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Abstract 26 

Large areas of forests are annually damaged or destroyed by outbreaking insect pests. Understanding 27 

the factors that trigger and terminate such population eruptions has become crucially important, as 28 

plants, plant-feeding insects, and their natural enemies may respond differentially to the ongoing 29 

changes in the global climate. In northernmost Europe, climate-driven range expansions of the 30 

geometrid moths Epirrita autumnata and Operophtera brumata have resulted in overlapping and 31 

increasingly severe outbreaks. Delayed density-dependent responses of parasitoids are a plausible 32 

explanation for the ten-year population cycles of these moth species, but the impact of parasitoids on 33 

geometrid outbreak dynamics is unclear due to a lack of knowledge on the host ranges and prevalences 34 

of parasitoids attacking the moths in nature. To overcome these problems, we reviewed the literature 35 

on parasitism in the focal geometrid species in their outbreak range, and then constructed a DNA 36 

barcode reference library for all relevant parasitoid species based on reared specimens and sequences 37 

obtained from public databases. The combined parasitoid community of E. autumnata and O. brumata 38 

consists of 32 hymenopteran species, all of which can be reliably identified based on their barcode 39 

sequences. The curated barcode library presented here opens up new opportunities for estimating the 40 

abundance and community composition of parasitoids across populations and ecosystems based on 41 

mass barcoding and metabarcoding approaches. Such information can be used for elucidating the role 42 

of parasitoids in moth population control, possibly also for devising methods for reducing the extent, 43 

intensity, and duration of outbreaks. 44 
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Introduction 47 

Population outbreaks of plant-feeding insects cause disturbances on ecosystems worldwide through 48 

destroying diversity and structure of plants that constitute the food and habitat of other animals and 49 

humans (Ayres and Lombardero, 2000; Eveleigh et al., 2007). Outbreak systems are highly 50 

heterogeneous, and span a wide variety of different plant and insect species around the world (Ayres 51 

and Lombardero, 2000; Canelles et al., 2021). Because trophic (plant–insect–enemy) interactions and 52 

other potential regulatory mechanisms stabilizing insect population dynamics may be disrupted due to 53 

the rapidly-changing global climate (Dyer et al., 2013; Romero et al., 2018), understanding the abiotic 54 

and biotic drivers and consequences of insect outbreaks has become crucially important (Lehmann et 55 

al., 2020; Möller et al., 2017; Pureswaran et al., 2018). Thus far, however, lack of knowledge on biotic 56 

interactions between plant-feeding insects and their natural enemies limits our understanding of the 57 

mechanisms underlying insect outbreaks. 58 

Large-scale population eruptions by geometrid moths in northern Europe constitute one of the most 59 

dramatic and thoroughly studied outbreak systems globally (Jepsen et al., 2016; Klemola et al., 2006; 60 

Tenow, 1972). Periodic outbreaks of the autumnal moth (Epirrita autumnata (Borkhausen)) are a 61 

naturally-occurring phenomenon in the mountain birch (Betula pubescens var. pumila (L.) Govaerts) 62 

forests that form the northern and alpine treeline in Norway, Sweden, and Finland (Haukioja et al., 63 

1998; Ruohomäki et al., 2000; Tenow and Bylund, 2000). The warming climate has, however, led to 64 

range expansion of another geometrid species, the winter moth (Operophtera brumata (L.)), into areas 65 

that historically experienced outbreaks of autumnal moth only (Ammunét et al., 2010; Jepsen et al., 66 

2013, 2008; Vindstad et al., 2022). The now-sympatric outbreak ranges of these species are likely to 67 

increase the frequency, intensity, and duration of forest defoliation in northern Europe (Neuvonen and 68 

Viiri, 2017; Vindstad et al., 2019a). Indeed, population peaks of winter moth often lag one to two 69 

years behind those of the autumnal moth (Klemola et al., 2008; Tenow et al., 2007), and severe 70 

defoliation exceeding three years from such combined outbreaks has resulted in forest dieback over 71 

large areas (Vindstad et al., 2019a). Even sub-lethal outbreaks fundamentally change local 72 

environments, as spillover herbivory and the sudden increase in light and nutrients cascade into shifts 73 
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in communities of understory plants (Karlsen et al., 2013), root-associated fungi (Saravesi et al., 74 

2015), and soil invertebrates and microbes (Calderón-Sanou et al., 2021). As shown by Heliasz et al. 75 

(2011), outbreaks also reduce sequestration of atmospheric carbon by mountain birch forests. 76 

Due to the dramatic impacts that geometrid outbreaks have on subarctic treeline forest ecosystems, the 77 

factors that initiate and terminate outbreaks have been the focus of intensive research. Winter 78 

temperatures below –32°C reduce survival of overwintering moth eggs (Ammunét et al., 2012), and 79 

weather effects are discernible both in the spatial limits of local outbreaks (Hagen et al., 2007; 80 

Vindstad et al., 2019b) as well as in the temporal outbreak dynamics (Karvinen, 2021). Repeated 81 

defoliation also lowers foliage quality for larvae (Kaitaniemi et al., 1999), and moth body size and 82 

fecundity are further suppressed as a result of resource depletion and feeding on non-host plants in 83 

outbreak areas (Ammunét et al., 2010; Kaitaniemi et al., 1999; Klemola et al., 2008; Yang et al., 84 

2008). 85 

However, abiotic and resource-related factors are likely to be either independent of moth density or to 86 

have an immediate (direct) impact, while the approximately 10-year population cycles exhibited by 87 

both moth species rather point to the involvement of biotic factors operating in a delayed density-88 

dependent manner (Klemola et al., 2008; Ruohomäki et al., 2000). This suggests a role for top–down 89 

regulation by natural enemies such as predators and parasitoids (Berryman, 1996; Klemola et al., 90 

2002), which theoretically also have the potential to synchronize population dynamics of different host 91 

species (Klemola et al., 2009; Raimondo et al., 2004). An effect of natural enemies was indeed 92 

demonstrated in an experiment by Klemola et al. (2010), who found that multi-year exclusion of 93 

parasitoids led to higher densities of autumnal moth larvae in experimental cages. 94 

Connecting parasitoid abundance to changes in moth densities has, however, proven difficult in 95 

natural settings (Hagen et al., 2010; Schott et al., 2012, 2010; Vindstad et al., 2010). A major 96 

challenge is lack of detailed knowledge on the host preferences and prevalences of particular 97 

parasitoid species in different areas and phases of moth population cycles (Klemola et al., 2014, 2008; 98 

Ruohomäki et al., 2000; Tenow, 1972; Vindstad, 2014). In this regard, the first methodological 99 

complication arises from difficulties in identifying parasitoids in multi-species communities, which 100 
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frequently include cryptic species that are difficult or impossible to separate based on morphological 101 

traits (Lue et al., 2021; Sigut et al., 2017). The parasitoid communities of autumnal and winter moths 102 

are species-rich and ecologically diverse, involving species from at least 19 genera in five families 103 

(Klemola et al., 2014, 2007; Vindstad, 2014; Vindstad et al., 2010). However, identifications of 104 

species are known to be unreliable and naming schemes inconsistent across studies (Bylund, 1997; 105 

Klemola et al., 2007; Vindstad et al., 2011), which over time has led to perpetuation and amplification 106 

of errors (see discussion in Vindstad, 2014). Second, estimating species-specific rates of parasitism in 107 

nature is difficult with traditional rearing methods, because such approaches are sensitive to the timing 108 

of sampling (Ruohomäki, 1994; Schott et al., 2010; Vindstad et al., 2011) and differential mortality 109 

during rearing (Ashfaq et al., 2004; Rott and Godfray, 2000; Sow et al., 2019). 110 

Our goal here was to overcome these methodological challenges by developing molecular-genetic 111 

resources enabling inference of parasitoid communities at both individual and ecosystem levels in the 112 

outbreak range of E. autumnata and O. brumata in northernmost Europe. Techniques based on DNA 113 

barcoding and genome-level markers can effectively resolve complexes of cryptic or near-cryptic 114 

species, but of the natural enemies of the focal moths, only the microgastrine genera Protapanteles 115 

and Cotesia have hitherto been investigated using molecular tools (Ruohomäki et al., 2013). 116 

Barcoding and metabarcoding approaches also allow obtaining data directly from herbivore larvae, 117 

without a need to rear hosts and parasitoids to adults (Kitson et al., 2019; Miller et al., 2021a, 2021b; 118 

Nakadai and Kawakita, 2017; Sow et al., 2019; Volf et al., 2017). Furthermore, when a reference 119 

barcode library for relevant parasitoids is available, their local community structures and abundances 120 

can be estimated based on large-scale material obtained through, for example, Malaise trapping 121 

(Barsoum et al., 2019; DeWaard et al., 2019; Lue et al., 2021; Roslin et al., 2022). 122 

To this aim, we reviewed the available literature on the natural enemies of E. autumnata and O. 123 

brumata in their outbreak range, and constructed a reference DNA barcode library for the parasitoids 124 

based on material reared through a period of 15 years from eggs, larvae, and pupae collected from 125 

Norway, Finland, and Sweden. The barcode library presented here includes data from 132 reared 126 

parasitoid specimens and an additional 66 reference sequences obtained from public databases, 127 
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together representing all of the 32 hymenopteran parasitoid species known to attack the focal moth 128 

species in their combined outbreak range. Our barcode library constitutes a resource that will in the 129 

future allow molecular identification of single parasitoid eggs, larvae, pupae, or adults, and will 130 

significantly expand possibilities for qualitative and quantitative molecular-genetic assessment of 131 

parasitoid communities in populations of northern outbreaking moth species either from mass 132 

sampling of moth larvae or field trapping of adult parasitoids. 133 

Materials and methods 134 

Literature review of parasitoid communities 135 

We assessed the completeness of our barcode library by reviewing the existing literature on parasitism 136 

on the focal geometrids in Finland, Norway, and Sweden, which encompass the main areas of their 137 

native outbreak range (Jepsen et al., 2008; Klemola et al., 2006). Because literature records of host–138 

parasitoid associations are often plagued by misidentifications of parasitoids, hosts, or both (Noyes, 139 

1994; Shaw, 2017, 1994), limiting our focus to these countries ensured a higher reliability of recorded 140 

associations as well as a closer connection of recorded associations to outbreak dynamics of the focal 141 

geometrids. After this spatial delimitation, we inferred probable synonymies across parasitoid names 142 

in different sources, and excluded records that apparently represented misidentifications. We included 143 

all published parasitoid species names in our curated community table (Supporting Information Table 144 

S1), but separately annotated records that in our view are unreliable or incorrect. 145 

In addition to species composition, we compiled information on the ecology of the parasitoid species 146 

