T. rostrale in low-density SBW populations is negatively correlated with warmer
climate [22].

The basic biology of T. rostrale in North America has been described [24], as well as details about its
reproductive biology [31] and its seasonal pattern of parasitism on the SBW [32]. In Quebec, adult females
are active in spring when they attack post-diapause SBW larvae and several other Lepidoptera species.
Upon egression from the host larva, the parasitoid pupates in a silk cocoon on the foliage next to its host’s
cadaver, and the adult emerges in late June to early July, after which the parasitoid is suspected of having
at least one additional generation. However, it is not clear how soon adults of T. rostrale are active in
spring, whether there are additional adult generations in summer or autumn, or what alternate hosts the
parasitoid exploits following the SBW. The parasitoid is believed to develop in alternate hosts until diapause
is induced, but so far, the effort to find its late season hosts in North America has been unsuccessful [24].
Tranosema rostrale is not known to parasitize overwintering larvae of SBW [24,29]. Due to its early appearance
in spring, it has been hypothesized that T. rostrale overwinters as an adult or pupa [24], and in Great Britain,
for the same reason, it has been described as overwintering in its cocoon [33]. However, this indirect
evidence does not rule out that T. rostrale overwinters in a diapausing host larva. Based on the seasonality of
the six described alternative host species of T. rostrale in North America that also appear across the area of
SBW's distribution [24], three are possible late season hosts, that are all tortricids: The wide-striped leafroller
Aphelia alleniana (Fernald), the large aspen tortrix Choristoneura conflictana (Walker), and the obliquebanded
leafroller (OBL) C. rosaceana (Harris). Only the OBL has been sufficiently studied to be the object of modeling
as potential overwintering host of T. rostrale. This tortricid overwinters as a third instar larva on the host
tree [34]. The frequency of parasitism in wild and implanted OBL larvae by T. rostrale is low (<1% and 5%,
respectively) among larvae collected in early spring [24]. Parasitism of later OBL generations by T. rostrale
has not been quantified.

The general goal of this paper is to demonstrate the suitability of individual-based models to
study seasonal interactions between trophic levels and climatic influences on multitrophic systems.



Forests 2020, 11, 846 3 0f 20

We describe the model here in detail because it is applied to other parasitoids of low-density
SBW populations. More specifically, we use the model in this paper to (1) gain insights into the
temperature-dependent spatiotemporal dynamics of T. rostrale in relation to two of its hosts under
present and future climates, and (2) raise hypotheses about the parasitoid’s unknown seasonal
phenology and overwintering biology. To achieve these objectives, we study the impact of synchrony
between the parasitoid and two of its tortricid hosts on the performance of T. rostrale at the seasonal level.
A detailed and well-understood model of SBW seasonal development is available [7]. We develop here
an individual-based model for T. rostrale based on existing development equations [35]. We also develop
a seasonal development model for the multivoltine OBL, based on data from the literature [34,36-38].
In developing this three-species model, we are not interested in the impact of the parasitoid on host
populations. Rather, we focus on the impacts of temperature and seasonal variation in host abundance
on the performance of the parasitoid (population growth rate) through their effects on oviposition
activity (and realized fecundity) and control of the parasitoid’s entry into diapause (and overwinter
survival). We apply this model to the eastern portion of North America where SBW is often a forest
pest problem and investigated the possible impact of climate change on the parasitoid’s performance.

2. Materials and Methods

We focused our investigation on the eastern portion of the range of SBW in northeastern North
Anmerica, from eastern Ontario (80.5°W) to Newfoundland (53°W), and from Pennsylvania (39.7°N) to
northern Quebec (52°N) (Figure 1). Seasonality of T. rostrale was studied in two sites located in the
province of Quebec, Canada: The first near Armagh (46°46” N, 70°39” W, altitude: 270 m), and the second
near Petit-lac-a I’Epaule (hereafter, Epaule) in the Parc National de la Jacques-Cartier (47°18’ N, 71°12" W,
altitude: 750 m). The physiography and forest stands in these sites were described by the authors of [39].
Parasitism in those very low-density populations of SBW was monitored biweekly between 1998 and 2019
with implanted host larvae, covering the period of natural larval development in each site using a sentinel
technique [32,40]. The technique consisted of placing 100-200 laboratory-reared SBW larvae [41] onto
balsam fir foliage in the field, collect them after 7 d, and pursue rearing in the laboratory to determine if
they were parasitized. The appropriate larval instar to expose in the field was determined using the SBW
seasonal biology model [7]. To determine and describe the pattern of activity of T. rostrale beyond the
normal period of attack on natural SBW, biweekly implantations of 100-200 fourth instar SBW larvae were
pursued in Armagh from the end of June until early August 2016 to monitor attacks by adult T. rostrale in
the habitat well past the time at which SBW larvae are naturally present. Although T. rostrale may not be
naturally searching for SBW larvae at that time, it seems to be rather general in its host selection, and
this was a simple and effective technique to describe the activity of the parasitoid.

