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Abstract

A major challenge in invasive species management is the detection lag between species introduc-
tion and the official first record, during which undetected populations can spread unchecked.
Citizen science records may theoretically provide earlier warning signals, yet whether they are as
effective for taxonomically challenging groups such as invasive forest wood-boring pests, which
often require specialist identification, as they are for more easily identifiable taxa, remains poorly
evaluated. This study examined 20 invasive forest wood-boring pests and integrated citizen sci-
ence records with official records to construct a dual-scale spatiotemporal comparison framework
at the country level across nations and at the municipal scale in China. We collected 129 official
first records from 49 countries, and after filtering for record completeness and reliability, retained
14,889 citizen science records. Among the 79 matched species—country pairs, citizen science re-
cords showed a strong positive lag, with only 2.5% preceding official records and 3.8% occurring
in the same year. Although the mean time lag decreased from 24.82 years overall to 5.18 years
in the post-2010 subset, positive lags remained dominant. Citizen science recording intensity
was significantly influenced by adult detectability, a composite trait based on adult body size
and adult body coloration (p = 0.010). At the municipal scale in China, we compiled 36 official
species—city records across 11 provinces for invasive pests. Citizen science records supplemented
spatial information but were absent for H. ligniperda and S. noctilio. Overall, for invasive forest
wood-boring pests, the value of citizen science lies more in expanding spatial surveillance and

tracking subsequent spread than in consistently shortening time lag.

Key words: Biological invasions, citizen science, spatial supplementation, species traits, time lag

Introduction

Non-native forest pests are rarely discovered at their initial point of establishment
(Carnegie and Nahrung 2019; Nahrung and Carnegie 2020). Invasive forest
wood-boring pests cause tree mortality, reduce timber value, can alter forest struc-
ture, and impose high management and phytosanitary costs (Nowak et al. 2001;
Aukema et al. 2011; Luo et al. 2023). Additionally, some pests can vector patho-
gens or nematodes, such as the pine wood nematode (Bursaphelenchus xylophilus),
further increasing their potential impacts on forest health (Akbulut and Stamps

107


https://orcid.org/0009-0000-4118-9848
https://orcid.org/0000-0003-2980-4873
https://orcid.org/0009-0006-2935-6862
https://orcid.org/0009-0002-4510-3583
https://orcid.org/0009-0004-2956-4704
https://orcid.org/0000-0001-7725-4226
mailto:bjshijuan@bjfu.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3897/neobiota.109.204328
https://doi.org/10.3897/neobiota.109.204328

Zhashenjiacan Bao et al.: Citizen science and invasive forest wood-boring pests

2012; Back et al. 2024). Movement of pests is facilitated by a variety of interna-
tional trade pathways, including timber, wood packaging materials, and nursery
stock (Meurisse et al. 2019). However, invasive forest bark and wood-boring pests
are usually recognized only after populations have established and begun to spread
(McCullough et al. 2011; Finley and Chhin 2016).

Once an invasion has occurred, management success for regulated or high-risk
pests is largely determined by the scale of the established population when first
detected (Reaser et al. 2020). Frequently there is a substantial time lag between es-
tablishment and detection (Carnegie and Nahrung 2019; Nahrung and Carnegie
2020; MacLachlan et al. 2021). From the first introduction to confirmed estab-
lishment (typically first documented through research or field monitoring), fol-
lowed by the official first record (the subsequent formal report by a governmental
or regulatory authority), and the initiation of management responses, the period
often spans several years or even longer. During this gap, cryptic invasive popula-
tions expand and potentially form multiple disjunct populations, thereby reducing
the probability of successful eradication. Hence, problems that early intervention
might have resolved then become long-term management challenges (Rouget et
al. 2016). For non-native forest pests, reliable confirmation may require expert
taxonomic identification or, in some cases, molecular evidence, further delaying
official first reports (Wu et al. 2017; Hamelin and Roe 2020; Nahrung et al. 2023).
Consequently, existing trade pathway risk studies can answer the question of where
new invasions may occur, but they struggle to address an equally pressing question
of how to detect invasions at an earlier stage.

In this context, citizen science provides a potential pathway to reduce the time
lag in the detection of new establishment (Crain et al. 2014). Using mobile devic-
es and open online platforms, citizen science can potentially accumulate species
occurrence records across broader spatial scales and higher temporal frequencies.
These records can function as a form of passive or general surveillance across broad
areas that professional surveys struggle to monitor continuously (Bonney et al.
2009; Dickinson et al. 2010). In theory, this form of distributed surveillance may
capture sparse but reliable records at early stages of invasion, thereby advancing
the timing of detection. However, the quality and reliability of citizen science data
have long been widely discussed (Kosmala et al. 2016; Wittmann et al. 2019).
These concerns arise from differences in participants’ knowledge and skills, as well
as the inherently uncontrolled and unpredictable nature of data collection (Crall
et al. 2011; Arazy and Malkinson 2021). Thus, whether citizen science can sup-
port the rapid detection of newly established invasive species remains debated. In
particular, it remains unclear whether citizen science effectively reduces the time
lag between establishment and detection, or whether the shorter lags observed in
recent years partly reflect the fact that more people were using citizen science plat-
forms when these species were officially detected.