(Supporting Information Table S1). The associated parasitoids can be divided into distinct ecological 147 

guilds based on the developmental stage that they attack and/or kill and emerge from (eggs, larvae, 148 

prepupae, or pupae) (Kenis et al., 2005; Klemola et al., 2014, 2007; Mills, 1994). The larval 149 

parasitoids can be further divided into those that develop inside or outside the larvae (endo- and 150 

ectoparasitoids, respectively), and into those that paralyze their host or allow it to continue 151 

development (idio- and koinobionts, respectively) (Mills, 2009, 1994). 152 
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Sample collection, rearing, and morphological pre-identification 153 

We obtained parasitoid reference specimens from field-collected larvae or from laboratory-reared trap 154 

eggs, larvae, and pupae exposed in the field at 16 locations in Finland, Norway and Sweden between 155 

2004 and 2018 (Supporting Information Table S2). Larvae were collected when the majority had 156 

moulted to their penultimate (fourth) or ultimate (fifth) instar, and reared on fresh birch foliage until 157 

pupation (Ruohomäki, 1994). Egg and pupal parasitoids were obtained by exposing sedentary life 158 

stages under field conditions in Hana, Norway (Klemola et al., 2014). Emerging specimens were 159 

stored in 1.5-ml Eppendorf tubes in ethanol at +5˚C or –20˚C. 160 

During the study years, over 3000 adult parasitoid wasps were reared from the moth hosts in focus. 161 

The specimens to be barcoded were selected based on morphological pre-identifications done mostly 162 

to the species or genus level (Supporting Information Table S2). To evaluate intraspecific sequence 163 

variation and to facilitate detection of potential cryptic taxa within presumed species or species-164 

groups, we barcoded 2–23 individuals of all morphospecies for which multiple individuals were 165 

available (Supporting Information Table S2).  166 

DNA extraction, sequencing, and alignment 167 

DNA was extracted using DNeasy Blood and Tissue Kits (Qiagen) following the manufacturer’s 168 

protocol with slight modifications. All samples were lysed overnight in a thermomixer at 55˚C 169 

between steps 2 and 3 in the manufacturer’s protocol. At step 3, buffer AL was heated to 50˚C before 170 

addition, and in step 7 buffer AE was warmed to 70˚C before addition. After pipetting buffer AE onto 171 

the spin column filter, the columns were incubated for up to 15 min at room temperature. The final 172 

elution was done twice into the same collection tube, leading to a total extract volume of 100 μl. 173 

Extract DNA concentrations were measured with a Qubit fluorometer using the Qubit 1X dsDNA HS 174 

Assay Kit (Invitrogen) following the manufacturer’s protocol. 175 

The standard barcode of the mitochondrial COI gene was PCR amplified with the universal primers 176 

LCO1490 and HCO2198 (Folmer et al., 1994). PCR reactions were carried out in volumes of 25 μl, 177 

including 2 μl template DNA, 0.5 μM of each primer, 1 U of Taq polymerase (Invitrogen), 0.2 μM of 178 
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each dNTP, 1X Mg-free PCR buffer, and 1.5 μM MgCl2. Thermal cycling conditions included initial 179 

denaturation at 94 ˚C for 3 min, followed by 30 cycles of 94 ˚C for 45 sec, 50 ˚C for 30 sec, 72 ˚C for 180 

90 sec, and a final extension at 72 ˚C for 10 min. PCR products were checked through electrophoresis 181 

on 1.5% agarose gels stained with Ethidium bromide. Whenever multiple bands were present in the 182 

gels, we performed a new PCR reaction with Q5 High-Fidelity 2X Mastermix (New England BioLabs 183 

Inc.), in a total reaction volume of 25 μl, including 2μl template DNA and 0.5 μM of each primer. 184 

These reactions were run with an initial denaturation at 98 ˚C for 30 sec, then 30 cycles of 98 ˚C for 10 185 

sec, 50 ˚C for 30 sec, and 72 ˚C for 30 sec, followed by a final extension step at 72 ˚C for 2 min. 186 

Successfully amplified products were purified enzymatically from unincorporated nucleotides and 187 

primers before sequencing. For this, 15 μl of PCR product was mixed with 30 U Exonuclease I and 3 188 

U FastAP Thermosensitive Alkaline Phosphatase (PCR clean-up prior to sequencing, Thermo 189 

Scientific), then incubated at 37 ˚C for 15 min, followed by 85 ˚C for 15 min to stop the reaction. The 190 

products were Sanger sequenced in both directions using the amplification primers at Macrogen Inc., 191 

The Netherlands. 192 

Resultant sequences were edited and aligned using Geneious Prime 2020.1 software (Biomatters Ltd). 193 

Final sample sequences were aligned with each other using the MAFFT multiple sequence alignment 194 

algorithm (Katoh and Standley, 2013) implemented within Geneious. We constructed two different 195 

barcode sequence alignments for the subsequent analyses: (1) an alignment including only the 132 196 

samples analyzed in this study and (2) an expanded alignment including a further 66 reference 197 

sequences retrieved from the GenBank and BOLD databases (Supporting Information Table S2 and 198 

Data S1). The reference barcode sequences for the latter dataset were selected to represent (i) 199 

identified reference individuals that constituted close hits for our own barcodes; (ii) identified 200 

specimens of species that our literature review indicated as parasitoids of the focal geometrids, but that 201 

were not obtained from our own rearings; and (iii) representative congeners of parasitoids that are 202 

known to parasitize the focal moth species. 203 
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Phylogeny reconstruction and species delimitation analyses 204 

For the alignment of our own 132 barcode sequences, we first estimated a midpoint-rooted Neighbor-205 

joining (NJ) based on Kimura 2-parameter (K2P) distances in Mega X (Kumar et al., 2018), and used 206 

1000 bootstrap resamplings of the data matrix to estimate clade support. Mega X was also used for 207 

calculating K2P distances among sequences within and between inferred species. 208 

Next, we conducted a maximum-likelihood (ML) analysis using RAxML v. 8 within Geneious Prime 209 

v 2020.1 (Stamatakis, 2014). In this case, we implemented a GTR+G substitution model but separated 210 

codon positions 1 and 2 from 3, following the two-partition scheme suggested by PartitionFinder 211 

(Lanfear et al., 2017). Statistical support for groupings was evaluated with 1000 rapid bootstrap 212 

resamplings. A corresponding ML analysis was performed based on the 198-sequence dataset 213 

containing the reference barcodes from GenBank and BOLD. Both ML trees were manually rooted 214 

between Platygastroidea+Chalcidoidea and the Ichneumonoidea following results of the phylogenomic 215 

analyses of Peters et al. (2017) and Branstetter et al. (2017). 216 

We inferred limits among species by performing species delimitation analyses with the Bayesian 217 

implementation of the Poisson tree processes method of Zhang et al. (2013), which is available on the 218 

bPTP server (https://species.h-its.org/ptp/). The method applies a single-locus phylogenetic tree as 219 

input data to fit exponential distributions for the numbers of substitutions between within- and among-220 

species branching events on the tree, and delimits species under the assumption that branches will on 221 

average be shorter within than among species. We used the ML tree estimated on the basis of our own 222 

barcode dataset as a guide tree, and conducted MCMC sampling using a flat prior for all possible 223 

delimitations for 500,000 generations, with a burnin of 0.1 and the thinning parameter set to 100. 224 

Results 225 

Literature review 226 

Based on our review of 31 articles, 28 hymenopteran parasitoid species attack E. autumnata and 16 227 

species O. brumata in northern Fennoscandia. Of these, 12 occur on both moth species, so their 228 

collective parasitoid community consists of 32 hymenopteran species belonging to the families 229 
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Platygastridae, Encyrtidae, Eulophidae, Braconidae, and Ichneumonidae (Supporting Information 230 

Table S1). We excluded a further nine names as probable synonyms, misidentifications, or rearing 231 

contaminants (see below). All of the hymenopteran species considered to represent real associates of 232 

the focal moth species are present in our barcode dataset, which also includes all of the likely but as 233 

yet unconfirmed associates (Supporting Information Table S1). Besides hymenopterans, Lypha dubia 234 

(Diptera: Tachinidae) infrequently attacks both moth species in the study area (K. Ruohomäki, pers. 235 

obs.); public barcode sequences for L. dubia species are available in BOLD (Supporting Information 236 

Table S1). 237 

Barcode data and trees 238 

We obtained barcode sequences for 132 reared parasitoid specimens. The full dataset including also 239 

representative reference sequences from GenBank and BOLD was composed of 198 sequences. Both 240 

alignments were 658 bp in length, but species-specific barcodes were either 640, 643, 652, or 658 bp 241 

long, with differences being due to internal deletions of whole codon triplets (Supporting Information 242 

Data S1). The shortest barcodes were found in two Telenomus sequences downloaded from GenBank. 243 

The NJ and ML trees based on our own dataset differed in deep internal structure, but grouped the 244 

barcodes into corresponding clusters with 1–14 specimens in each (Supporting Information Fig. S1, 245 

Data S2). The composition of these shallow clusters was identical across the trees, despite the fact that 246 

the backbone structure of the NJ tree is in clear conflict with the hymenopteran overall phylogeny 247 

(e.g., polyphyletic Chalcidoidea+Platygastroidea and Braconidae). 248 

The ML solution of the bPTP species delimitation analysis based on the ML tree favored splitting the 249 

clusters into 22 species, with strong Bayesian support (>0.9) for many delimitations (Supporting 250 

Information Fig. S2). However, the exact placement of some species limits remained uncertain. 251 

Surprisingly, many of the low Bayesian support values for alternative delimitations were found at or 252 

near the base of very tight barcode clusters, which were as such clearly distinct on the tree (e.g., 253 

Telenomus sp. 2, Zele deceptor, Cratichneumon viator, and Phobocampe tempestiva). When defining 254 

species based on the delimitation analysis, the mean within-species K2P distance for species with 255 



11 
 

more than one individual was 0.003 (range of mean = 0 – 0.012, s.e.m. = 0.0009), while the full range 256 

of intraspecific inter-individual K2P distances was from 0 to 0.027. Mean K2P distances among 257 

individuals belonging to different sister species ranged from 0.025 to 0.261, and the mean interspecific 258 

distance among all species was 0.260 (range = 0.025 – 0.414, s.e.m. = 0.005). 259 

The superfamily- and family-level structure of the full 198-sequence ML tree (Supporting Information 260 

Fig. S3, Data S2) corresponded with well-established phylogenetic relationships among the main 261 

parasitoid taxa, although bootstrap support was low for most deep branching events. Inclusion of 262 

closely-matching reference sequences from public databases confirmed our morphological 263 

identifications, and allowed identification of most of the remaining taxa. Well-separated single 264 

sequences or clearly delimited barcode clusters of associated parasitoids were present for two species 265 

in the Platygastroidea and four in the Chalcidoidea (Fig. 2); three of these could not be identified to 266 

species level based on morphology or reference sequences obtained from barcode libraries. Within the 267 

Braconidae (Fig. 3), barcodes of nine known or likely associate species were generally well-defined in 268 

relation to each other, but maximum intraspecific K2P distances were comparatively long within the 269 