2.1. Modeling the Seasonal Biology of T. rostrale

The model of T. rostrale’s seasonal biology distinguishes three life stages: The free-living adult,
the egg and larval stages inside the host larva, and the pupal stage outside the host (Figure 2a).
The parasitoid oviposition module described by [35] was expanded to include a relationship between
attack rate and host abundance, which limits oviposition in addition to the balance between oogenesis
and egg resorption. The number of attacks by the parasitoid is a function of host density (total number
of larvae of both SBW and OBL) and of the number of eggs each female carries in her oviducts. To avoid
introducing complex interactions between oviposition history and weather, the maximum attack rate
was calibrated to match exactly the maximum oogenesis rate at emergence, with near-empty oviducts,
at any given temperature. This was achieved by replacing, in Holling’s disk equation [42], the total
searching time by the maximum oogenesis rate (Omax):

" ~a Omax 1y, At
T Atatym
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where 7, is the number of hosts attacked per time interval, n, is the number of hosts available, a is
the search rate, tj, is handling time, and At is the size of a time step (0.04167 days, or 1 h). Omax is a

function of temperature (after [27]):

Omax = max(0, 0.9555 T —2.755). @)

7 )ﬂ R N
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Figure 1. Elevation map of the portion of eastern North America considered in this study. Diamonds:
Latitudinal transect locations. Circles: Armagh and Epaule locations.
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Figure 2. (a) Flowchart of the Tranosema rostrale seasonal biology model that distinguishes three life
stages (adult, in-host, and pupa). (b) Flowchart of the obliquebanded leafroller (OBL) seasonal biology

model. Start 1 January, stop 31 December.
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With this formulation, the maximum attack rate is a function of temperature (through its effect
on Omax) and host density and ensures that the only influence of search behavior on realized fecundity
is directly related to host abundance, not temperature. In other words, the search response is perfectly
balanced with the influence of temperature on oogenesis (Figure 3). Parameter values a = 0.05 and
ty, = 0.8 were assigned to scale oviposition activity realistically over the range of host abundance
(between 0 and 100 for each host). The specific values were of little importance given the objectives of
the model.
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Figure 3. The temperature-dependent functional response of Tranosema rostrale (n,: Number of
attacks generated per day per female parasitoid) on larvae of eastern spruce budworm (SBW) or OBL
(nj,: Number of hosts). Equations (1) and (2).

Each parasitoid female was assumed to have the entire available host population (feeding larvae
of both species) at her disposal. This implies that we also assumed no competition between parasitoids
inside the same host. Because the objective was to study synchrony with hosts, not the population
dynamics resulting from the parasitoid/host interaction, we think that this simplifying assumption is
justified. Finally, before new individuals of the parasitoid were created, culling was applied. The culling
survival rate (0 < S, < 1) was a constant that limited the parasitoid’s population growth and was
adjusted (below) so that the annual growth rate of the parasitoid averaged close to 1. Other mortality
of the parasitoid corresponds to the stage-specific, temperature-dependent survival rates [35].

The SBW host emerges from diapause in early spring as a second instar and completes its sixth instar
by about late June or early July. Because SBW is univoltine, larvae are available as hosts for a period of
about six weeks, starting in May. Tranosema rostrale does not attack the first or second instar SBW in late
summer, and therefore does not overwinter in this host [30,43]. All SBW individuals in the feeding larval
stages (second to sixth), and the parasitoids they contain, are killed by temperatures < -5 °C [7].