Gonzdlez-Moreno et al. (2025) compared citizen science first records with of-
ficial first records from government surveillance to evaluate their contribution to
the early detection of non-native species. They showed that citizen science records
can support early detection, but that their contribution depends strongly on spe-
cies traits, invasion context, and recording intensity. Their analysis covered highly
heterogeneous taxa and ecological types, including plants and animals as well as
aquatic and terrestrial organisms. Such broad taxonomic and ecological hetero-
geneity may obscure patterns within specific groups. Therefore, globally invasive
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forest wood-boring pests provide a critical test case for evaluating the limits of
citizen-science-based early detection. However, forest wood-boring pests are not
uniformly cryptic. Bark and ambrosia beetles, such as Hylurgus ligniperda (Ren
et al. 2021; Bao et al. 2025) and Xylosandrus crassiusculus (Gallego et al. 2017),
are generally small and concealed within host tissues, making them difficult for
non-specialists to detect and identify (Luo et al. 2023). In contrast, larger longhorn
beetles or visually distinctive buprestids, such as Anoplophora glabripennis (Cui et
al. 2022) and Agrilus planipennis (Bray et al. 2011), are more likely to be noticed,
photographed, and uploaded by the public. Such contrasts suggest that citizen
science records are unlikely to be equally effective across all forest wood-boring
pests, but are likely to be shaped by species detectability, symptom visibility, and
public reporting effort. Here, we assess the contributions and limitations of citizen
science records for invasive forest wood-boring pests. We selected 20 representa-
tive invasive forest wood-boring pests with documented established populations
outside their native ranges, including buprestid beetles, longhorn beetles, bark
and ambrosia beetles, and woodwasps. We compared official first records with
citizen science first records for each species—country combination. We analysed
which species traits and aspects of public awareness (e.g., adult body size, adult
body coloration, research attention, and public attention) were associated with
citizen science recording intensity. We conducted a finer-scale regional analysis in
China to assess whether citizen science records supplement the spatial coverage
of official records, and to descriptively examine whether public beetle-recording
effort spatially corresponds with log-import trade value, as a potential proxy for
introduction risk. By addressing these questions, we aim to demonstrate whether
citizen science records can play an important early warning role and serve as an
effective complement to official monitoring for invasive forest wood-boring pests,
compared to conspicuous or large plants and animals.

Materials and methods
Data collection

Focal species selection

We selected 20 invasive forest wood-boring pests as focal species for this study.
These belonged to Buprestidae, Cerambycidae, Curculionidae, and Siricidae. The
selected species represent a wide range of public detectability, from small and cryp-
tic bark or ambrosia beetles to larger and more noticeable longhorn beetles and bu-
prestids. To confirm their status as invasive forest wood-boring pests, we checked
four evidence sources: EPPO Global Database, CABI Compendium, Global Inva-
sive Species Database (GISD), and scientific publications. A species was defined as
invasive when at least one authoritative source provided evidence of establishment
or invasion (Table 1). From the species that met this invasion criterion, we fur-
ther applied three inclusion rules: (1) association with forest trees or woody plants
(i.e., wood-boring habit); (2) availability of verifiable official first records at the
country level; and (3) presence of occurrence records in GBIF (Global Biodiversity
Information Facility) that were from a recognised citizen science platform. The
resulting dataset therefore represents a set of focal, well-documented invasive forest
wood-boring pests, rather than a complete global inventory of this group.
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Table 1. Non-native forest wood-boring pests evaluated for categorization as invasive species based on evidence from four sources: (1) EPPO
Global Database (EPPO: https://gd.eppo.int); (2) CABI Compendium (CABI: https://www.cabidigitallibrary.org); (3) Global Invasive Spe-

cies Database (GISD: https://www.iucngisd.org); and (4) scientific publications retrieved from the literature search. Y = evidence of alien

establishment, invasion, impact, quarantine relevance, or documented pest status;

Family

Buprestidae

Buprestidae

Buprestidae

Buprestidae

Cerambycidae
Cerambycidae
Cerambycidae
Cerambycidae
Cerambycidae
Cerambycidae
Cerambycidae
Cerambycidae
Curculionidae
Curculionidae
Curculionidae
Curculionidae
Curculionidae
Curculionidae
Curculionidae

Siricidae

« »

= absent or no usable evidence found in that source.

Species name Common name EPPO = CABI GISD pfli;f::tllf(i)cns Outcome
Agrilus bilineatus Two-lined chestnut borer Y Y - Y Invasive
Agrilus mali Apple buprestid Y Y - Y Invasive
Agrilus planipennis Emerald ash borer Y Y Y Y Invasive
Agrilus sulcicollis European oak borer Y Y - Y Invasive
Anoplophora chinensis Citrus longhorned beetle Y Y Y Y Invasive
Anaplophora glabripennis Asian longhorned beetle Y Y Y Y Invasive
Aromia bungii Red-necked longhorn beetle Y Y - Y Invasive
Callidiellum rufipenne Japanese cedar longhorned beetle Y Y - Y Invasive
Phoracantha recurva Yellow phoracantha borer Y Y - Y Invasive
Phoracantha semipuncrata Eucalyptus longhorned borer Y Y - Y Invasive
Trichoferus campestris Velvet longhorned beetle Y Y - Y Invasive
Xylotrechus chinensis Tiger longicorn beetle Y Y - Y Invasive
Dendroctonus valens Red turpentine beetle Y Y Y Y Invasive
Hylurgus ligniperda Red-haired pine bark beetle Y Y Y Invasive
Ips grandicollis Eastern five-spined bark beetle Y Y - Y Invasive
Tomicus piniperda Pine shoot beetle Y Y Y Y Invasive
Xyleborus glabratus Redbay ambrosia beetle Y Y Y Y Invasive
Xylosandrus crassiusculus Granulate ambrosia beetle Y Y - Y Invasive
Xylosandrus germanus Black stem borer Y Y - Y Invasive
Sirex noctilio Sirex woodwasp Y Y Y Y Invasive

Official first records

We collected official first records of invasive forest wood-boring pests for each fo-
cal species from official reports, peer-reviewed publications, authoritative databases,
and supporting gray literature (e.g., the EPPO Reporting Service), following the ap-
proach of Gonzélez-Moreno et al. (2025). Primary ofhicial first reports and peer-re-
viewed first-record publications were prioritized whenever available. In addition,
supplementary records were extracted from the Alien Species First Record Database
(Seebens et al. (2018), https://zenodo.org/records/3690748), to cross-check and
complete the dataset. When necessary, we further supplemented the dataset using in-
formation from authoritative institutions, such as the Food and Agriculture Organi-
zation of the United Nations (FAO, https://www.fao.org/forestry-fao/pests/99504/
en/) and the United States Department of Agriculture Forest Service (USDA, https://
research.fs.usda.gov/nrs/products/dataandtools/alien-forest-pest-explorer).

