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Abstract

‘The accuracy of predicting the spread of biological invasions is improved if models explicitly incorporate
the two main dispersal mechanisms: diffusive spread and jump dispersal. However, quantitative methods
for differentiating these two mechanisms in spatial occurrence data are lacking. We present jumpID, an R
package using directional analysis of occurrence data to distinguish between jump dispersal and diffusive
spread in biological invasions. We applied this method to occurrence data from the spotted lanternfly
(Lycorma delicatula) invasion in the US, a pest rapidly expanding its range and impacting the forest and
grape industries. Application of jumplD to a dataset of 123,542 occurrence records of spotted lanternfly
uncovered 152 dispersal jumps between 20142022, with the first jump in 2017, three years after spotted
lanternfly’s first find. More than half of the dispersal jumps started satellite invasions the year after their
detection. The average jump distance did not change over time, with 89% of jumps shorter than 200 km
and just three jumps farther than 300 km. The overall spread rate was 41 + 24 SD km/year, but reduced to
25 + 11 SD km/year when considering diffusive spread only. Estimating jump dispersal enhances our un-
derstanding of species” dispersal mechanisms, provides more robust estimates of diffusion rates for spread
models, and helps determine the perimeters for containment and control measures. The R package jum-
pID is openly available to facilitate invasive spread analysis. jumplD equips scientists and managers with a
tool to separate the spread of invasive species into diffusion and jump dispersal components, allowing for
more precise parameterization of spread models and directly informing management strategies. Applica-
tion of jumpID to the spotted lanternfly system indicates that management efforts targeting jump disper-

sal should focus on a 200-km buffer around the invasion boundary which is where 89% of jumps occur.

Key words: Human-assisted dispersal, invasion boundary, invasion front, invasion spread, invasive

species management, long-distance dispersal, secondary diffusion, stratified dispersal

Introduction

Biological invasions are a costly component of global change and a threat to
biodiversity and natural resources (Simberloff et al. 2013; Diagne et al. 2021).
Predicting the establishment and spread of invasive populations is crucial to
developing control strategies and limiting their impacts (e.g. Barbet-Massin et
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al. 2018; Verdasca et al. 2021; van Rees et al. 2022). Projections of potential
distributions of invasive species have recently started to incorporate dispersal
processes to improve the accuracy of the predictions (Véclavik and Meentemeyer
2009; Briscoe et al. 2019; Srivastava et al. 2021). In this context, dispersal is of-
ten accounted for as a diffusion process through the short-distance, continuous
colonization of adjacent locations (Wilson et al. 2009; Lockwood et al. 2013).
However, most species expand by stratified dispersal, a combination of short- and
long-distance dispersal (Shigesada et al. 1995; Ciosi et al. 2011; Takahashi and
Park 2020), and it is widely recognized that rare long-distance dispersal events
(LDD) have major consequences for species spread (Trakhtenbrot et al. 2005;
Hallatschek and Fisher 2014; Wu et al. 2023). In particular, extra-range LDD
result in the establishment of satellite populations at locations away from the
invasion range, beyond the limits of the continuous spread, that appear as dis-
continuous “jumps” in the spatial distribution of an invasive population (Suarez
et al. 2001; Nathan 2006; Botella et al. 2022). These dispersal jumps, often due
to human-assisted dispersal, become starting points for satellite invasions, a ma-
jor concern for previously uninvaded areas (e.g. Lanner et al. 2020; Eyer et al.
2021). Yet, the stochastic nature of jump dispersal makes it difficult to identify,
predict and incorporate into the projections of potential distributions of invasive
species (Nathan et al. 2003; Tobin and Robinet 2022; Wu et al. 2023).

Because of the rarity of LDD, quantifying past dispersal jumps is the best way
to understand the distance, frequency, and location at which dispersal jumps oc-
cur (Suarez et al. 2001; Nathan et al. 2003; Chivers and Leung 2012). Previ-
ously, jump dispersal has been identified with case-specific methods, including
visual analyses of distribution data, theoretical models, genetics, or simply expert
opinion (e.g. Bossenbroek et al. 2001; Signorile et al. 2016; Eyer et al. 2021; Lee
et al. 2022). With increasingly extensive, coordinated survey efforts providing a
large amount of occurrence data for invasive species (e.g. Verdasca et al. 2021;
Dart et al. 2022; De Bona et al. 2023), there is an opportunity to leverage com-
prehensive datasets to develop generalized, quantitative methods for identifying
dispersal jumps across systems.