We explored two possible diapause scenarios: (1) The parasitized host larva overwinters in the
tree as do normal overwintering larvae of the OBL [34], or (2) the parasitoid overwinters either inside a
diapausing host larva (such as would occur with C. conflictana as overwintering host) or in its cocoon,
as hypothesized by others [24,33], in leaf litter under snow cover on the ground. We assumed that
entry of the parasitoid into diapause was controlled by the host larva, as occurs often in koinobiont
parasitoids [44], although we are not aware of examples from the genus Tranosema. Whenever an OBL
host is induced into diapause (see below), it also induces diapause in a parasitoid that it contains if the
latter has not aged beyond the critical age of diapause onset (ap). It was also assumed that a diapausing
parasitoid had the same cold tolerance as its host [11]. Under Scenario 1, development of the parasitoid
resumes in the spring, at air temperature. Under Scenario 2, the parasitoid’s development resumes at
air temperature only once the snow cover has melted because, prior to that, ambient temperatures are
too low for development [5].
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2.2. Modeling the Seasonal Biology of the Hosts

SBW development was simulated with the SBW seasonal biology model [7]. The model developed
here for OBL phenology is an individual-based, multiple-generation, single-year model that distinguishes
12 life stages: EGG, Ly, Ly, L, Lao, Ly, Ls, Lg, PUPA, ADULT preovip, ADULT, and ADULT geqq (Figure 2b),
where L stands for ‘larval stage” and the subscript numbers for the corresponding instar. Data for the
development of a phenology model for the OBL were obtained from [34,36,37]. Stages L3 and Ls, are
reached at the same physiological age (3.0), but differ in their development rate function. An individual
enters L3, from L, in response to exposure to a daylength Dy < 14.5 h in either the L; or the first half of
the L,. An individual becomes cold-tolerant as soon as it is induced into diapause (L; or L,) and stops
developing at molt to the Ls,. Diapausing L, larvae can resume development after 1 January as soon as
temperatures exceed the lower developmental threshold. If D; remains > 14.5 h during the L; or first half of
the L, individuals continue development through the L3 and subsequent stages without entering diapause.
All OBL not induced into diapause or in the Lg, stage are killed wherever air temperature T < -5 °C.

Simulation starts on 1 January and ends on 31 December. The initial population (generation 1)
is all L3,, 50% male, 50% female. Sexes of OBL differ in their Lg development (slower in females),
with the occurrence of a pre-oviposition period (the ADULT preqvip stage) in females and the oviposition
process. The oviposition process (females in the ADULT stage) is a simple exponential decay curve,
with an initial fecundity of 200 eggs/female. The number of eggs laid per day is given by:

E; = 200{exp[—4(A;_1 — ADULT)] — exp|-4(A; — ADULT)]} 3)

where t is day. To keep numbers of OBL individuals from exploding, a culling rate of 99% (survival:
0.01) is applied to E; before new individuals are created. Other than freezing, this is the only source of
mortality in the OBL population.

All OBL development rates are linear functions of temperature above a lower threshold Ty
(parameters in Table 1):

- (4)

a+bT where T > Ty
0 otherwise

Table 1. Parameters of the development equation for all life stages of the OBL, Choristoneura rosaceana.

Life Stage a b Ty = —a/b
EGG* —-0.0833 0.008744 9.5
L1t —0.14279 0.013027 11
L2 —-0.18377 0.018627 9.9
L3 -0.17239 0.0173625 9.9
L3D -0.11872 0.01069 11.1
L4 —0.08368 0.011875 7.1
L5 -0.12157 0.0138175 8.8
L6 (males) —0.12648 x 1.23 0.011125 x 1.23 114
L6 (females) —0.12648 x 0.84 0.011125 x 0.84 114
PUPA T —-0.07901 0.008305 9.6
ADULT_PREOVIP -0.33918 0.028427 119
ADULT " —-0.02667 0.0064 4.2

* reanalyzed from [37], their Table 1 (same omissions as in original analysis) ¥ all larval stages from [36]. * No data.
Made to allow complete oviposition. Maximum longevity: 30 days.

A correction of Ly development for the difference between sexes was obtained from [36], where Lg
females took 114 dd and males only 78 dd under the same conditions. Thus, females were 0.84 as fast
as the average, and males were 1.23 as fast. These factors were applied to both parameters for the Lg to
ensure a common threshold temperature T, = —a/b (Table 1). Development stops in all individuals
when they enter L3,.
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2.3. Model Calibration

The data of Aliniazee [38] were used to calibrate the seasonal biology model of the OBL. The only
unknown parameter in this model is the variability of development rates. The distribution of individual
development rates in all stages was assumed lognormal [45], with a mean of 1 and variance of 0.4.
This variance was arrived at by comparing graphically simulated frequencies of immature stages
over time to the observations of [38] (Table 1, Figure 4). The OBL model was particularly good at
predicting the occurrence of L3 and L3,, using weather data provided by BioSIM [46] for location
44.969°N, —122,933°E, 100 m, at the center of Willamette Valley, Oregon, in 1976. At that location,
the model predicted two adult OBL generations, which agrees with the conclusion of [38].
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100 130 160 190 220 250
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Figure 4. Comparison of observed (e) and simulated (—) frequency of various immature life stages
(a—c) of the OBL in the Willamette Valley, Oregon, in 1976 (data from Table 1 in [38]).