Aleiodes gastritor (0.022) and Cotesia salebrosa (0.014) clusters, and mean distances among 270 

individuals across species pairs were short within the Cotesia clade (0.025 – 0.039). All 17 known or 271 

likely parasitoids in the Ichneumonidae were similarly well-separated and identifiable based on their 272 

barcode sequences (Fig. 4). Within-species divergences in Ichneumonidae were very low, with the 273 

exception of the Agrypon flaveolatum cluster, which contained a relatively deep split (maximum K2P 274 

distance 0.027). 275 

Discussion 276 

DNA barcode reference libraries constitute a central resource for ecological research based on 277 

molecular-genetic approaches (Morinière et al., 2019; Wirta et al., 2016). However, the extreme 278 

diversity of insects means that even the most comprehensive global or regional barcode libraries will 279 

at best contain only a subset of all species present in nature (Ratnasingham and Hebert, 2007; Roslin et 280 

al., 2022), and large-scale databases also frequently include barcodes of misidentified individuals 281 
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(Meiklejohn et al., 2019). Curated taxon- or system-specific barcode libraries are therefore in many 282 

cases necessary for targeting relevant research questions and hypotheses (Lee et al., 2019; Lue et al., 283 

2021; Nisole et al., 2020). Here, by drawing on the combined expertise of taxonomists, ecologists, and 284 

geneticists, we constructed a comprehensive DNA barcode library for parasitoids that attack the 285 

immature stages of the geometrid moths E. autumnata and O. brumata in their main outbreak range in 286 

northern Europe. A large body of literature exists on parasitism in these ecologically central moths, 287 

but, like for most other plant-feeding insect groups, inferences have been hampered by 288 

misidentifications and inconsistent nomenclature (Klemola et al., 2007; Ruohomäki et al., 2013; 289 

Vindstad, 2014). By relying on vetted literature records and reared parasitoid specimens, we ensured 290 

that the associations are correct, and well-documented reference barcodes for the few remaining 291 

species could be obtained from public databases. Our results show that all relevant parasitoids can be 292 

confidently identified to species level based on barcode sequences, but also reveal the presence of 293 

several new associates and putative cryptic species within the natural enemy community. Below, we 294 

first discuss the results and remaining taxonomic issues within each parasitoid superfamily, and then 295 

outline ways for utilizing our barcode library in ecological and applied research on the drivers of 296 

population cycles in northern outbreaking geometrid moths. 297 

Platygastroidea and Chalcidoidea 298 

The hyperdiverse superfamilies Platygastroidea and Chalcidoidea globally contain thousands of 299 

species (Aguiar et al., 2013; Noyes, 2022; Rasplus et al., 2020) that, due to their typically minute size, 300 

are particularly challenging for morphological identification. Within Platygastridae, our barcodes 301 

revealed the existence of two species of Telenomus egg parasitoids separated by a K2P distance of 302 

0.144. Neither of these matched reference sequences in GenBank or BOLD, but one or other of the 303 

species evidently represents “Telenomus cf. laeviceps,” which has previously been listed as an 304 

associate of E. autumnata (Ammunét et al., 2012; Klemola et al., 2009, 2014). Further work is 305 

required to pinpoint the exact taxonomic status of the two barcoded species, but we note that they are 306 

unlikely to represent the true T. laeviceps (reference GMGMP2796-18), which is very distant from our 307 

barcode clusters on the ML phylogeny (Fig. 2). In contrast to the inference of Barloggio (2018), the 308 
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true T. laeviceps may therefore be associated exclusively with noctuid moths. Estimating rates of egg 309 

parasitism in the focal moths has proven challenging during years with low moth population densities, 310 

but attack rates are known to be high during and after outbreaks, making egg parasitoids likely 311 

candidates for population control in the outbreak range (Klemola et al., 2014). 312 

A different situation is present in the Encyrtidae, in which our samples identified by an experienced 313 

specialist (Veli Vikberg) as Copidosoma chalconotum are likely to represent the correct name. Our 314 

barcodes produced a 99% hit to an unpublished C. chalconotum sequence from Norway on BOLD, so 315 

we consider the “C. chalconotum” GenBank reference sequence KF850101 (= BOLD GBAH8995-14) 316 

to originate from a misidentification (Fig. 2). The reference specimen was collected in China from an 317 

unnamed host species (Yu et al., 2014). C. chalconotum is a generalist attacking many moth families 318 

(Noyes, 2022), but is thought to be predominantly associated with geometrids in the subfamily 319 

Larentiinae (Guerrieri and Noyes, 2005; Yu et al., 2014), to which both of our focal moth species 320 

belong. C. chalconotum has been listed as an infrequent polyembryonic egg–larval or egg–prepupal 321 

endoparasitoid of E. autumnata in Finland (Teder et al., 2000) and Norway (Klemola et al., 2014), but 322 

also in the Alps (Kenis et al., 2005). 323 

The Eulophidae are represented in our study by three well-separated barcode clusters (Fig. 2). 324 

Previously, only Eulophus ramicornis (listed as E. larvarum in earlier studies; see revision by 325 

Graham, 1988) has been known as a common gregarious larval ectoparasitoid of the focal moth 326 

species in northern Fennoscandia (Supporting Information Table S1). “E. larvarum” auctt (now E. 327 

ramicornis) is considered a wide generalist, but it is also the only chalcidoid parasitoid listed for E. 328 

autumnata in the Universal Chalcidoidea Database of Noyes (2022). Notably, the same database lists 329 

twelve further chalcidoid associates for O. brumata from outside our focal region. Despite being a 330 

widespread and common genus with over 70 described species, Eulophus is poorly represented in 331 

public databases, with few species-level reference sequences available (BOLD Systems, 2022). 332 

Therefore, pinpointing the identity of our unidentified Eulophus sp. cluster will require further work. 333 

The cluster is 97.9% identical with unidentified Canadian Eulophidae barcodes in BOLD, but is 334 

clearly divergent from the real E. ramicornis (mean interspecific K2P distance = 0.123), indicating 335 
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that the two groups likely represent distinct species (Fig. 3). In a blind test, representative sibling 336 

vouchers of our barcoded individuals were identified as E. ramicornis by an experienced specialist 337 

(Richard Askew), so morphological differences between the species are evidently small or 338 

nonexistent. Our Miotropis unipuncta record (Fig. 2) is based on a single individual, and is therefore a 339 

possible rearing contaminant requiring further validation. M. unipuncta is generally considered a 340 

specialist parasitoid of Coleophora and other microlepidopterans (Noyes, 2022). However, the species 341 

is morphologically very variable, and may represent a complex of multiple species (R. Askew, pers. 342 

comm.). 343 

Ichneumonoidea: Braconidae 344 

The braconid wasp community associated with the focal moths is composed of nine confirmed or 345 

likely species, many of which are common larval or larval–prepupal endoparasitoids (Supporting 346 

Information Table S1). Within the family, Zele deceptor, Protapanteles anchisiades, P. immunis, and 347 

Aleiodes gastritor formed distinct barcode clusters that also match publicly available reference 348 

sequences (Fig. 3). However, the A. gastritor barcode cluster contains a substantial amount of 349 

heterogeneity, with a maximum within-cluster K2P distance of 0.022. “A. gastritor” is a frequent 350 

parasitoid of many arboreal geometrid host species, but the name most likely encompasses a complex 351 

of several species with differing host preferences and overlapping intra- and interspecific variation in 352 

morphological traits and barcode sequences (M. R. Shaw, pers. obs.). All of our specimens originated 353 

from E. autumnata, which is also the only host listed for A. gastritor in previous studies on moth 354 

parasitism in our focal region (Supporting Information Table S1). However, O. brumata is attacked by 355 

a morphologically close but most likely different representative of the A. gastritor complex in the U.K. 356 

(M. R. Shaw, pers. obs.). 357 

Cotesia is the taxonomically most complex genus in our focal host–parasitoid system (Fig. 3). The 358 

genus is widespread and comprises over 300 species that are often very difficult to identify 359 

morphologically (Fernandez-Triana et al., 2020). In the focal community, Ruohomäki et al. (2013) 360 

showed that barcodes can be used for separating C. salebrosa and C. autumnatae, and for 361 

distinguishing both from C. jucunda, which is known to parasitize O. brumata in Britain (M. R. Shaw, 362 
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pers. obs.). The name “C. jucunda” is used in many of the studies included in our review (Supporting 363 

Information Table S1), but neither our results nor those of Ruohomäki et al. (2013) point towards an 364 

association of C. jucunda with outbreaking geometrids in northern Fennoscandia.  365 

Our results support the notions of Klemola et al. (2012) and Ruohomäki et al. (2013) that Cotesia 366 

species exhibit differing preferences with regard to the two focal geometrid species. Of the four 367 

species observed here, only C. salebrosa has been listed as an associate of both O. brumata and E. 368 

autumnata (Supporting Information Table S1), even though all of our specimens were from the latter. 369 

C. autumnatae is apparently a strict specialist on E. autumnata, but sample sizes remain small due to 370 

the apparent rarity and southern distribution of the species (Ruohomäki et al., 2013). Of our specimens 371 

reared from O. brumata, five individuals pre-identified as C. eulipis by M. R. Shaw formed a tight 372 

cluster with a C. eulipis reference barcode from Canada (MG444249). However, specimen EK085, 373 

likewise from O. brumata but lacking a species-level pre-identification, grouped with C. sericea 374 

reference BCHYM7193-15 from the Czech Republic. As C. sericea has not previously been reported 375 

from Fennoscandia (Fernandez-Triana et al., 2020), we re-examined 96 Cotesia specimens reared from 376 

O. brumata in two locations in Norway and Finland, and found 51 C. sericea individuals in material 377 

collected through 2008–2010 (det. M. R. Shaw). Nixon (1974) listed the species (as Apanteles 378 

praepotens) as a regular parasitoid of O. brumata in the U.K. (also M. R. Shaw, pers. obs.), so it is 379 

likely that C. sericea is a recent addition to the parasitoid fauna of northern Europe that has gone 380 

unnoticed until now. 381 

Ichneumonoidea: Ichneumonidae 382 

The ichneumonid wasp community was found to be composed of 17 species that are larval, larval–383 

prepupal, larval–pupal, or pupal parasitoids (Supporting Information Table S1). In our barcode tree, all 384 

ichneumonid species are well separated from each other, have low within-cluster distances, and match 385 

publicly available reference sequences (Fig. 4). The only exception to this general pattern is the deep 386 

split within the Agrypon flaveolatum barcode cluster. Our bPTP analysis placed the species limit at the 387 

base of the cluster with high support (Supporting Information Fig. S2), but the maximum within-388 

cluster K2P distance is 0.027, which is close to the traditional yet arbitrary “species limit” of 2% 389 
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sequence divergence applied in many barcoding studies (Hubert and Hanner, 2015). As pointed out by 390 