For each record, priority was given to the first detection date, including sampling
date or official confirmation date, rather than the publication date. Key information
extracted from each invasive record included species name, geographic location, de-
tection date, reported status, evidence type, and source citation. The final database
compiled 129 species—country records from 49 countries (Suppl. material 1: table S1).

At the municipal scale in China, we focused on four invasive forest wood-boring
pests with documented occurrence in China: D. valens, H. ligniperda, S. noctilio,
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and P semipunctata. Official records were collected at the species-city level from
scientific publications. For each record, we extracted the species name, province,
city, record year, date precision, occurrence status, establishment status, geographic
coordinates when available, and reference source.

To characterize log-import trade value at the province level, we obtained customs
import data for HS 4403 from the Customs Statistics database of the General Ad-
ministration of Customs of the People’s Republic of China. HS 4403 refers to “wood
in the rough, whether or not stripped of bark or sapwood, or roughly squared”. We
selected import flow, monthly statistics, importer locations, and Renminbi Yuan
as the currency, and summarized cumulative import value for each province-level
unit during 2015-2025 (Suppl. material 2). Because this dataset records importer
locations rather than exact port-of-entry locations, HS 4403 import value was used
only as a coarse proxy for log-import trade value, not as a full pathway-risk model.

Citizen science records

We used GBIF as the source for candidate citizen science occurrence records. For
each focal species, we retrieved records using scientific names and then applied a
stepwise filtering procedure to identify citizen derived observations. GBIF records
categorized as “Human Observation” were used only as an initial filter because
this category may also include professional surveys, institutional monitoring, or
other non-citizen-science datasets. We further retained only records with an occur-
rence status of “present” and valid geographic coordinates (latitude and longitude),
resulting in 52,898 records before source-field filtering (GBIF download: DOI:
https://doi.org/10.15468/dl.rwk3gq, 26 May 2026; accessed 26 May 2020).

To retain only records from publicly contributed occurrence observations, we
screened records based on GBIF source fields, including datasetName, institution-
Code, and collectionCode. Records from professional surveys, institutional moni-
toring programs, museum collections, expert datasets, historical records, and sourc-
es with unclear public participation were excluded from the citizen science dataset.
After source-field filtering, we retained records from seven citizen science datasets
(e.g., iNaturalist, Artportalen, and BioDiversity4All) (Suppl. material 1: table S2).
In total, we obtained 14,889 citizen science records from 70 countries and areas for
subsequent analyses. For each species—country combination, we extracted the ear-
liest year of a citizen science record among the species’ occurrences in that country.

To evaluate whether citizen science records can supplement official records, we
used the strictly filtered citizen science dataset and extracted all China records
using countryCode = CN. We first compiled all retained China citizen science
records for the 20 focal species to describe overall distribution patterns across spe-
cies and provincial-level regions. Subsequently, we further filtered citizen science
records of four invasive forest wood-boring pests in China and compared them
with official city-level records.

In addition to citizen science records for focal invasive forest wood-boring pests, we
further downloaded Coleoptera citizen science records in China from 2010 to 2025 to
understand the overall trend of public beetle recording activity. The download filters
included taxon = Coleoptera, country = China, dataset = iNaturalist Research-grade
Observations, basis of record = Human Observation, occurrence status = present,
presence of geographic coordinates, and exclusion of records with obvious geospatial
issues. To reduce boundary-related errors, subsequent analyses required records to
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simultaneously meet three conditions: countryCode = CN, level0Gid = CHN, and
levelOName = China. The Coleoptera dataset was downloaded from GBIF on 10
June 2026 (GBIF download DOI: https://doi.org/10.15468/dl.wwgtx8).

Species traits, attention, and record availability

Following the analytical logic of Gonzalez-Moreno et al. (2025), we compiled tax-
onomic information, species traits, species attention, and citizen science records
that may influence citizen science recording intensity. Taxonomic information in-
cluded order, family, and species based on the Catalogue of Life (https://www.
catalogueoflife.org/). Species traits included adult body size and adult body col-
oration, sourced from scientific publications and official reports. Adult body size
was categorized as small (< 10 mm), medium (> 10-20 mm), and large (> 20 mm)
(Suppl. material 1: table S3). Adult body coloration was classified as conspicuous
(brightly colored, metallic, or high-contrast) or inconspicuous (dull-colored, dark,
or cryptic) (Suppl. material 1: table S4). Adult detectability was classified as high
detectability (> 10 mm or conspicuous) and low detectability (< 10 mm and in-
conspicuous) based on both adult body size and adult body coloration.

Species attention included research attention and general public attention. Re-
search attention was measured by the number of search results retrieved from Sco-
pus and Web of Science using both scientific and common names (accessed on 12
May 2026) (Suppl. material 1: table S5). General public attention was measured
using Google Trends. We selected Drosophila melanogaster as a baseline search term
because it is one of the classic model insects, widely used in scientific research and
commonly encountered by the public. For each focal species, we queried its scien-
tific name together with the baseline term, D. melanogaster, and used the resulting
Google Trends relative search indices to calculate mean (google mean) and cumu-
lative search interest (google sum) from 2010-01-01 to 2026-05-12 (Suppl. ma-
terial 1: table S6). Finally, we calculated the number of citizen science records per
species (NumRecCS species) based on the strictly filtered citizen science records.

Statistical analyses
Definition and calculation of time lag

To quantify whether citizen science first records occurred earlier or later than official
first records, we defined a time lag at the species—country level as the citizen science
first record year minus the official first record year (Gonzélez-Moreno et al. 2025):

4 Tlag =Y cs Yoﬁmz

where ¥ . represents the official first record and Y represents the citizen science
first record.