To investigate the likelihood of the two overwintering scenarios and calibrate the T. rostrale model,
a sensitivity analysis to the age of diapause (ap) was conducted for each diapause Scenario (1 on the
tree inside a host, or 2 on the ground inside a host or in its cocoon). The parasitism observations
from Armagh and Epaule were divided in two halves: Odd years for calibration and even years for
validation. The age of diapause (ap) was varied systematically: In Scenario 1 between 0 and 0.3 (young
larva), and in Scenario 2 between 0.4 and 1.0. Here, ap = 1.0 corresponds to the age of egression and
entry into the pupal stage in the cocoon. The optimum value for each scenario was selected based
on correlation between observed and simulated attack rates. For this purpose, daily model output
was submitted to a seven-day running average (centered) to mimic the seven-day exposure protocol
used for field observations. The highest correlation with the calibration of half of the observations
was obtained with overwintering Scenario 1, where the parasitoid overwinters as an egg or young
larva inside a diapausing host on the tree. The optimum age of diapause was ap = 0.15, or 15% of
development inside the host (Figure 5, black symbols). Scenario 2, where the parasitoid overwinters as
a more mature larva (optimum at ap = 0.7) inside a host or in its cocoon on the ground under snow
cover, yielded slightly lower goodness-of-fit with observations (Figure 5, red symbols). Results of
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this sensitivity analysis for overwintering scenarios show clearly that overwintering as a pupa in its
cocoon in the soil (ap = 1) was the least likely of all, because the correlation with observations was
low (about 0.3). Because Scenario 1 was slightly more plausible, we chose to pursue this work with
diapause Scenario 1, using ap = 0.15 as the age of diapause of the parasitoid.
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Figure 5. Sensitivity of model output to variation in the age of entry into diapause, expressed as
a correlation between observed and simulated oviposition of Tranosema rostrale on larvae of SBW.
Observations from Armagh and Epaule, in odd years between 1999 and 2017. Black: Diapause Scenario
1 (on the tree); Red: Diapause Scenario 2 (on the ground). Age 0 is newly laid egg, age 1 is pupa in its
cocoon. Scenario 1 optimum: ap = 0.15; Scenario 2: ap = 0.7.

The model contains one unknown parameter, the “culling rate” S, that determines the absolute
value of population growth rate by imposing a low, constant survival rate to all parasitoid progeny.
An initial sensitivity analysis of the culling rate was conducted by varying S. between 0.01 and 0.02
in steps of 0.002, running the model for Armagh and Epaule over the period 1998-2019 using daily
minimum and maximum air temperature records as input. The average annual population growth
rate R (ratio of total number overwintering in L3, hosts in December to the initial 100 individuals)
was regressed against S.. The value S. = 0.0147 produced an average R = 1 and was used for all
subsequent simulations.

2.4. Tranosema Rostrale Performance over Northeastern North America, Present and Future

The three-species simulation model was linked to BioSIM [46] that provided location-specific
daily minimum and maximum temperature [47,48] and snow depth inputs [49]. To each simulation
point (location), BioSIM matched the four nearest weather stations and applied regional gradients
based on the 60 nearest stations to adjust for differences in elevation, latitude, and longitude between
weather data source and the simulation point. The daily data from matched stations were averaged
using inverse distance as weight. Daily weather records (minimum and maximum air temperature,
precipitation) were compiled from all available North American station-based daily air temperature and
precipitation measurements. BioSIM can also use monthly normals from which it generates stochastic
daily values of minimum and maximum temperatures and precipitation based on the monthly means,
variances, and auto- and cross-correlation information that constitute the normals [47,50].

Future climate normals were calculated from daily output of the Canadian Centre for Climate
Modelling and Analysis, Canadian Regional Model 4 [51], Canadian Earth System Model 2 [52],
and greenhouse gas concentration scenario RCP 4.5 [53]. This particular climate change scenario was
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selected because it is a middle-of-the-road (moderate) scenario, with a levelling off of greenhouse gas
concentrations near the end of the 21st century that produces a near-center amount of climate change
within a 50-year horizon. The forecasted climate model output had 25-km horizontal resolution [54].