Vindstad (2014), the presence of two cryptic species cannot be excluded: Vindstad et al. (2013, 2010) 391 

found A. flaveolatum to parasitize both E. autumnata and O. brumata in several sites in the vicinity of 392 

Tromsø, Norway, while in a study by Klemola et al. (2009) from northernmost Finland, the species 393 

was absent from O. brumata larvae, and females refused to oviposit on this host in laboratory 394 

experiments despite high rates of attack on E. autumnata. The gap is not readily explained by hosts 395 

(all of our barcodes originated from individuals reared from E. autumnata) or geography (both clusters 396 

included samples from southern and northern Finland). Based on this, we consider the barcode cluster 397 

to represent a single species. 398 

For the Ichneumonidae, past literature records contained a high number of cases that we consider 399 

unreliable (Supporting Information Table S1). For example, previous studies have listed at least five 400 

different species names within Phobocampe, but three of these represent apparent misidentifications or 401 

synonyms. Phobocampe species are morphologically very variable and available keys (e.g., Sedivý, 402 

2004) can be considered unreliable. Furthermore, while we consider the pupal parasitoid Pimpla 403 

sodalis a likely associate of at least E. autumnata, the original record is based on indirect inference by 404 

Jussila and Nuorteva (1968): along with another ichneumonid, Cryptus armator, the species became 405 

very abundant through a population outbreak–collapse cycle of E. autumnata in Finnish Lapland in 406 

1965–66, after having been absent in preceding years with ‘normal’ moth densities. 407 

Enytus apostatus is a new record for the parasitoid community of E. autumnata (Supporting 408 

Information Table S1). We only observed a single specimen and, as a broad generalist (Shaw et al., 409 

2016), E. apostatus is likely to be neither common on the focal geometrids nor particularly relevant for 410 

their population dynamics. Nevertheless, the observation provides an illuminating example of the 411 

complexities of inferring parasitoid communities. Specimen RN120 was pre-identified as “Sinophorus 412 

sp.,” but the barcode sequence confidently clustered with E. apostatus references from Norway and 413 

Germany (Fig. 4). However, the BOLD database also includes more than a hundred predominantly 414 

North American barcodes under the name “Enytus apostata”, all of which are very distant from 415 

sequences of our specimen RN120 as well as available reference sequences of E. apostatus and the 416 
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related E. montanus (Fig. 4). Voucher photographs of “E. apostata” on BOLD do not seem to 417 

represent Enytus, and European sequences belonging to the same barcode index number (BIN) are 418 

identical to two Norwegian barcodes of Hyposoter brischkei (COLHH1404-18 and COLHH1406-18). 419 

Therefore, we consider the “E. apostata” barcode BIN in BOLD to represent a case in which the 420 

barcode of an originally misidentified H. brischkei specimen has been used to repeatedly (mis)label 421 

subsequent sequences added into the database. 422 

Future prospects 423 

Our curated DNA barcode reference library for the parasitoids of E. autumnata and O. brumata opens 424 

up attractive opportunities for elucidating the role of parasitoids in the eruptive population dynamics 425 

of geometrid moths in northern Europe. Rates of parasitism in insect herbivores are often very high, 426 

and delayed density-dependent responses of parasitoids have frequently been implicated as a driver of 427 

host population cycles (Klemola et al., 2010, 2014; Münster-Swendsen and Berryman, 2005; Mutanen 428 

et al., 2020; Myers, 2018; Turchin et al., 2003). However, inferences on whether—or which—429 

parasitoids control outbreaking moth populations have been hampered by difficulties in species 430 

identification, inconsistent nomenclature, and differential rearing mortality (Vindstad, 2014). While 431 

the absolute and relative prevalences of particular parasitoid species vary through time and space 432 

(Ruohomäki, 1994; Teder et al., 2000; Tenow, 1972; Vindstad et al., 2010), we estimate that the 32 433 

species included in our barcode library are responsible for nearly all of the total parasitoid-inflicted 434 

mortality in the two moth species in the focal outbreak region. Importantly, our linking of barcodes to 435 

taxonomic names enables connecting genetic identifications to previously-accumulated information on 436 

parasitoid ecology and life-history traits (Supporting Information Table S1). This connection will 437 

allow tests of the relevance of species-level biological traits, including host stage attacked and diet 438 

breadth, for parasitoid abundance and ecological impact. 439 

The reference library presented here enables research implementing barcoding or metabarcoding 440 

approaches at the level of individuals, populations, and ecosystems. At the individual level, field-441 

collected parasitoid eggs, larvae, pupae, and adults can be readily identified based on barcode 442 

sequences, and rates of parasitism by externally inconspicuous endoparasitoids can be estimated using 443 
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metabarcoding of DNA extracted from single host larvae (cf. Kitson et al., 2019; Miller et al., 2021b). 444 

For the latter type of studies, the availability of a parasitoid barcode reference library facilitates in 445 

silico validation of mini-barcode amplification primers, as well as design of blocking oligomers 446 

suppressing simultaneous amplification of host DNA (Nakadai and Kawakita, 2017). At the 447 

population and ecosystem levels, parasitoid community composition can be estimated through 448 

metabarcoding of bulk Malaise trap catches (cf. Kirse et al., 2022; Sire et al., 2022). With appropriate 449 

trapping designs, parasitoid community structures can then be contrasted with spatial variation and 450 

multi-year trajectories in host densities. What is more, the increasing output quality and decreasing 451 

cost of long-read sequencing technologies means that truly quantitative community-level mass 452 

barcoding approaches have become feasible (Hebert et al., 2018; Srivathsan et al., 2021). 453 

Like other arctic and subarctic ecosystems, the mountain birch forests of northern Europe are subject 454 

to rapid climatically-induced changes (Pureswaran et al., 2018; Rees et al., 2020; Skre et al., 2017). 455 

Manifestations of these changes are already seen as shifts in the distributions of the focal moth species 456 

(Ammunét et al., 2010; Jepsen et al., 2013) and the extent of their outbreaks (Jepsen et al., 2008; 457 

Vindstad et al., 2022). With a warmer climate, additional geometrid birch defoliators are entering the 458 

region, potentially with cumulative impacts on subarctic treeline forests (Jepsen et al., 2011). 459 

However, parallel changes in parasitoid communities, host–parasitoid associations, and parasite-460 

mediated indirect interactions among moth species are expected, but are difficult to document 461 

(Kankaanpää et al., 2020; Vindstad et al., 2013). A substantial ‘reservoir’ of additional geometrid 462 

moth parasitoids is known to exist further south in Europe, where moth population eruptions are less 463 

dramatic (Elkinton et al., 2021; Früh, 2014; Kenis et al., 2005; Noyes, 2022; Tikkanen et al., 1998; 464 

Vindstad et al., 2013; Wylie, 1960). Our curated moth parasitoid DNA barcode library integrating 465 

taxonomic, ecological, and molecular data therefore constitutes a reference point for monitoring 466 

changes in moth–parasitoid networks and their effects on moth population dynamics. As shown by the 467 

findings of Elkinton et al. (2021), a deeper understanding of the factors driving moth population 468 

dynamics may eventually provide tools for reducing the frequency and severity of geometrid 469 

outbreaks also in the treeline forests of northern Europe. 470 



19 
 

Acknowledgements 471 

We wish to thank especially the numerous students and field and laboratory assistants who have 472 

participated in rearing of geometrid larvae and parasitoids during long-term research on moth outbreak 473 

ecology at the University of Turku and its Kevo Subarctic Research Station. Richard Askew, Veli 474 

Vikberg, Gergely Varkonyi, and Reijo Jussila identified many parasitoid specimens, and Stefan 475 

Schmidt kindly shared unpublished barcode data. Funding for this study was provided by the 476 

Norwegian Biodiversity Information Centre (Artsdatabanken) (project 27-19 to TN), the Academy of 477 

Finland (projects 294466 to TN, 111195, 129143, and 204190 to TK, and 7650, 34509, and 48697 to 478 

KR), by the Turku University Foundation (grants to TK and KR), and the Maj and Tor Nessling 479 

Foundation (grants to TK). EK was supported by the Finnish Cultural Foundation (project 00200528) 480 

and RN by Entomologiska Föreningen i Helsingfors, the Japanese Society for the Promotion of 481 

Science (project 18J00093), and the Scandinavia–Japan Sasakawa Foundation. DNA barcode data 482 

were in part generated in collaboration with the Norwegian Barcode of Life Network (NorBOL) 483 

funded by the Research Council of Norway and the Norwegian Biodiversity Information Centre.  484 



20 
 

References 485 

Aguiar, A.P., Deans, A.R., Engel, M.S., Forshage, M., Huber, J.T., Jennings, J.T., Johnson, N.F., 486 

Lelej, A.S., Longino, J.T., Lohrmann, V., Mikó, I., Ohl, M., Rasmussen, C., Taeger, A., Yu, 487 

D.S.K., 2013. Order Hymenoptera. Zootaxa 3703, 51–62. 488 

https://doi.org/10.11646/zootaxa.3703.1.12 489 

Ammunét, T., Heisswolf, A., Klemola, N., Klemola, T., 2010. Expansion of the winter moth outbreak 490 

range: no restrictive effects of competition with the resident autumnal moth. Ecol. Entomol. 35, 491 

45–52. https://doi.org/10.1111/j.1365-2311.2009.01154.x 492 

Ammunét, T., Kaukoranta, T., Saikkonen, K., Repo, T., Klemola, T., 2012. Invading and resident 493 

defoliators in a changing climate: cold tolerance and predictions concerning extreme winter cold 494 

as a range-limiting factor. Ecol. Entomol. 37, 212–220. https://doi.org/10.1111/j.1365-495 

2311.2012.01358.x 496 

Ashfaq, M., Braun, L., Hegedus, D., Erlandson, M., 2004. Estimating parasitism levels in Lygus spp. 497 

(Hemiptera: Miridae) field populations using standard and molecular techniques. Biocontrol Sci. 498 

Technol. 14, 731–735. https://doi.org/10.1080/09583150410001683592 499 

Ayres, M.P., Lombardero, M.J., 2000. Assessing the consequences of global change for forest 500 

disturbance from herbivores and pathogens. Sci. Total Environ. 262, 263–286. 501 

Barloggio, G., 2018. Telenomus laeviceps Förster, 1861 (Hymenoptera: Scelionidae), a potential 502 

biocontrol agent against the cabbage pest Mamestra brassicae (Linnaeus, 1758)(Lepidoptera: 503 

Noctuidae). Universität Basel. 504 

Barsoum, N., Bruce, C., Forster, J., Ji, Y.Q., Yu, D.W., 2019. The devil is in the detail: metabarcoding 505 

of arthropods provides a sensitive measure of biodiversity response to forest stand composition 506 

compared with surrogate measures of biodiversity. Ecol. Indic. 101, 313–323. 507 

https://doi.org/10.1016/j.ecolind.2019.01.023 508 

Berryman, A.A., 1996. What causes population cycles of forest Lepidoptera? Trends Ecol. Evol. 11, 509 