The interpretation of AT] is as follows:

A Tlag > 0: indicates that the citizen science first record is later than the official first
record;

A Tlag = 0: indicates that both records occurred in the same year;

ATlag < 0: indicates that the citizen science first record is earlier than the official
first record.
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Statistical analysis of the time lag at the national scale

At the national scale, species—country combinations were used as the basic ana-
lytical units. Only combinations with both an official first record and a citizen
science first record were included in the paired time-lag analysis. For each valid
record pair, the time lag (47] ) was calculated and summarized using descrip-
tive statistics to characterize the overall direction and magnitude of time lags.
Due to the relatively recent expansion of citizen science platforms, especially
after 2010 (Price-Jones et al. 2022), we analyzed time lag using three tempo-
ral subsets: all records, records from 2000 onwards, and records from 2010
onwards. We also calculated annual mean A7, against the official first record
year to visualize temporal trends. In addition to these temporal subsets, we
examined 4 Tlag as a continuous function of the official first record year (Y;ﬁmﬂl)
across all valid species—country pairs. We used Spearman correlation to assess
the strength and direction of this relationship without assuming linearity, and
Theil-Sen robust regression (the median of all pairwise slopes) to estimate the
slope of the linear trend, as this approach is less sensitive to outliers than
ordinary least squares. Because several species were represented by multiple
species—country pairs, we additionally estimated cluster-robust standard errors
(clustered by species) for the linear trend to account for non-independence
among repeated observations of the same species.

Statistical analysis of species-level predictors

We used the number of citizen science records per species as the response
variable to evaluate which species trait variables were associated with citizen
science recording intensity. Because some count-based variables were high-
ly right-skewed, citizen science record number and attention variables were
log1p-transformed to reduce the influence of extremely high values. For each
candidate species trait, we assessed its association with citizen science record-
ing intensity using nonparametric univariate tests appropriate to its data type
(Spearman rank correlation for continuous predictors: adult body size, research
attention, and public attention; Mann-Whitney U test for binary categorical
predictors: adult body coloration and adult detectability; and Kruskal-Wallis
test for multi-level categorical predictors: adult body size class and family, fol-
lowed by pairwise Mann-Whitney U tests with Holm correction for post-hoc
comparisons). We then fitted single-predictor linear regression models for the
same set of predictors and compared them using AICc to identify the best-sup-
ported predictor of citizen science recording intensity. Because adult detect-
ability is a composite trait combining adult body size and body coloration,
models combining these variables were not included in the candidate set to
avoid redundancy.

To assess whether the observed association between species traits and citizen
science recording intensity could be confounded by factors unrelated to de-
tectability, we additionally tested two potential confounding variables against
recording intensity using Spearman correlation: range size, calculated as the
number of countries with an official first record for each species, and invasion
history length, calculated as the number of years between each species’ earliest
official first record and 2025.

NeoBiota 109: 107-128 (2026), DOI: 10.3897/neobiota.109.204328 113



Zhashenjiacan Bao et al.: Citizen science and invasive forest wood-boring pests

Spatial structure analysis at the municipal scale in China

At the municipal scale in China, city-level administrative units were used as the basic
spatial units. Based on record sources, each species-city unit was classified into three
categories: official records only, citizen science records only, and records from both
sources. The classification results were visualized using administrative boundary data
to produce spatial distribution maps. Different record-source categories were sym-
bolized using attribute fields. A national tree canopy cover layer (https://zenodo.
org/records/11047925) was overlaid only as contextual background to illustrate the
correspondence between occurrence records and forested areas (Cai et al. 2024).

Statistical analysis of China-scale Coleoptera records and log-import
trade value

We summarized annual Coleoptera citizen science records in China from 2010 to
2025 to describe temporal changes in public beetle-recording activity. Coleoptera
records were then aggregated at city and province-level administrative units, and
log1p-transformed record numbers were used for spatial visualization to reduce the
influence of extremely high record counts. To explore the spatial relationship between
public beetle-recording effort and log-import trade value, we compared province-lev-
el Coleoptera records with cumulative HS 4403 import value during 2015-2025 and
tested their association using Spearman’s rank correlation. To assess whether this asso-
ciation could be inflated by spatial clustering, we additionally tested for spatial auto-
correlation using Moran’s /, based on queen contiguity neighbors among provinces.

Visualization and statistical implementation

All statistical analyses were conducted in Python 3.8, using the pandas, numpy,
scipy, matplotlib, and seaborn libraries for data processing and visualization. Spa-
tial analyses of municipal-scale patterns in China were performed using ArcGIS
Pro 3.6 (Esri, Redlands, CA, USA). Final figure layout and graphical refinement
were completed in Adobe Illustrator 2023 (Adobe Inc., San Jose, CA, USA).

Results
National-scale citizen science coverage and time-lag patterns

We compiled 129 official first species—country records for 20 invasive forest wood-bor-
ing pests across 49 countries (Suppl. material 1: table S1). After strict filtering of GBIF
source fields, we retained 14,889 citizen science occurrence records from 70 countries
and areas. These records yielded 234 species—country combinations with citizen science
first records. For the paired time-lag analysis, only species-country combinations with
both an official first record and a citizen science first record were retained. This pro-
duced 79 valid record pairs involving 17 species and 38 countries. A. mali, A. bilineatus,
and 1. grandicollis had no matched citizen science first records (Fig. 1).