The model was run for the Armagh and Epaule locations (circles, Figure 1) in years for which
parasitoid attack rate data were available (1998-2019). Because the model is stochastic, each run was
replicated 10 times to provide adequate accuracy. We compared observed attack rates, i.e., proportion
of sentinel larvae successfully attacked by the parasitoids during successive seven-day exposures in
the field, with the predicted frequency of parasitoid adults of the first generation. For this comparison,
the maximum predicted frequency of adults was adjusted to match the maximum observed attack
frequency on a location and year basis. The seasonality of T. rostrale is mostly unknown (but see [24]).
To explore its seasonality, we averaged the daily output over years (1998-2019) in both locations.

Maps of potential annual T. rostrale population growth rates, defined as the ratio of final number
of overwintering parasitoids to the initial number (100), were prepared by running the model for 20,000
randomly located simulation points over northeastern North America between 39°30’N by 81°W and
52°N by 52°30’W. A first map was prepared using as input daily air temperature records over the
period 1981-2010. A second map was produced using 30 annual time series of daily minimum and
maximum air temperatures generated stochastically from normals for the period 2011-2040, as obtained
from the daily output of the climate change model [47,50]. The results were interpolated by universal
kriging, using elevation as external drift variable [55] obtained from a Digital Elevation Model at 250-m
horizontal resolution (Figure 1).

To help interpret the mapping results, the average temperature over the period 1 May
to 30 September (hereafter summer temperature) was calculated for each simulation point.
The relationships between summer temperature and average survival, fecundity, and annual population
growth rate were graphed for the two periods (observed 1981-2010 and forecast 2011-2040). A series
of simulations was also run along a north-south transect of 20 evenly spaced locations (diamonds,
Figure 1) between the northern edge of the Manicouagan Reservoir in Quebec (50°N, 69.57°W) and
Little Lake NS, just north of Wilkins, Nova Scotia (44°N, 65°W), using daily records for 1981-2010
or 30 years of disaggregated climate change normals for 2011-2040. Model output was averaged by
generation (survival rate, fecundity, contribution to the end-of-season overwintering populations) for
each location along the transect for each period.

3. Results

3.1. Validation of Predicted Seasonality of T. rostrale Attack Rates

Daily oviposition rates output by the model using overwintering Scenario 1, with ap = 0.15 and
submitted to a centered seven-day running average, were compared graphically with observed seasonal
attack trends on sentinel SBW larvae in Armagh and Epaule in the validation half of the data (even
years between 1998 and 2018; Figure 6). The agreement between these independent observations and
model output was excellent, especially in Armagh. By contrast, the timing of T. rostrale adult activity
using Scenario 2 with the parasitoid overwintering on the ground in its cocoon, as suggested by the
authors of [33], is much too early compared to observations (shaded curves, Figure 6). In nature, female
T. rostrale of the second generation would not normally encounter SBW larvae because they would
emerge after these larvae have developed to the pupal stage. However, in 2016, when sentinel SBW
larvae were implanted in Armagh until early September, well after their natural period of presence,
the attack pattern clearly shows the parasitoid’s second generation, which corresponds well with the
predictions of the model (Figure 6).
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Figure 6. Three-species model output comparison with observations. Solid lines: Diapause Scenario 1
(on tree), age of diapause ap = 0.15. Shaded curves: Scenario 2, overwintering in the cocoon on the
ground. Observed () seasonal oviposition trends by Tranosema rostrale, in even years between 1998
and 2018 (validation subset). Black symbols: Armagh; red symbols: Epaule. In 2016, the line represents
oviposition by the first two generations of the parasitoid.

3.2. Seasonal Biology of T. rostrale, SBW, and OBL in Armagh and Epaule

In Armagh, the model predicts three complete generations of T. rostrale adults, with a partial
fourth (Figure 7a). In 2016, we observed the second generation of adults in Armagh using sentinel SBW
larvae (Figure 6), but these were stopped in early August, too soon to observe additional generations.
In Epaule, only two complete adult generations are expected, with a partial third (Figure 7b). In both
locations, first generation adults can attack both SBW and OBL larvae that are feeding simultaneously
(Figure 7c,d). In Armagh, the second- and third-generation adults are well timed with feeding OBL
larvae (Figure 7c). In Epaule, however, third-generation females of T. rostrale encounter few feeding
OBL larvae, and because most of those would be nondiapausing, they would be killed by frost later
in the fall (Figure 7b,d). The same fate would await the progeny of the parasitoid’s fourth adult
generation in Armagh (Figure 7a,c).
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Figure 7. Tranosema rostrale model, diapause Scenario 1 (in tree), age of in-host diapause ap = 0.1,
averaged over the period 1988-2017 in Armagh and Epaule. Abundance of successive generations
of T. rostrale adults (initial g; to g4) in (a) Armagh and (b) Epaule. Corresponding abundance of host
larvae (SBW: ------) and OBL (feeding larvae: —, OBL-L3, diapausing larvae: — — —) in (c) Armagh and
(d) Epaule. a: Date when daylength < 14.5 h.