28–32. 510 



21 
 

BOLD Systems, 2022. Bold Systems v4 [WWW Document]. URL http://boldsystems.org/ 511 

Branstetter, M.G., Danforth, B.N., Pitts, J.P., Faircloth, B.C., Ward, P.S., Buffington, M.L., Gates, 512 

M.W., Kula, R.R., Brady, S.G., 2017. Phylogenomic insights into the evolution of stinging wasps 513 

and the origins of ants and bees. Curr. Biol. 27, 1019–1025. 514 

https://doi.org/10.1016/j.cub.2017.03.027 515 

Bylund, H., 1997. Stand age-structure influence in a low population peak of Epirrita autumnata in a 516 

mountain birch forest. Ecography (Cop.). 20, 319–326. https://doi.org/10.1111/j.1600-517 

0587.1997.tb00376.x 518 

Calderón-Sanou, I., Münkemüller, T., Zinger, L., Schimann, H., Yoccoz, N.G., Gielly, L., Foulquier, 519 

A., Hedde, M., Ohlmann, M., Roy, M., Si-Moussi, S., Thuiller, W., 2021. Cascading effects of 520 

moth outbreaks on subarctic soil food webs. Sci. Rep. 11, e15054. 521 

https://doi.org/10.1038/s41598-021-94227-z 522 

Canelles, Q., Aquilué, N., James, P.M.A., Lawler, J., Brotons, L., 2021. Global review on interactions 523 

between insect pests and other forest disturbances. Landsc. Ecol. 36, 945–972. 524 

https://doi.org/10.1007/s10980-021-01209-7 525 

DeWaard, J.R., Levesque-Beaudin, V., DeWaard, S.L., Ivanova, N. V., McKeown, J.T.A.A., Miskie, 526 

R., Naik, S., Perez, K.H.J., Ratnasingham, S., Sobel, C.N., Sones, J.E., Steinke, C., Telfer, A.C., 527 

Young, A.D., Young, M.R., Zakharov, E. V., Hebert, P.D.N.N., 2019. Expedited assessment of 528 

terrestrial arthropod diversity by coupling Malaise traps with DNA barcoding. Genome 62, 85–529 

95. https://doi.org/10.1101/192732 530 

Dyer, L.A., Richards, L.A., Short, S.A., Dodson, C.D., 2013. Effects of CO2 and remperature on 531 

tritrophic interactions. PLoS One 8, e62528. https://doi.org/10.1371/journal.pone.0062528 532 

Elkinton, J.S., Boettner, G.H., Broadley, H.J., 2021. Successful biological control of winter moth, 533 

Operophtera brumata, in the northeastern United States. Ecol. Appl. 31, e02326. 534 

https://doi.org/10.1002/eap.2326 535 

Eveleigh, E.S., McCann, K.S., McCarthy, P.C., Pollock, S.J., Lucarotti, C.J., Morin, B., McDougall, 536 



22 
 

G.A., Strongman, D.B., Huber, J.T., Umbanhowar, J., Faria, L.D.B., 2007. Fluctuations in 537 

density of an outbreak species drive diversity cascades in food webs. Proc. Natl. Sci. Found. 538 

USA 104, 16976–16981. https://doi.org/10.1073/pnas.0704301104 539 

Fernandez-Triana, J., Shaw, M.R., Boudreault, C., Beaudin, M., Broad, G.R., 2020. Annotated and 540 

illustrated world checklist of Microgastrinae parasitoid wasps (Hymenoptera, Braconidae). 541 

Zookeys 920, 1–1089. https://doi.org/10.3897/zookeys.920.39128 542 

Folmer, O., Black, M., Hoeh, W., Lutz, R., Vrijenhoek, R., 1994. DNA primers for amplification of 543 

mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates. Mol. Mar. 544 

Biol. Biotechnol. 3, 294–299. 545 

Früh, L., 2014. Häufigkeit und Diversität der Larval- und Larval-Pupalparasitoide von Operophtera 546 

brumata während der Progradation in Wien, Österreich. Universität für Bodenkultur Wien. 547 

Graham, M.W.R. de V., 1988. The remains of Nees von Esenbeck’s collection of Hymenoptera in the 548 

University Museum, Oxford. Entomol. Mon. Mag. 124, 19–35. 549 

Guerrieri, E., Noyes, J., 2005. Revision of the European species of Copidosoma Ratzeburg 550 

(Hymenoptera: Encyrtidae), parasitoids of caterpillars (Lepidoptera). Syst. Entomol. 30, 97–174. 551 

https://doi.org/10.1111/j.1365-3113.2005.00271.x 552 

Hagen, S.B., Jepsen, J.U., Ims, R.A., Yoccoz, N.G., 2007. Shifting altitudinal distribution of outbreak 553 

zones of winter moth Operophtera brumata in sub-arctic birch forest: a response to recent climate 554 

warming? Ecography (Cop.). 30, 299–307. https://doi.org/10.1111/j.2007.0906-7590.04981.x 555 

Hagen, S.B., Jepsen, J.U., Schott, T., Ims, R.A., 2010. Spatially mismatched trophic dynamics: 556 

cyclically outbreaking geometrids and their larval parasitoids. Biol. Lett. 6, 566–569. 557 

https://doi.org/10.1098/rsbl.2009.1002 558 

Haukioja, E., Neuvonen, S., Hanhimäki, S., Niemelä, P., 1998. Dynamics of forest insect populations: 559 

patterns, causes, implications, in: Berryman, A.A. (Ed.), General Technical Report - Pacific 560 

Southwest Research Station, USDA Forest Service; 1998. Plenum Press, New York, pp. 163–561 

178. 562 



23 
 

Hebert, P.D.N., Braukmann, T.W.A., Prosser, S.W.J., Ratnasingham, S., DeWaard, J.R., Ivanova, N. 563 

V., Janzen, D.H., Hallwachs, W., Naik, S., Sones, J.E., Zakharov, E. V., 2018. A Sequel to 564 

Sanger: amplicon sequencing that scales. BMC Genomics 19, e219. 565 

https://doi.org/10.1186/s12864-018-4611-3 566 

Heliasz, M., Johansson, T., Lindroth, A., Mölder, M., Mastepanov, M., Friborg, T., Callaghan, T. V., 567 

Christensen, T.R., 2011. Quantification of C uptake in subarctic birch forest after setback by an 568 

extreme insect outbreak. Geophys. Res. Lett. 38, 1–5. https://doi.org/10.1029/2010GL044733 569 

Hubert, N., Hanner, R., 2015. DNA barcoding, species delineation and taxonomy: a historical 570 

perspective. DNA Barcodes 3, 44–58. https://doi.org/10.1515/dna-2015-0006 571 

Jepsen, J.U., Biuw, M., Ims, R.A., Kapari, L., Schott, T., Vindstad, O.P.L., Hagen, S.B., 2013. 572 

Ecosystem impacts of a range expanding forest defoliator at the forest-tundra ecotone. 573 

Ecosystems 16, 561–575. https://doi.org/10.1007/s10021-012-9629-9 574 

Jepsen, J.U., Hagen, S.B., Ims, R.A., Yoccoz, N.G., 2008. Climate change and outbreaks of the 575 

geometrids Operophtera brumata and Epirrita autumnata in subarctic birch forest: evidence of a 576 

recent outbreak range expansion. J. Anim. Ecol. 77, 257–264. 577 

Jepsen, J.U., Kapari, L., Hagen, S.B., Schott, T., Vindstad, O.P.L., Nilssen, A.C., Ims, R.A., 2011. 578 

Rapid northwards expansion of a forest insect pest attributed to spring phenology matching with 579 

sub-Arctic birch. Glob. Chang. Biol. 17, 2071–2083. https://doi.org/10.1111/j.1365-580 

2486.2010.02370.x 581 

Jepsen, J.U., Vindstad, O.P.L., Barraquand, F., Ims, R.A., Yoccoz, N.G., 2016. Continental-scale 582 

travelling waves in forest geometrids in Europe: an evaluation of the evidence. J. Anim. Ecol. 85, 583 

385–390. https://doi.org/10.1111/1365-2656.12444 584 

Jussila, R., Nuorteva, P., 1968. The ichneumonid fauna in relation to an outbreak of Oporinia 585 

autumnata (Bkh.) (Lep., Geometridae) on subarctic birches. Ann. Zool. Fennici 5, 273–275. 586 

Kaitaniemi, P., Ruohomäki, K., Tammaru, T., Haukioja, E., 1999. Induced resistance of host tree 587 

foliage during and after a natural insect outbreak. J. Anim. Ecol. 68, 382–389. 588 



24 
 

https://doi.org/10.1046/j.1365-2656.1999.00290.x 589 

Kankaanpää, T., Vesterinen, E., Hardwick, B., Schmidt, N.M., Andersson, T., Aspholm, P.E., Barrio, 590 

I.C., Beckers, N., Bêty, J., Birkemoe, T., DeSiervo, M., Drotos, K.H.I., Ehrich, D., Gilg, O., 591 

Gilg, V., Hein, N., Høye, T.T., Jakobsen, K.M., Jodouin, C., Jorna, J., Kozlov, M. V., Kresse, 592 

J.C., Leandri-Breton, D.J., Lecomte, N., Loonen, M., Marr, P., Monckton, S.K., Olsen, M., Otis, 593 

J.A., Pyle, M., Roos, R.E., Raundrup, K., Rozhkova, D., Sabard, B., Sokolov, A., Sokolova, N., 594 

Solecki, A.M., Urbanowicz, C., Villeneuve, C., Vyguzova, E., Zverev, V., Roslin, T., 2020. 595 

Parasitoids indicate major climate-induced shifts in arctic communities. Glob. Chang. Biol. 26, 596 

6276–6295. https://doi.org/10.1111/gcb.15297 597 

Karlsen, S.R., Jepsen, J.U., Odland, A., Ims, R.A., Elvebakk, A., 2013. Outbreaks by canopy-feeding 598 

geometrid moth cause state-dependent shifts in understorey plant communities. Oecologia 173, 599 

859–870. https://doi.org/10.1007/s00442-013-2648-1 600 

Karvinen, E.P., 2021. The effects of winter temperature and shared niche on population dynamics of 601 

autumnal moth and winter moth. University of Helsinki. 602 

Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software version 7: 603 

improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. 604 

https://doi.org/10.1093/molbev/mst010 605 

Kenis, M., Herz, K., West, R.J., Shaw, M.R., 2005. Parasitoid assemblages reared from geometrid 606 

defoliators (Lepidoptera: Geometridae) of larch and fir in the alps. Agric. For. Entomol. 7, 307–607 