Across the 79 matched pairs, citizen science first records were predominantly
later than official first records (Suppl. material 1: fig. S1). Citizen science first
records preceded official records in only 2 cases (2.5%), occurred in the same year

in 3 cases (3.8%), and followed official records in 74 cases (93.7%). The overall
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20 invasive forest wood-boring pests

Official first records GBIF occurrence records

Q Official reports

O Peer-reviewed publications

O GBIF download

O Strict soyurce-field filtering

O Authoritative databases

Q Grey literature

Yorricial

129 official species—country records from 49 countries
36 official species—city records from 11 provinces

Time lag analysis
Q ATiag = Yes - Yoficial
O 79 matched
species-country pairs
Q Full dataset
Q Post-2000 subset

Q Post-2010 subset

O Retain ohly citizen-science
platform records

YC S

14,889 retained citizen-science records
Species traits analysis Spatial analysis within China

Qa Family @ Citizen-science spatial
distribution in China
O Adult body size

O Adult body coloration o » .
o Official vs citizen-science
0 Adult detectability spatial comparison

O Research attention

Q Public attention @ Spatial supplementation

Figure 1. Workflow of data collection, citizen science filtering, and analyses. The study included 20 invasive forest wood-boring pests

from four families. Official first records were collected from official reports, peer-reviewed publications, authoritative databases, and gray

literature, yielding 129 official species—country records from 49 countries and 36 official species—city records from 11 provinces in China.

GBIF occurrence records were filtered using source-field information to retain records from citizen science platforms, resulting in 14,889

retained citizen science records. The final datasets were used for time lag analysis, species-trait analysis, and spatial analysis within China.

time lag was strongly positive, with a mean of 24.82 + 3.24 years (SE) and a
median of 15 years. This difference gradually decreased when the analysis was re-
stricted to time closer to the widespread use of citizen science platforms. The mean
time lag decreased to 8.47 years in the post-2000 subset (Suppl. material 1: fig.
S2) and 5.18 years in the post-2010 subset (Fig. 2a) (Table 2). However, positive
time lags remained dominant across all temporal subsets, even after restricting the
analysis to the post-2000 and post-2010 periods. This temporal pattern coincided
with the annual trend in the filtered citizen-science GBIF records (Fig. 2b), which
increased markedly after 2010 and especially in recent years. Annual mean A7,
also declined over time and approached zero after 2010, with some negative values
in recent years (Fig. 2c), suggesting that the reduction in A7] partly reflects the
increasing availability of citizen science data.

Beyond the three temporal periods shown in Fig. 2, we further examined A7;
as a continuous function of ¥/ ficiat ACTOSS all 79 species—country pairs (Fig. 3). This
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Distribution of time lag (AT,,) after 2010
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Figure 2. Detection time lag and temporal trend for invasive forest wood-boring pests. a. Distribution of the time lag (47] ) between
official first records and citizen science first records at the national scale after 2010; b. Temporal trend of the filtered citizen science GBIF

records up to 2025; ¢. Temporal trend of annual mean time lag (47] ). Grey dotted lines indicate 2000 and 2010.

Table 2. Detection time lag after 2010 for invasive forest wood-boring pests.

No Species Country AT, lag Y el Y
1 C. rufipenne Serbia 14 2011 2025
2 C. rufipenne Portugal 12 2013 2025
3 X crassiusculus Australia 11 2011 2022
4 X crassiusculus France 11 2014 2025
5 P recurva Cyprus 8 2014 2022
6 X chinensis Spain 8 2013 2021
7 A. bungii Ttaly 7 2012 2019
8 A. planipennis Ukraine 4 2019 2023
9 A. bungii Japan 4 2012 2016
10 | C rufipenne Netherlands 4 2018 2022
11 | A chinensis Turkey 3 2014 2017
12 | C rufipenne Sweden 2 2017 2019
13 | X chinensis Greece 2 2017 2019
14 | X chinensis France 1 2018 2019
15 | X chinensis Italy 0 2023 2023
16 | P semipunctata China -2 2024 2022
17 1! campestris Hungary -1 2010 2009
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Figure 3. Continuous relationship between the year of official first record and citizen science detection time lag across all 79 species—
country pairs. The green line shows the Theil-Sen robust trend estimate; the dashed red line marks zero lag. The dotted gray line marks

approximately 2010.

continuous analysis revealed a strong, significant declining trend (Spearman’s p =
-0.84, p < 0.001; Theil-Sen robust slope = -0.92 years per year, 95% CI: -4.52
to 2.76). This trend remained significant after accounting for non-independence
among repeated species using cluster-robust standard errors (slope = -0.93, clus-
ter-robust SE = 0.048, p < 0.001, clustered by 17 species).

Species traits shape citizen science recording intensity

We explored species traits that could influence citizen science recording intensity.
Recording intensity varied strongly among species, ranging from 15 records in
X glabratus to 4,174 records in A. planipennis (Suppl. material 1: fig. S3). Adult
body size was positively associated with citizen science recording intensity, with
larger species tending to have more citizen science records (Spearman’s p = 0.52, p =
0.022; Table 3). However, adult body size class and adult body coloration were not
significantly associated with recording intensity (p = 0.085 and p = 0.051, Table 3).
In contrast, adult detectability, a composite trait combining adult body size and
adult body coloration, was significantly associated with recording intensity, with
high-detectability species having more citizen science records than low-detectabil-
ity species (Mann—Whitney U = 72.0, p = 0.010; Table 3). Research attention was
not associated with citizen science recording intensity, and public attention showed
only a non-significant positive trend (p = 0.689, p = 0.085, Table 3). Family-lev-
el differences were also detected overall (Kruskal-Wallis /£ = 6.219, p = 0.045;
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Table 3. Species-level predictors of citizen science recording intensity.

Predictor Test Comparison Statistic p value
Adult body size Spearman correlation Positive association 0=0.522 0.022
Adult body size class Kruskal—Wallis test Small vs medium vs large H=4.923 0.085
Adult body coloration | Mann—Whitney U test | Conspicuous > inconspicuous | U= 68.0 0.051
Adult detectability Mann—-Whitney U test High > low U=72.0 0.010
Research attention Spearman correlation No association 0=-0.098 0.689
Public attention Spearman correlation Positive trend 0 =0.406 0.085
Family Kruskal-Wallis test Among families H=6.219 0.045

Note: The response variable was log1p-transformed citizen science record number. A. mali was excluded because
no citizen science records remained after strict filtering. Significant results are shown in bold (p < 0.05).