3.3. Tranosema Rostrale Performance over Northeastern North America, Present and Future

The spatial patterns of predicted T. rostrale population growth rates are complex. Under climatic
conditions of the recent past (1981-2010), T. rostrale may have had more success as a natural enemy of SBW
in cool environments at higher elevations or along the coasts (Figure 8a). Under a middle-of-the-road
climate change scenario in the near future (2011-2040 normals from the RPC 4.5 greenhouse gas emission
scenario), the parasitoid’s distribution can be expected to change significantly, shifting generally northward
and becoming less effective at lower elevations in the southern portion of its range (Figure 8b).

Much of the complexity of this spatial pattern resulted from the interactions between summer
temperature (May-September), survival (Figure 9a), and reproductive success of the parasitoid
(Figure 9b). The combination of these two outcomes, conditioned by synchrony with the susceptible
life stages of the OBL, the parasitoid’s overwintering host in our model, led to the multimodal pattern
of annual population growth rates (Figure 9c). This pattern itself was essentially unaffected by
climate change.

3.4. Performance of T. rostrale Along a North-South Transect

There was considerable and complex variation of the predicted annual population growth rate
of the parasitoid along the north-south transect that resulted from interactions of survival from egg
to adult, realized fecundity, and voltinism at each location (Figure 10). Over the period 1981-2010,
the growth rate was lowest in the middle of the transect (solid line in Figure 10c) at latitudes between
47° and 49°N, corresponding to locations in northern New Brunswick and the Lower St. Lawrence
in Quebec. This drop in growth rate was due to the interaction of voltinism and timing with the
overwintering stage of the OBL host. The number of generations of the parasitoid decreased gradually
northward, with most overwintering individuals belonging to generations 3, 4, and 5 (Figure 10d).
Here, overwintering larvae of generation 5 are the progeny of the 4th generation of adults. Whereas
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the same is true over the period 2011-2040 (Figure 10h), growth rates in the future were expected to
decrease at the southern and northern edges of the transect, and to increase considerably in the central
section in the vicinity of the St. Lawrence River valley (Figure 10g).

“CIRE T B R

T Ol
©1981-2010 (Daily)

11-2040 (Normals) _ -

P

Figure 8. Maps of annual population growth rate of Tranosema rostrale over northeastern North America.
(a) From 1981-2010 daily minimum and maximum air temperature records. (b) From 2011-2040 normals
disaggregated to stochastic daily minimum and maximum air temperature, from the Intergovernmental
Panel on Climate Change (IPCC)’s greenhouse gas emission scenario RCP 4.5 [53,54]. Triangles in
(a) are locations of SBW outbreak epicenters.
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Figure 9. Compilation of average (a) survival of immatures, (b) fecundity of females, and (c) annual
population growth rate (measured at the overwintering stage) relative to average summer air temperature
(black: From daily air temperature records between 1981 and 2010; red: From climate-changed
disaggregated normals 2011-2040).
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Figure 10. Summary of model output along the north-south transects under (a-d) 1981-2010 climate and
(e-h) future climate (2011-2040). (a,e): Survival from egg to adult in each generation (g; to g4, where
g1 is the initial generation in overwintering hosts in January), including culling survival S, = 0.0147.
(b,f): Realized fecundity per female parasitoid. (c,g): Annual population growth rate R, from initial 100
to overwintering in L3, of OBL hosts at the end of the year; shaded curve: elevation along the transect.
(d,h): Proportion of overwintering parasitoid population contributed by each generation.