318. https://doi.org/10.1111/j.1461-9555.2005.00277.x 608 

Kirse, A., Bourlat, S.J., Langen, K., Zapke, B., Zizka, V.M.A., 2022. Comparison of destructive and 609 

non-destructive DNA extraction methods for the metabarcoding of arthropod bulk samples. 610 

Authorea (preprint). https://doi.org/10.22541/au.164915648.84934216/v1 611 

Kitson, J.J.N., Hahn, C., Sands, R.J., Straw, N.A., Evans, D.M., Lunt, D.H., 2019. Detecting host-612 

parasitoid interactions in an invasive lepidopteran using nested tagging DNA metabarcoding. 613 

Mol. Ecol. 28, 471–483. https://doi.org/10.1111/mec.14518 614 



25 
 

Klemola, N., Andersson, T., Ruohomäki, K., Klemola, T., 2010. Experimental test of parasitism 615 

hypothesis for population cycles of a forest lepidopteran. Ecology 91, 2506–2513. 616 

Klemola, N., Heisswolf, A., Ammunét, T., Ruohomäki, K., Klemola, T., 2009. Reversed impacts by 617 

specialist parasitoids and generalist predators may explain a phase lag in moth cycles: a novel 618 

hypothesis and preliminary field tests. Ann. Zool. Fennici 46, 380–393. 619 

https://doi.org/10.5735/086.046.0504 620 

Klemola, T., Ammunét, T., Andersson, T., Klemola, N., Ruohomäki, K., 2012. Larval parasitism rate 621 

increases in herbivore-damaged trees: a field experiment with cyclic birch feeding moths. Oikos 622 

121, 1525–1531. https://doi.org/10.1111/j.1600-0706.2011.20096.x 623 

Klemola, T., Andersson, T., Ruohomäki, K., 2014. Delayed density-dependent parasitism of eggs and 624 

pupae as a contributor to the cyclic population dynamics of the autumnal moth. Oecologia 175, 625 

1211–1225. https://doi.org/10.1007/s00442-014-2984-9 626 

Klemola, T., Andersson, T., Ruohomäki, K., 2008. Fecundity of the autumnal moth depends on pooled 627 

geometrid abundance without a time lag: implications for cyclic population dynamics. J. Anim. 628 

Ecol. 77, 597–604. https://doi.org/10.1111/j.1365-2656.2008.01369.x 629 

Klemola, T., Huitu, O., Ruohomäki, K., 2006. Geographically partitioned spatial synchrony among 630 

cyclic moth populations. Oikos 114, 349–359. https://doi.org/10.1111/j.2006.0030-1299.14850.x 631 

Klemola, T., Klemola, N., Andersson, T., Ruohomäki, K., 2007. Does immune function influence 632 

population fluctuations and level of parasitism in the cyclic geometrid moth? Popul. Ecol. 49, 633 

165–178. https://doi.org/10.1007/s10144-007-0035-7 634 

Klemola, T., Tanhuanpää, M., Korpimäki, E., Ruohomäki, K., 2002. Specialist and generalist natural 635 

enemies as an explanation for geographical gradients in population cycles of northern herbivores. 636 

Oikos 99, 83–94. https://doi.org/10.1034/j.1600-0706.2002.990109.x 637 

Kumar, S., Stecher, G., Li, M., Knyaz, C., Tamura, K., 2018. MEGA X: molecular evolutionary 638 

genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547–1549. 639 

https://doi.org/10.1093/molbev/msy096 640 



26 
 

Lanfear, R., Frandsen, P.B., Wright, A.M., Senfeld, T., Calcott, B., 2017. PartitionFinder 2: New 641 

Methods for Selecting Partitioned Models of Evolution for Molecular and Morphological 642 

Phylogenetic Analyses. Mol. Biol. Evol. 34, 772–773. https://doi.org/10.1093/molbev/msw260 643 

Lee, T.R.C., Anderson, S.J., Tran-Nguyen, L.T.T., Sallam, N., Le Ru, B.P., Conlong, D., Powell, K., 644 

Ward, A., Mitchell, A., 2019. Towards a global DNA barcode reference library for quarantine 645 

identifications of lepidopteran stemborers, with an emphasis on sugarcane pests. Sci. Rep. 9, 646 

e7039. https://doi.org/10.1038/s41598-019-42995-0 647 

Lehmann, P., Ammunét, T., Barton, M., Battisti, A., Eigenbrode, S.D., Jepsen, J.U., Kalinkat, G., 648 

Neuvonen, S., Niemelä, P., Terblanche, J.S., Økland, B., Björkman, C., 2020. Complex 649 

responses of global insect pests to climate warming. Front. Ecol. Environ. 18, 141–150. 650 

https://doi.org/10.1002/fee.2160 651 

Lue, C.H., Buffington, M.L., Scheffer, S., Lewis, M., Elliott, T.A., Lindsey, A.R.I., Driskell, A., 652 

Jandova, A., Kimura, M.T., Carton, Y., Kula, R.R., Schlenke, T.A., Mateos, M., Govind, S., 653 

Varaldi, J., Guerrieri, E., Giorgini, M., Wang, X., Hoelmer, K., Daane, K.M., Abram, P.K., 654 

Pardikes, N.A., Brown, J.J., Thierry, M., Poirié, M., Goldstein, P., Miller, S.E., Tracey, W.D., 655 

Davis, J.S., Jiggins, F.M., Wertheim, B., Lewis, O.T., Leips, J., Staniczenko, P.P.A., Hrcek, J., 656 

2021. DROP: molecular voucher database for identification of Drosophila parasitoids. Mol. Ecol. 657 

Resour. 12, 2437–2454. https://doi.org/10.1111/1755-0998.13435 658 

Meiklejohn, K.A., Damaso, N., Robertson, J.M., 2019. Assessment of BOLD and GenBank – their 659 

accuracy and reliability for the identification of biological materials. PLoS One 14, e0217084. 660 

https://doi.org/10.1371/journal.pone.0217084 661 

Miller, K.E., Aguilera, G., Bommarco, R., Roslin, T., 2021a. Land-use intensity affects the potential 662 

for apparent competition within and between habitats. J. Anim. Ecol. 90, 1891–1905. 663 

https://doi.org/10.1111/1365-2656.13508 664 

Miller, K.E., Polaszek, A., Evans, D.M., 2021b. A dearth of data: fitting parasitoids into ecological 665 

networks. Trends Parasitol. 37, 863–874. https://doi.org/10.1016/j.pt.2021.04.012 666 



27 
 

Mills, N., 2009. Parasitoids, in: Resh, V.H., Cardé, R.T. (Eds.), Encyclopedia of Insects. Academic 667 

Press, Burlington, MA, pp. 748–750. https://doi.org/10.1016/B978-0-12-374144-8.00199-5 668 

Mills, N.J., 1994. Parasitoid guilds: defining the structure of the parasitoid communities of 669 

endopterygote insect hosts. Environ. Entomol. 23, 1066–1083. 670 

https://doi.org/10.1093/ee/23.5.1066 671 

Möller, K., Hentschel, R., Wenning, A., Schröder, J., 2017. Improved outbreak prediction for common 672 

pine sawfly (Diprion pini L.) by analyzing floating “climatic windows” as keys for changes in 673 

voltinism. Forests 8, e319. https://doi.org/10.3390/f8090319 674 

Morinière, J., Balke, M., Doczkal, D., Geiger, M.F., Hardulak, L.A., Haszprunar, G., Hausmann, A., 675 

Hendrich, L., Regalado, L., Rulik, B., Schmidt, S., Wägele, J.W., Hebert, P.D.N., 2019. A DNA 676 

barcode library for 5,200 German flies and midges (Insecta: Diptera) and its implications for 677 

metabarcoding-based biomonitoring. Mol. Ecol. Resour. 19, 900–928. 678 

https://doi.org/10.1111/1755-0998.13022 679 

Münster-Swendsen, M., Berryman, A., 2005. Detecting the causes of population cycles by analysis of 680 

R-functions: the spruce needle-miner, Epinotia tedella, and its parasitoids in Danish spruce 681 

plantations. Oikos 108, 495–502. https://doi.org/10.1111/j.0030-1299.2005.13747.x 682 

Mutanen, M., Ovaskainen, O., Várkonyi, G., Itämies, J., Prosser, S.W.J., Hebert, P.D.N., Hanski, I., 683 

2020. Dynamics of a host–parasitoid interaction clarified by modelling and DNA sequencing. 684 

Ecol. Lett. 23, 851–859. https://doi.org/10.1111/ele.13486 685 

Myers, J.H., 2018. Population cycles: generalities, exceptions and remaining mysteries. Proc. R. Soc. 686 

B Biol. Sci. 285, e20172841. https://doi.org/10.1098/rspb.2017.2841 687 

Nakadai, R., Kawakita, A., 2017. Patterns of temporal and enemy niche use by a community of leaf 688 

cone moths (Caloptilia) coexisting on maples (Acer) as revealed by metabarcoding. Mol. Ecol. 689 

26, 3309–3319. https://doi.org/10.1111/mec.14105 690 

Neuvonen, S., Viiri, H., 2017. Changing climate and outbreaks of forest pest insects in a cold northern 691 

country, Finland, in: The Interconnected Arctic — UArctic Congress 2016. Springer 692 



28 
 

International Publishing, Cham, pp. 49–59. https://doi.org/10.1007/978-3-319-57532-2 693 

Nisole, A., Stewart, D., Kyei-Poku, G., Nadeau, M., Trudeau, S., Huron, P., Djoumad, A., Kamenova, 694 

S., Smith, M.A., Eveleigh, E., Johns, R.C., Martel, V., Cusson, M., 2020. Identification of spruce 695 

budworm natural enemies using a qPCR-based molecular sorting approach. Forests 11, e621. 696 

https://doi.org/10.3390/f11060621 697 

Nixon, G.E.J., 1974. A revision of the north-western European species of the glomeratus-group of 698 

Apanteles Förster (Hymenoptera, Braconidae). Bull. Entomol. Res. 64, 453–524. 699 

Noyes, J.S., 2022. Universal Chalcidoidea Database. World Wide Web electronic publication [WWW 700 

Document]. URL http://www.nhm.ac.uk/chalcidoids 701 

Noyes, J.S., 1994. The reliability of published host-parasitoid records: a taxonomist’s view. Nor. J. 702 

Agric. Sci. 16, 59–69. 703 

Peters, R.S., Krogmann, L., Mayer, C., Donath, A., Gunkel, S., Meusemann, K., Kozlov, A., 704 

Podsiadlowski, L., Petersen, M., Lanfear, R., Diez, P.A., Heraty, J., Kjer, K.M., Klopfstein, S., 705 

Meier, R., Polidori, C., Schmitt, T., Liu, S., Zhou, X., Wappler, T., Rust, J., Misof, B., Niehuis, 706 

OPeters, R.S., Krogmann, L., Mayer, C., Donath, A., Gunkel, S., Meusemann, K., Kozlov, A., 707 