Table 4. Spearman’s rank correlations of range size (no. of countries with official records) and inva-

sion history length (years since first official record) with citizen science recording intensity.

Predictor Q P
Range size 0.350 0.142
Invasion history length -0.035 0.886

Note: p > 0.05 indicates no statistically significant association.

Table 3), but this pattern was not emphasized because pairwise differences were
not significant after Holm correction (Suppl. material 1: fig. S4). Candidate mod-
el comparison further identified adult detectability as the best-supported single
predictor of citizen science recording intensity (AAICc = 0) (Suppl. material 1:
fig. S5). In addition, we also found that citizen science records were unevenly dis-
tributed among countries, with the largest numbers recorded in the United States
(3,969), Sweden (2,656), and China (1,540), whereas substantially fewer records
were available from many other countries (Suppl. material 1: fig. S6).

Neither range size (g = 0.350, p = 0.142) nor invasion history length (¢ = -0.035,
p = 0.886) was significantly associated with citizen science recording intensity
(Table 4), indicating that the observed association between adult detectability and
recording intensity is unlikely to be confounded by these two factors.

Spatial distribution patterns of citizen science and official records of
invasive forest pests at the municipal scale in China

At the municipal scale in China, we collected 36 official species-city records of
invasive forest wood-boring pests across 11 provinces (Suppl. material 1: table
S7). These records included D. valens (16), S. noctilio (13), H. ligniperda (6), and
P semipunctara (1). In contrast, strict filtering of GBIF citizen science records re-
tained 1,318 occurrences from nine focal forest wood-boring pests in China, in-
cluding 5 native and 4 non-native species. These records were highly uneven among
species and were dominated by three conspicuous longhorn beetles: A. chinensis
(614 records, 46.6%), A. bungii (371 records, 28.1%), and A. glabripennis (252
records, 19.1%), which together accounted for 93.9% of all retained China cit-
izen science records. Spatially, these records were concentrated in eastern China,
including Beijing, Zhejiang, Shandong, Shanghai, and Jiangsu, which together
accounted for 757 records, representing 57.5% of the records with province-level
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Figure 4. Spatial distribution of official records and citizen science records for four invasive forest wood-boring pests at the municipal scale

in China. Panels (a—d) represent H. ligniperda, D. valens, S. noctilio, and P semipunctata, respectively. Red indicates municipal units with

official records only, orange indicates municipal units with citizen science records only, blue indicates municipal units with records from

both data sources, and green indicates the background distribution of tree cover.

information. In contrast, many inland or northwestern regions had few records.
However, of the four invasive species documented by official records in China
(Fig. 4), only P semipunctata (five records) and D. valens (one record) were rep-
resented in citizen science data, with five and one record, respectively. No citizen
science records were available for H. ligniperda or S. noctilio. Notably, the citizen
science first record of P semipunctata was from 2022, preceding its official first
record in 2024, and records were found in both Guangdong and Yunnan, whereas
our compiled official records documented the species only from Guangdong.

We analyzed Coleoptera citizen science records in China from 2010 to 2025.
Annual Coleoptera citizen science records increased markedly, especially after 2021
(Fig. 5a). Spatially, Coleoptera records were highly uneven across China, with re-
cords concentrated mainly in eastern coastal provinces and parts of southwestern
China, whereas northwestern China had relatively few records (Fig. 5b, Table 5).
We further compared province-level Coleoptera records with cumulative HS 4403
wood-in-the-rough import value during 2015-2025 and found a significant posi-
tive correlation (Spearman’s g = 0.62, p < 0.001, n = 30), suggesting partial spatial
overlap between Coleoptera citizen science records and log-import trade value.
However, Moran’s / tests indicated significant residual spatial autocorrelation in
this relationship (Moran’s 7/ = 0.24, p = 0.007), suggesting that the convention-
al p-value may be anti-conservative due to spatial clustering among neighboring
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Figure 5. Temporal and spatial patterns of Coleoptera citizen science records in China. a. Annual number of GBIF-indexed Coleoptera

citizen science records in China from 2010 to 2025; b. Spatial distribution of city-level Coleoptera citizen science records in China. Points

represent city-level units, and point size indicates the log-transformed number of Coleoptera records.

provinces. Their spatial patterns were not fully matched. Yunnan had high Cole-
optera records but relatively low HS 4403 import value. Conversely, Heilongjiang,
Tianjin, Chonggqing, and Inner Mongolia had relatively high HS 4403 import val-
ue but lower Coleoptera recording effort. These results suggest that eastern coastal
provinces and major import-associated regions remain important areas requiring
continued biosecurity attention for invasive forest wood-boring pests.

Discussion

Citizen science records are an effective tool for the detection of invasive species
(De Groot et al. 2022; Pocock et al. 2024). In theory, the denser observation
networks and lower barriers to participation may allow useful records to be more
quickly transformed into usable evidence, thereby shortening the time of detection
(Dickinson et al. 2010). However, it is unclear whether citizen science can ade-
quately detect forest wood-boring pests, which are highly cryptic and often require
professional diagnostic tools for accurate identification (Wu et al. 2017; Bao et al.
2025). The surveillance value of citizen science records depends on many factors,
including species traits, observer activity, platform availability, photographic evi-
dence, and expert validation.