4. Discussion

With this individual-based model, we gained insights into the seasonality and spatiotemporal
biology of T. rostrale. By considering the influence of temperature on its key life history traits,
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we simulated its seasonal pattern of attack, voltinism, and potential population growth rate in eastern
North America. The model predicted well the observed pattern of seasonal parasitism on SBW larvae
in two study areas over a period of 22 years from 1998 to 2019. The fit was particularly good in Armagh
(black symbols in Figure 6), and not quite as good in Epaule (red symbols, Figure 6). The Epaule site is
characterized by a steep elevation gradient [39], which undoubtedly resulted in increased variability
of seasonal development for both hosts and parasitoids, and consequently, the timing of parasitism.
Many other factors can influence the seasonal pattern of parasitism, such as competition with other
parasitoid species, e.g., the dipteran Actia interrupta Curran [56] and the ectoparasitic eulophid wasp
Elachertus cacoeciae (Howard) [24,25,30]. Abiotic factors other than temperature, such as humidity, rain,
and wind, can also affect parasitoid seasonality and activity (e.g., [57]). Weather in Epaule, at 750-m
elevation, is more marginal and variable than in Armagh [39].

The model also accurately predicted the timing of the second generation of the parasitoid in
summer 2016 in the Armagh study site (Figure 6). Whereas this constitutes validation for the timing of
further parasitoid generations, our model was based on parasitoid development rates measured in
SBW as a host. These rates may differ slightly in other hosts. The model predicted 1-4 full generations
of T. rostrale per year within the modeled area (Figure 10d,f). Through rearing in an outdoor insectary,
it was determined that this parasitoid can undergo three generations in Quebec City [24]. The model
predicted three full generations in Armagh, near Quebec City.

In the European literature, it was stated that this species overwinters in its cocoon [33], based
on specimens of T. rostrale in museum collections reared from various tortricid hosts. In North
America, it was thought to overwinter as a pupa or as an adult [24]. However, given the
temperature-dependent development of T. rostrale and the observed pattern of seasonal parasitism
on SBW larvae, this overwintering strategy is unlikely because the model predicts adult activity of
the parasitoid much earlier than observed (shaded curves in Figure 6). This discrepancy between the
European literature and our results may be the result of an invalid conclusion about the European
parasitoid’s overwintering strategy, but it is also possible that T. rostrale in Europe and North America
are two cryptic species. It also remains possible that T. rostrale in North America actually overwinters
as a larva on the ground in a larger diapausing host such as the large aspen tortrix. From a first adult
generation timing point of view, this scenario is nearly as likely as our Scenario 1 and would not
invalidate the conclusions reached with our modeling. These hypotheses warrant further research.
In particular, the hypothesis that the OBL is a primary host of T. rostrale (i.e., that all parasitoid
generations can attack this host and overwinter within it) remains to be confirmed.

Model predictions of the annual parasitoid population growth rate are relative and can only be
used to explore the parasitoid’s temperature-dependent overall fitness within the modelled habitat, as
it interacts with the modeled hosts. However, these relative growth rates provide useful information
about the temperature dependence of the parasitoid’s performance. In general, T. rostrale was predicted
to perform better in environments at higher elevations or along the coasts. This spatial distribution of
performance reflects the known decreasing survival and fecundity of the parasitoid with increasing
temperatures [35], explained as an interaction between SBW’s immune system and the parasitoid’s
polydnavirus [58,59]. Lower rates of SBW parasitism by T. rostrale occur in sites where temperatures
are higher [22]. However, results of the present study indicate that the complex spatial patterns of
parasitoid performance result from interactions of survival from egg to adult, realized fecundity,
voltinism, and synchrony with the overwintering host.

Spatial and temporal differences in SBW parasitism by T. rostrale have been described for several
sites in northeastern North America and have generally been linked to SBW population densities.
The impact of T. rostrale decreases as SBW populations increase [4,23] and seems negatively affected
by the abundance of competing parasitoid species [22,32,56]. In the present model, we used a simple
description of density dependence in parasitoid attack, and there was no consideration of either intra-
or interspecific competition. Our model suggests that considerable spatial variation in the parasitoid’s
performance occurs because of temperature-dependent synchrony with hosts. It is interesting that
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several locations where the model predicts relatively low parasitoid population growth rates are
known epicenter locations of the current SBW outbreak [60] (triangles in Figure 8a). These epicenters
have been linked to highly favorable climate, especially through heavy host plant flowering [61] or to
moth immigration [62]. However, a generally weak performance of natural enemies in low-density
SBW populations may be a contributing factor to the formation of epicenters, although parasitism
has been found to be a surprisingly weak predictor of spatiotemporal variation in low-density SBW
populations [22]. It is thought that once an SBW outbreak starts, the migration of SBW moths will
distribute so many eggs that low-density parasitism will become diluted in sink populations [62].