Podsiadlowski, L., Petersen, M., Lanfear, R., Diez, P.A., Heraty, J., Kjer, K.M., Klopfstein, S., 708 

Meier, R., Polidori, C., Schmitt, T., Liu, S., Zhou, X., Wappler, T., Rust, J., Misof, B., Niehuis, 709 

O., 2017. Evolutionary history of the Hymenoptera. Curr. Biol. 27, 1–6. 710 

https://doi.org/10.1016/j.cub.2017.01.027 711 

Pureswaran, D.S., Roques, A., Battisti, A., 2018. Forest insects and climate change. Curr. For. Reports 712 

4, 35–50. 713 

Raimondo, S., Turcáni, M., Patoèka, J., Liebhold, A.M., 2004. Interspecific synchrony among foliage-714 

feeding forest Lepidoptera species and the potential role of generalist predators as synchronizing 715 

agents. Oikos 107, 462–470. https://doi.org/10.1111/j.0030-1299.2004.13449.x 716 

Rasplus, J.Y., Blaimer, B.B., Brady, S.G., Burks, R.A., Delvare, G., Fisher, N., Gates, M., Gauthier, 717 

N., Gumovsky, A. V., Hansson, C., Heraty, J.M., Fusu, L., Nidelet, S., Pereira, R.A.S., Sauné, L., 718 



29 
 

Ubaidillah, R., Cruaud, A., 2020. A first phylogenomic hypothesis for Eulophidae 719 

(Hymenoptera, Chalcidoidea). J. Nat. Hist. 54, 597–609. 720 

https://doi.org/10.1080/00222933.2020.1762941 721 

Ratnasingham, S., Hebert, P.D.N., 2007. BOLD: the Barcode of Life Data system 722 

(www.barcodinglife.org). Mol. Ecol. Notes 7, 355–364. https://doi.org/10.1111/j.1471-723 

8286.2006.01678.x 724 

Rees, W.G., Hofgaard, A., Boudreau, S., Cairns, D.M., Harper, K., Mamet, S., Mathisen, I., Swirad, 725 

Z., Tutubalina, O., 2020. Is subarctic forest advance able to keep pace with climate change? 726 

Glob. Chang. Biol. 26, 3965–3977. https://doi.org/10.1111/gcb.15113 727 

Romero, G.Q., Gonçalves-Souza, T., Kratina, P., Marino, N.A.C., Petry, W.K., Sobral-Souza, T., 728 

Roslin, T., 2018. Global predation pressure redistribution under future climate change. Nat. 729 

Clim. Chang. 8, 1087–1091. https://doi.org/10.1038/s41558-018-0347-y 730 

Roslin, T., Somervuo, P., Pentinsaari, M., Hebert, P.D.N., Agda, J., Ahlroth, P., Anttonen, P., Aspi, J., 731 

Blagoev, G., Blanco, S., Chan, D., Clayhills, T., DeWaard, J., DeWaard, S., Elliot, T., Elo, R., 732 

Haapala, S., Helve, E., Ilmonen, J., Hirvonen, P., Ho, C., Itämies, J., Ivanov, V., Jakovlev, J., 733 

Juslén, A., Jussila, R., Kahanpää, J., Kaila, L., Kaitila, J.-P., Kakko, A., Kakko, I., Karhu, A., 734 

Karjalainen, S., Kjaerandsen, J., Koskinen, J., Laasonen, E.M., Laasonen, L., Laine, E., Lampila, 735 

P., Levesque-Beaudin, V., Lu, L., Lähteenaro, M., Majuri, P., Malmberg, S., Manjunath, R., 736 

Martikainen, P., Mattila, J., McKeown, J., Metsälä, P., Miklasevskaja, M., Miller, M., Miskie, R., 737 

Muinonen, A., Veli-MattiMukkala, Naik, S., Nikolova, N., Nupponen, K., Ovaskainen, O., 738 

Österblad, I., Paasivirta, L., Pajunen, T., Parkko, P., Paukkunen, J., Penttinen, R., Perez, K., 739 

Pohjoismäki, J., Prosser, S., Raekunnas, M., Rahulan, M., Rannisto, M., Ratnasingham, S., 740 

Raukko, P., Rinne, A., Rintala, T., Miranda Romo, S., Salmela, J., Salokannel, J., Savolainen, R., 741 

Schulman, L., Sihvonen, P., Soliman, D., Sones, J., Steinke, C., Ståhls, G., Tabell, J., Tiusanen, 742 

M., Várkonyi, G., Vesterinen, E.J., Viitanen, E., Vikberg, V., Viitasaari, M., Vilen, J., Warne, C., 743 

Wei, C., Winqvist, K., Zakharov, E., Mutanen, M., 2022. A molecular-based identification 744 

resource for the arthropods of Finland. Mol. Ecol. Resour. 22, 803–822. 745 



30 
 

https://doi.org/10.1111/1755-0998.13510 746 

Rott, A.S., Godfray, H.C.J., 2000. The structure of a leafminer-parasitoid community. J. Anim. Ecol. 747 

69, 274–289. 748 

Ruohomäki, K., 1994. Larval parasitism in outbreaking and non-outbreaking populations of Epirrita 749 

autumnata (Lepidoptera, Geometridae). Entomol. Fenn. 5, 27–34. 750 

Ruohomäki, K., Klemola, T., Shaw, M.R., Snäll, N., Sääksjärvi, I.E., Veijalainen, A., Wahlberg, N., 751 

2013. Microgastrinae (Hymenoptera: Braconidae) parasitizing Epirrita autumnata (Lepidoptera: 752 

Geometridae) larvae in Fennoscandia with description of Cotesia autumnatae Shaw, sp n. 753 

Entomol. Fenn. 24, 65–80. 754 

Ruohomäki, K., Tanhuanpää, M., Ayres, M.P., Kaitaniemi, P., Tammaru, T., Haukioja, E., 2000. 755 

Causes of cyclicity of Epirrita autumnata (Lepidoptera, Geometridae): grandiose theory and 756 

tedious practice. Popul. Ecol. 42, 211–223. https://doi.org/10.1007/PL00012000 757 

Saravesi, K., Aikio, S., Wäli, P.R., Ruotsalainen, A.L., Kaukonen, M., Huusko, K., Suokas, M., 758 

Brown, S.P., Jumpponen, A., Tuomi, J., Markkola, A., 2015. Moth outbreaks alter root-759 

associated fungal communities in subarctic mountain birch forests. Microb. Ecol. 69, 788–797. 760 

https://doi.org/10.1007/s00248-015-0577-8 761 

Schott, T., Hagen, S.B., Ims, R.A., Yoccoz, N.G., 2010. Are population outbreaks in sub-arctic 762 

geometrids terminated by larval parasitoids? J. Anim. Ecol. 79, 701–708. 763 

https://doi.org/10.1111/j.1365-2656.2010.01673.x 764 

Schott, T., Ims, R.A., Hagen, S.B., Yoccoz, N.G., 2012. Sources of variation in larval parasitism of 765 

two sympatrically outbreaking birch forest defoliators. Ecol. Entomol. 37, 471–479. 766 

https://doi.org/10.1111/j.1365-2311.2012.01386.x 767 

Sedivý, J., 2004. European species of the genus Phobocampe Forster (Hymenoptera: Ichneumonidae). 768 

Acta Univ. Carolinae Biol. 48, 203–235. 769 

Shaw, M.R., 2017. A few recommendations on recording host information for reared parasitoids. 770 

Hamuli 8, 7–9. https://doi.org/10.3897/JHR.30.4733 771 



31 
 

Shaw, M.R., 1994. Parasitoid host ranges, in: Hawkins, B.A., Sheehan, W. (Eds.), Parasitoid 772 

Community Ecology. Oxford University Press, Oxford, pp. 111–144. 773 

Shaw, M.R., Horstmann, K., Whiffin, A.L., 2016. Two hundred and twenty-five species of reared 774 

western Palaearctic Campopleginae (Hymenoptera: Ichneumonidae) in the National Museums of 775 

Scotland, with descriptions of new species of Campoplex and Diadegma, and records of fifty-776 

five species new to Britain. Entomol. Gaz. 67, 177–222. 777 

Sigut, M., Kostovćik, M., Sigutova, H., Hulcr, J., Drozd, P., Hrcek, J., 2017. Performance of DNA 778 

metabarcoding, standard barcoding, and morphological approach in the identification of 779 

hostparasitoid interactions. PLoS One 12, 1–18. https://doi.org/10.1371/journal.pone.0187803 780 

Sire, L., Yáñez, P.S., Wang, C., Bézier, A., Courtial, B., Cours, J., Fontaneto, D., Larrieu, L., Bouget, 781 

C., Thorn, S., Müller, J., Yu, D.W., Monaghan, M.T., Herniou, E.A., Lopez-Vaamonde, C., 782 

2022. Climate-induced forest dieback drives compositional changes in insect communities that 783 

are more pronounced for rare species. Commun. Biol. 5, e57. https://doi.org/10.1038/s42003-784 

021-02968-4 785 

Skre, O., Wertz, B., Wielgolaski, F.E., Szydlowska, P., Karlsen, S.R., 2017. Bioclimatic effects on 786 

different mountain birch populations in Fennoscandia. Clim. Res. 73, 111–124. 787 

https://doi.org/10.3354/cr01457 788 

Sow, A., Brévault, T., Benoit, L., Chapuis, M.P., Galan, M., Coeur d’acier, A., Delvare, G., Sembène, 789 

M., Haran, J., 2019. Deciphering host-parasitoid interactions and parasitism rates of crop pests 790 

using DNA metabarcoding. Sci. Rep. 9, e3646. https://doi.org/10.1038/s41598-019-40243-z 791 

Srivathsan, A., Lee, L., Katoh, K., Hartop, E., Kutty, S.N., Wong, J., Yeo, D., Meier, R., 2021. 792 

ONTbarcoder and MinION barcodes aid biodiversity discovery and identification by everyone, 793 

for everyone. BMC Biol. 19, e217. https://doi.org/10.1186/s12915-021-01141-x 794 

Stamatakis, A., 2014. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large 795 

phylogenies. Bioinformatics 30, 1312–1313. https://doi.org/10.1093/bioinformatics/btu033 796 

Teder, T., Tanhuanpää, M., Ruohomäki, K., Kaitaniemi, K.R.P., Henriksson, J., 2000. Temporal and 797 



32 
 

spatial variation of larval parasitism in non-outbreaking populations of a folivorous moth. 798 

Oecologia 123, 516–524. https://doi.org/10.1007/s004420000346 799 

Tenow, O., 1972. The outbreaks of Oporinia autumnata Bkh. and Operophthera spp. (Lep., 800 