The distribution of time lags

Following the research approach of Gonzdlez-Moreno et al. (2025), we treated the
time lag as the difference between the official first records and the citizen science
first records at the country level. This metric should be interpreted as a country-lev-
el evidence lag rather than as a true lag from actual introduction, as a species may
already have been present and spreading undetected before either type of record
was made. Our results indicate that, at the national scale, citizen science records
of invasive forest wood-boring pests did not systematically precede official first
records, and only in a few cases did they detect species earlier than official monitor-
ing. Across the 79 matched species-country pairs, citizen science first records pre-
ceded ofhicial first records in only two cases. Although the mean time lag decreased
in the post-2000 and post-2010 subsets, positive lags remained dominant. There-
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Table 5. Province-level comparison between Coleoptera citizen science records and HS 4403 import

value in China.

Province-level | Coleoptera | Coleoptera HS 4403 import value, HS 4403 Rank
unit records rank 2015-2025 (billion RMB) rank difference
Zhejiang 7807 1 102.792 2 1
Beijing 5601 2 58.582 5 3
Guangdong 3277 3 43.898 6 3
Yunnan 3249 4 2.977 19 15
Jiangsu 3241 5 106.515 1 -4
Fujian 2369 6 76.471 3 -3
Shandong 2196 7 41.710 8 1
Anhui 1674 8 4.701 16 8
Shanghai 1272 9 64.878 4 -5
Jiangxi 1164 10 1.289 20 10
Sichuan 1040 11 5.018 15 4
Hubei 1002 12 10.183 11 -1
Guizhou 875 13 0.042 26 13
Hunan 837 14 3.619 17 3
Guangxi 813 15 3.487 18 3
Henan 725 16 0.171 24 8
Jilin 706 17 1.197 21 4
Hebei 596 18 5.387 14 -4
Hainan 593 19 0.302 22 3
Liaoning 590 20 11.535 10 -10
Shaanxi 493 21 0.040 27 6
Inner Mongolia 450 22 17.037 9 -13
Heilongjiang 352 23 42767 7 -16
Shanxi 263 24 0.048 25 1
Chonggqing 258 25 9.264 12 -13
Xinjiang 198 26 0.251 23 -3
Tianjin 168 27 6.216 13 -14
Gansu 151 28 0.010 28 0
Qinghai 80 29 0.003 29 0
Ningxia 27 30 <0.001 30 0

Note: Coleoptera records refer to GBIF-indexed citizen science records from 2010 to 2025 after strict geographic
filtering. HS 4403 import value refers to cumulative wood-in-the-rough import value during 2015-2025 and
is expressed in billion RMB. Ranks were assigned in descending order, with rank 1 indicating the highest value.
Rank difference was calculated as HS 4403 rank minus Coleoptera rank. Negative values indicate province-level
units where HS 4403 import value ranked higher than Coleoptera records, whereas positive values indicate prov-
ince-level units where Coleoptera records ranked higher than HS 4403 import value.

fore, for forest wood-boring pests, the primary role of citizen science is unlikely
to be early warning; rather, it is more likely to function as a spatial complement
to existing monitoring systems, thereby broadening our understanding of their
distribution patterns. For example, after X. crassiusculus was first detected in New
Zealand through routine surveillance, Biosecurity New Zealand asked the public
to report possible sightings and signs to help assess whether a wider population was
present (Biosecurity New Zealand 2019; Ministry for Primary Industries 2019).
However, the few negative-lag cases should nevertheless not be overlooked. Citizen
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science first records preceded official first records for P semipunctata in China and
1" campestris in Hungary. In China, citizen science records of P semipunctata fur-
ther supplemented official records by adding Yunnan to the known occurrence
information. This suggests that citizen science records can sometimes supplement
spatial information. Nevertheless, because our analysis was restricted to GBIF-in-
dexed citizen science platforms, it did not include non-platform public reports
submitted directly to biosecurity agencies, diagnostic services, or local reporting
schemes. Such records may also contribute to general surveillance and biosecu-
rity responses but are often not represented in large biodiversity platforms (Paw-
son et al. 2020). The continuous decline in time lag with more recent official
records (Fig. 3) likely reflects the growing adoption of citizen science platforms
since around 2010, rather than a fixed or steadily improving detection capacity; we
therefore avoid extrapolating this trend beyond the observed data.

Detectability and identification difficulty constrain citizen science
recording for invasive forest wood-boring pests

Our results showed that citizen science first records generally lagged behind offi-
cial first records. Many invasive forest wood-boring pests have cryptic life stages,
with larvae developing within the xylem or phloem, and adults often being small,
seasonal, or short-lived (Avtzis and Lakatos 2021). These traits reduce the likeli-
hood that such species are encountered, photographed, and uploaded compared
with more conspicuous foliar-feeding pests or flower-visiting insects. In addition,
this group includes many closely related species (Justesen et al. 2023), and formal
morphological identification may require subtle diagnostic characters, specialist
knowledge, or microscopic examination (Armendariz-Toledano and Zaniga 2017).
However, identification difficulty should not be interpreted as an absolute limita-
tion of citizen science. Highly engaged amateur naturalists and expert contributors
can detect and recognize cryptic or unusual species, particularly when they have
strong local knowledge of the fauna. Our analysis of species traits supports this
interpretation. Adult detectability, a composite variable combining adult body size
and adult body coloration, was significantly associated with citizen science record-
ing intensity (p = 0.010). This association was unlikely to be driven by species range
size or invasion history length, as neither factor was significantly associated with
recording intensity (Table 4), supporting a genuine link between adult detectability
and citizen science engagement. In contrast, research attention (p = 0.689) and
public attention (p = 0.085, positive trend) were not associated with citizen science
recording intensity. This result complements the findings of Gonzélez-Moreno et
al. (2025), who showed that species traits were strongly associated with the time lag
between official first records and citizen science first records. While their time lag
metric captures how quickly a species is first detected by the public, our recording
intensity metric captures the overall volume of citizen science engagement with a
species over time. Nevertheless, both metrics appear sensitive to species traits such
as detectability, suggesting that trait-driven biases may act across multiple stages
of the citizen science process, from initial detection to sustained recording effort.
However, our study shows that even within invasive forest wood-boring pests, de-
tectability differences can strongly constrain citizen science recording.