Under the climate warming scenario applied here, regions of higher T. rostrale performance are
predicted to generally move northward, making lower elevations in the southern range especially less
suitable, and the cooler northern regions generally more suitable. The sensitivity of the parasitoid to
high temperatures explains this predicted upward and northward shift. Several modeling approaches
applied to data on temperature-dependent performance of the SBW have also predicted a shift in its
range toward the north as the climate changes [7,63-65]. It is likely that the OBL’s distribution will also
shift northward, although this hypothesis has yet to be explored. Thus, if the distribution of both the
parasitoid and the host shift northward, no spatial mismatch will occur over most of their distribution.
However, the fact that warmer regions seem to be less favorable for control by parasitoids of low-density
SBW populations [22], and this study suggests that a spatial mismatch between parasitoid and host may
nevertheless develop under climate warming, increasing the likelihood of a SBW outbreak where SBW
is still prevalent but the parasitoid’s performance is weakened. Some authors have also suggested that
a ‘temporal refuge’ for SBW might develop under a scenario of climate warming due to the differential
optima for development of the SBW versus its parasitoids. Such phenological mismatches have the
potential to lower overall parasitism of low-density SBW populations, allowing SBW populations to
escape control and develop outbreaks [66]. Indeed, the optimum temperature for development of
SBW [67] exceeds the optimum for T. rostrale [35]. Thus, it is conceivable that SBW may survive better
under climate warming because of decreased attacks by natural enemies [68]. However, evidence for
temperature-driven mismatches between parasitoids and their hosts is scarce [16,69], and it has been
demonstrated that even if present, mismatches in the phenology of interacting species may not have
consequences at population levels [18]. Additional complexity is added to our host-parasitoid system
because T. rostrale is generalist to a certain extent [24,33] and may therefore not necessarily be affected
by changes in the distribution of the two hosts modelled here.

5. Conclusions

Understanding the complex impacts of climate change on the ecological interactions between
insect parasitoids and their hosts is clearly important [45]. Predicting the responses of parasitoid/host
systems to climate change requires a detailed understanding of responses of the species involved
because of the diversity of life history choices displayed by parasitoids [45]. The overwintering strategy
of T. rostrale is not clearly understood [24,33].

Modeling population-level interactions between trophic levels at the seasonal time scale is very
well suited to individual-base modeling approaches, because it can handle multidimensional change
scenarios and complex interactions [70]. In this paper, we showed that the timing of its first generation
of adults that attack feeding larvae of the SBW [24] is most consistent with the hypothesis that the
parasitoid overwinters as an egg or as a very young larva inside a diapausing larval host, a strategy
known to be that of the other two parasitoids species that constitute this series: Actia interrupta
[unpublished data of J.-C.T.] and Meteorus trachynotus [71]. The timing of first-generation adult attacks
by T. rostrale on SBW larvae is too late for the parasitoid to overwinter on the ground inside its
cocoon, even under snow. For the same reason, its overwintering as an adult, either on the ground
or on trees, is even less likely. In the habitat of SBW, the most likely overwintering host candidate is
the OBL that spends winter in diapause at the third instar on its host tree [34], although two other
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tortricids are possible overwintering hosts in North America: The large aspen tortrix and perhaps the
wide-striped leafroller.

Tranosema rostrale has been shown to be adversely affected by warm climate [22,27] as a result of
its temperature-dependent immune response [58], as well as that of the host [59]. We confirmed here
that the parasitoid is multivoltine, undergoing between two and four complete generations per year,
depending on temperature. Whereas its SBW host is strictly univoltine and is not an overwintering
host, the OBL is multivoltine, with two to three generations per year, and enters facultative larval
diapause after some feeding at the end of summer. The complex synchrony between adults of the
parasitoid and the susceptible larval stages of these two hosts generates intricate spatial patterns
of expected parasitoid performance. We showed that these patterns were linked to mean summer
temperature, and that climate change should not affect them. Rather, it is the geographical distribution
of those temperatures that determines the locations in which T. rostrale is likely to exert the most
control capability on its host of most importance in forestry, the SBW [72]. As argued by Schmitz
and Barton [73], our results confirm that the impact of climate, and climate change, on the ecological
interactions between natural enemies and hosts are the complex result of behavioral and physiological
processes of both parasitoids and hosts. This impact is, in large part, caused by issues of synchrony
between natural enemy reproduction and susceptible host stages [74]. These climate-induced patterns
vary with topography and geography [75] and can have a profound effect on the population regulation
exerted by natural enemies on the dynamics of host populations [76].
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