Geometridae) in the Scandinavian mountain chain and northern Finland 1862-1968. Zool. Bidr. 801 

från Uppsala Suppl. 2, 1–107. 802 

Tenow, O., Bylund, H., 2000. Recovery of a Betula pubescens forest in northern Sweden after severe 803 

defoliation by Epirrita autumnata. J. Veg. Sci. 11, 855–862. https://doi.org/10.2307/3236555 804 

Tenow, O., Nilssen, A.C., Bylund, H., Hogstad, O., 2007. Waves and synchrony in Epirrita 805 

autumnata/Operophtera brumata outbreaks. I. Lagged synchrony: regionally, locally and among 806 

species. J. Anim. Ecol. 76, 258–268. https://doi.org/10.1111/j.1365-2656.2006.01204.x 807 

Tikkanen, O.-P., Roininen, H., Niemelä, P., Tahvanainen, J., Zinovjev, A., 1998. Use of host plants by 808 

Operopthera brumata L. (Lep., Geometridae) during the first recorded outbreak in the 809 

subcontinental boreal zone of Fennoscandia. J. Appl. Entomol. 122, 247–253. 810 

https://doi.org/10.1111/j.1439-0418.1998.tb01491.x 811 

Turchin, P., Wood, S.N., Ellner, S.P., Kendall, B.E., Murdoch, W.W., Fischlin, A., Casas, J., 812 

McCauley, E., Briggs, C.J., 2003. Dynamical effects of plant quality and parasitism on 813 

population cycles of larch budmoth. Ecology 84, 1207–1214. https://doi.org/10.1890/0012-814 

9658(2003)084[1207:DEOPQA]2.0.CO;2 815 

Vindstad, O.P.L., 2014. Cyclically outbreaking geometrid moths in sub-arctic mountain birch forest: 816 

the organization and impacts of their interactions with animal communities. University of 817 

Tromsø. 818 

Vindstad, O.P.L., Hagen, S.B., Jepsen, J.U., Kapari, L., Schott, T., Ims, R.A., 2011. Phenological 819 

diversity in the interactions between winter moth (Operophtera brumata) larvae and parasitoid 820 

wasps in sub-arctic mountain birch forest. Bull. Entomol. Res. 101, 705–714. 821 

https://doi.org/10.1017/S0007485311000277 822 

Vindstad, O.P.L., Hagen, S.B., Schott, T., Ims, R.A., 2010. Spatially patterned guild structure in larval 823 



33 
 

parasitoids of cyclically outbreaking winter moth populations. Ecol. Entomol. 35, 456–463. 824 

https://doi.org/10.1111/j.1365-2311.2010.01201.x 825 

Vindstad, O.P.L., Jepsen, J.U., Ek, M., Pepi, A., Ims, R.A., 2019a. Can novel pest outbreaks drive 826 

ecosystem transitions in northern-boreal birch forest? J. Ecol. 107, 1141–1153. 827 

https://doi.org/10.1111/1365-2745.13093 828 

Vindstad, O.P.L., Jepsen, J.U., Molvig, H., Ims, R.A., 2022. A pioneering pest: the winter moth 829 

(Operophtera brumata) is expanding its outbreak range into Low Arctic shrub tundra. Arct. Sci. 830 

in press. https://doi.org/10.1139/as-2021-0027 831 

Vindstad, O.P.L., Jepsen, J.U., Yoccoz, N.G., Bjørnstad, O.N., Mesquita, M. d. S., Ims, R.A., 2019b. 832 

Spatial synchrony in sub-arctic geometrid moth outbreaks reflects dispersal in larval and adult 833 

life cycle stages. J. Anim. Ecol. 88, 1134–1145. https://doi.org/10.1111/1365-2656.12959 834 

Vindstad, O.P.L., Schott, T., Hagen, S.B., Jepsen, J.U., Kapari, L., Ims, R.A., 2013. How rapidly do 835 

invasive birch forest geometrids recruit larval parasitoids? Insights from comparison with a 836 

sympatric native geometrid. Biol. Invasions 15, 1573–1589. https://doi.org/10.1007/s10530-012-837 

0393-8 838 

Volf, M., Pyszko, P., Abe, T., Libra, M., Kotásková, N., Šigut, M., Kumar, R., Kaman, O., Butterill, 839 

P.T., Šipoš, J., Abe, H., Fukushima, H., Drozd, P., Kamata, N., Murakami, M., Novotny, V., 840 

2017. Phylogenetic composition of host plant communities drives plant-herbivore food web 841 

structure. J. Anim. Ecol. 86, 556–565. https://doi.org/https://doi.org/10.1111/1365-2656.12646 842 

Wirta, H., Várkonyi, G., Rasmussen, C., Kaartinen, R., Schmidt, N.M., Hebert, P.D.N., Barták, M., 843 

Blagoev, G., Disney, H., Ertl, S., Gjelstrup, P., Gwiazdowicz, D.J., Huldén, L., Ilmonen, J., 844 

Jakovlev, J., Jaschhof, M., Kahanpää, J., Kankaanpää, T., Krogh, P.H., Labbee, R., Lettner, C., 845 

Michelsen, V., Nielsen, S.A., Nielsen, T.R., Paasivirta, L., Pedersen, S., Pohjoismäki, J., 846 

Salmela, J., Vilkamaa, P., Väre, H., von Tschirnhaus, M., Roslin, T., 2016. Establishing a 847 

community-wide DNA barcode library as a new tool for arctic research. Mol. Ecol. Resour. 16, 848 

809–822. https://doi.org/10.1111/1755-0998.12489 849 



34 
 

Wylie, H.G., 1960. Insect parasites of the winter moth, Operophtera brumata (L.) (Lepidoptera: 850 

Geometridae) in western Europe. Entomophaga 111–129. 851 

Yang, S., Ruuhola, T., Haviola, S., Rantala, M.J., 2008. Effects of host-plant shift on immune and 852 

other key life-history traits of an eruptive Geometrid, Epirrita autumnata (Borkhausen). Ecol. 853 

Entomol. 33, 510–516. https://doi.org/10.1111/j.1365-2311.2008.01000.x 854 

Yu, F., Chen, F.Q., Yen, S.H., Tu, L.H., Zhu, C.D., Guerrieri, E., Zhang, Y.Z., 2014. Preliminary 855 

phylogeny of the genus Copidosoma (Hymenoptera, Encyrtidae), polyembryonic parasitoids of 856 

Lepidoptera. Syst. Entomol. 39, 325–334. https://doi.org/10.1111/syen.12057 857 

Zhang, J., Kapli, P., Pavlidis, P., Stamatakis, A., 2013. A general species delimitation method with 858 

applications to phylogenetic placements. Bioinformatics 29, 2869–2876. 859 

https://doi.org/10.1093/bioinformatics/btt499  860 



35 
 

Data Accessibility and Benefit-Sharing Section 861 

Data Accessibility Statement 862 

All new barcode sequences generated in this study have been deposited in GenBank (accession 863 

numbers XXXXXX–XXXXXX). The full 168-barcode alignment including also publicly available 864 

reference sequences is available in Supporting Information Data S1, and the phylogenetic trees in 865 

Supporting Information Data S2. Full collection data of our reared specimens as well as 866 

GenBank/BOLD accession numbers of reference sequences included in the full analyses are given in 867 

Supporting Information Table S2. 868 

Benefit-Sharing Statement 869 

Benefits from this research accrue from presenting a publicly available curated parasitoid DNA 870 

barcode database that can be used for basic and applied research on moth outbreaks in northern Europe 871 

and elsewhere. The work was made in compliance with national laws in Norway, Sweden, and 872 

Finland. 873 

Author Contributions 874 

TN, SW, KR, TK, EK, and RN designed research; KR, TK, and TA reared parasitoids for barcoding; 875 

EK, SW, RN, and HH barcoded samples and compiled the sequence dataset; SW, EK, and TN 876 

analyzed the data; TN, MRS, KR, TK, and HH compiled taxonomic and ecological background data; 877 

TN, TK, SW, and KR made figures; TN, EK, and SW wrote the paper with significant inputs from all 878 

coauthors. All authors have read and approved the final manuscript. 879 



●

●●●
●

●

●● ●●
●●
●

●●●

60°N

62°N

64°N

66°N

68°N

70°N

15°E 20°E 25°E 30°E

Finland

Sweden

Norway

E. autumnata and O. brumataE. autumnata● ●●
Parasitoids reared from:

(A) (B)

(C)

(D)

(E)

(F)

Fig. 1. (A) Map of locations in Norway, Sweden, and Finland from which larvae of E. autumnata 
(blue dots) or both E. autumnata and O. brumata (red dots) were collected for rearing of parasitoid 
reference specimens (see legend). Names and coordinates of the study sites are given in Supporting 
Information Table S2. (B–F) Examples of larval and adult parasitoids attacking the two focal 
outbreaking geometrid species: (B) Gregarious ectoparasitic Eulophus sp. larvae feeding on a larva 
of E. autumnata, (C) An endoparasitic Cotesia or Protapanteles sp. larva exiting a larva of E. 
autumnata, (D) Adult female of Zele deceptor, (E) Adult female of Phobocampe tempestiva, and 
(F) Female of Agrypon flaveolatum next to an E. autumnata larva. Photo credits: (B–C, F) Tero 
Klemola, (D–E) Anu Veijalainen (Zoological Museum, Univ. Turku, Finland).
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Fig. 2. The Platygastroidea + Chalcidoidea clade of the full ML tree based on COI barcodes. The 
location of the clade in the full ML barcode tree (Supporting Information Fig. S3) is indicated by 
the square in the inset figure. Specimens reared from E. autumnata and O. brumata are in colored 
fonts that correspond to different inferred species, reference specimens from GenBank and BOLD 
are in bold black font. Moth host species are indicated by symbols, and reference barcodes of 
species known or suspected to attack the focal moth species are indicated by arrows after names 
(see legends). Numbers above branches are bootstrap proportions (only values >70% shown).
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Fig. 3. The Braconidae clade of the full ML tree based on COI barcodes. The location of the clade 
in the full ML barcode tree (Supporting Information Fig. S3) is indicated by the square in the inset 
figure. Specimens reared from E. autumnata and O. brumata are in colored fonts that correspond to 
different inferred species, reference specimens from GenBank and BOLD are in bold black font. 
Moth host species are indicated by symbols, and reference barcodes of species known or suspected 
to attack the focal moth species are indicated by arrows after names (see legends). Numbers above 
branches are bootstrap proportions (only values >70% shown).
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Fig. 4. The Ichneumonidae clade of the full ML tree based on COI barcodes. The location of the 
clade in the full ML barcode tree (Supporting Information Fig. S3) is indicated by the square in the 
inset figure. Specimens reared from E. autumnata and O. brumata are in colored fonts that 
correspond to different inferred species, reference specimens from GenBank and BOLD are in bold 
black font. Moth host species are indicated by symbols, and reference barcodes of species known 
or suspected to attack the focal moth species are indicated by arrows after names (see legends). 
Numbers above branches are bootstrap proportions (only values >70% shown).
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