We also considered urban pest status and host tree symptom visibility as poten-
tial confounding factors, but found no consistent basis for classifying species this
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way: even cryptic species were sometimes recorded in urban settings, and symp-
tom-based detection typically requires expert knowledge that most citizen scien-
tists lack. We therefore consider direct visual detectability of the insect itself the
more relevant factor for citizen science records specifically.

Uneven observation availability shapes spatial patterns in citizen
science records

Citizen science records showed marked spatial heterogeneity at the national scale.
In this study, citizen science records were highly concentrated in only a few coun-
tries, whereas many others had very few or no records (Suppl. material 1: fig. S6).
This pattern indicates that citizen science records do not directly reflect the true
occurrence and spread of these pests, but instead largely capture differences in
public participation, platform activity, and monitoring contexts among countries
(Arazy and Malkinson 2021; Pocock et al. 2024). Consequently, areas lacking re-
cords cannot be simply interpreted as areas not yet invaded or as supporting only
small populations. Likewise, large numbers of records in some countries do not
necessarily imply higher levels of pest occurrence.

Rather, these spatial differences more likely reflect variation in the socio-techni-
cal coverage of observation systems: countries with dense records often have more
mature citizen science platforms, more active user communities, and greater public
attention to the focal taxa, whereas record-poor regions may reflect weaker partici-
pation, lower platform use, or poorer data integration (Beck et al. 2014; Arazy and
Malkinson 2021). Thus, interpreting citizen science records requires careful distinc-
tion between biological absence and observational absence (Johnston et al. 2023).

Context-dependent roles of citizen science in pest detection

Accordingly, for forest wood-boring pests closely associated with forestry produc-
tion and quarantine regulation, the value of citizen science lies less in early warning
than in complementing official monitoring through broader spatial coverage and
continued tracking of established populations. Its contribution should therefore
be understood not primarily in terms of earlier detection, but in terms of spatial
supplementation and spread tracking (De Groot et al. 2023; Pocock et al. 2024).
For this group, citizen science may be particularly useful for extending surveillance
beyond the long-term reach of official monitoring and for supplementing occur-
rence information in urban and residential environments.

Nevertheless, citizen science may still capture risk signals earlier for some
taxa. For example, in invasive mosquito surveillance, the Mosquito Alert sys-
tem, which combines public reporting with expert validation, has contributed
to the first detection of invasive mosquito species at the municipal scale and
supported early warning and rapid response (Palmer et al. 2017). This suggests
that citizen science can indeed advance detection timing under appropriate
conditions. However, such temporal advantages are not universal and are more
likely to emerge for organisms that are frequently encountered by the public,
easy to photograph, and relatively easy to recognize (Gonzdlez-Moreno et al.
2025). These contrasting outcomes further highlight that the effectiveness of
citizen science depends on the interaction between species traits, data biases,
and public awareness or familiarity with the species.

NeoBiota 109: 107-128 (2026), DOI: 10.3897/neobiota.109.204328 123



Zhashenjiacan Bao et al.: Citizen science and invasive forest wood-boring pests

Limitations

Several limitations of this study should also be acknowledged, which can be grouped
into two broad categories: limitations related to data coverage, and limitations re-
lated to using GBIF-indexed records as a proxy for citizen science contributions.

Regarding data coverage, citizen science records were sourced exclusively from
GBIF records and excluded other citizen science platforms, such as local platforms,
social media, or direct reports to biosecurity agencies. In addition, platform use
differs markedly among countries, meaning that our data may overrepresent re-
gions with active GBIF participation and underrepresent others.

Regarding the use of GBIF as a proxy for citizen science contributions, our
framework has two related shortcomings. First, our species selection relies on spe-
cies already indexed in GBIE which inherently favors relatively detectable species;
highly cryptic species that are rarely reported through any monitoring channel,
including GBIF, are likely underrepresented, meaning the overall contribution of
citizen science to wood-borer detection may be even more limited than observed
within this subset. Second, equating citizen science contributions with GBIF-in-
dexed records likely underrepresents the true extent of public involvement in pest
detection more broadly: many detections originate from members of the public
noticing symptomatic or declining trees and reporting them directly to forestry
or biosecurity authorities, after which the causal pest is formally identified and
the case is registered as an official record rather than a citizen science record. Such
community-initiated detections represent a genuine form of citizen participation
but are effectively absorbed into official records rather than captured in databases
such as GBIE As a result, the relative contribution of public participation to pest
detection, as measured in this study, is likely a conservative estimate of its true role.

In addition, record absence should not be interpreted as biological absence,
and record numbers should not be treated as direct measures of abundance or
invasion extent. Therefore, our conclusions primarily apply to GBIF-indexed
citizen science records and should not be interpreted as representing all forms of
public participation in surveillance.

Conclusions

Opverall, our results provide limited evidence that citizen science records have provided
earlier detection of invasive forest wood-boring pests at the country level. Cryptic
life histories, specialized identification requirements, and limited overlap between oc-
currence location and public activity make it difficult for first detection by citizen
scientists to translate into confirmation of establishment. As a result, the core value of
citizen science for this group is more likely to lie in expanding the spatial coverage of
monitoring networks and tracking spread dynamics rather than in shortening time lag.
Therefore, prevention and early interception of invasive forest wood-boring pests, par-
ticularly in major import-associated regions, should continue to rely on phytosanitary
measures aimed at reducing the risk of arrival (e.g., treatment and inspection of wood
packaging materials), strengthened quarantine measures, professional surveillance,
and expert-based identification. Future surveillance should strengthen links between
citizen science platforms, forest-health agencies, quarantine authorities, and taxonom-
ic experts, while providing targeted guidance on host symptoms, boring damage, frass,
exit holes, and priority species to improve the practical value of public observations.
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