Methods using occurrence data for distinguishing diffusive spread from jump
dispersal in an ongoing invasion must account for three characteristics of inva-
sions. First, the spread of biological invasions is often anisotropic, meaning diffu-
sion occurs at different rates in different directions from the origin, which leads to
invasion ranges with irregular shapes. Dispersal jumps in a direction with slow dif-
fusive spread may be closer to the introduction site than parts of the diffusive range
associated with faster spread. Detecting dispersal jumps with occurrence data thus
requires delineation of the limits of the diffusive spread in different directions, or
else dispersal jumps will be missed in slower progressing sectors. Second, secondary
diffusion, i.e. the continuous spread starting from a dispersal jump, constitutes new
continuous spread fronts around dispersal jumps (Shigesada et al. 1995; Suarez et
al. 2001) that must not be mistaken for new dispersal jumps. Third, methods must
account for a temporal component and detect the progression of the continuous
spread front over time in both the initial diffusion range and around dispersal
jumps to detect jumps only outside of previously colonized areas.

Here, we describe jumplD, a generalized method for distinguishing dispersal
jumps from diffusive spread in biological invasions. jumpID identifies dispersal jumps
based on spatial occurrence data using a conservative directional analysis to describe
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the general patterns of jump dispersal and diffusive spread based on occurrence data.
jumplID offers a flexible solution for scientists and stakeholders to understand disper-
sal in invasive populations, facilitating analyses of the features associated with spread
patterns, and predictions about areas at high risk of future dispersal jumps.

As a case study, we applied jumpID to spatial and temporal occurrence data for
the spotted lanternfly (Lycorma delicatula, hereafter SLF) planthopper (De Bona et
al. 2023). Native to China and first discovered in the US in Pennsylvania in 2014,
SLF is considered an invasive pest because of the threats it presents to the grape
and forest industries (Urban and Leach 2023). SLF have established numerous
satellite populations despite the enforcement of quarantine zones (see e.g. Penn-
sylvania Department of Agriculture 2021). Spread models suggest the existence of
human-mediated jump dispersal (Ladin et al. 2023) and that SLF can easily spread
via jumps to California in the next decade (Jones et al. 2022). SLF is thus an ideal
species for demonstrating the utility of jumplID.

Methods
Aim and data requirements

The aim of jumpID is to distinguish dispersal jumps from diffusive spread in
biological invasions based on spatial occurrence data. In jumpID, potential jumps
are positive occurrences located beyond the limit of diffusive spread for the inva-
sion. jumplD is freely available in R (R Core Team 2023) from an online GitHub
repository containing tutorials at https://ieco-lab.github.io/jumpID.

jumplD requires at a minimum a dataset of presences that includes the geo-
graphic coordinates at which surveys were conducted. Additionally, datasets in-
cluding absence data allow systematic verifications of survey effort in presumed
uninvaded areas. Datasets with a temporal dimension also allow inquiries about
temporal dynamics of spread as well as the identification of jumps enveloped by
the progression of diffusive spread over time. If a temporal dimension is included,
it is best to split the dataset into time steps that correspond to the temporal scale
at which dispersal happens, such as each generation for short-lived species or each
year for long-lived species.

Jump identification

Here we provide a brief overview of the jumpID methodology, with detailed de-
scriptions of each component to follow. jumplID detects dispersal jumps by recon-
structing the progression of a biological invasion using a directional analysis of
occurrence survey data. Starting from a reference point within the invaded range
and moving outwards, jumplD identifies spatial discontinuities in the distribu-
tion of species’ occurrences between the limit of the continuous, diffusive spread
and outlying occurrences. All positive records past this discontinuity are potential
jumps. This process is repeated for each time step to follow the progression of the
continuous spread front. Potential jumps are then confirmed or discarded based on
their distance to previous jumps or to secondary diffusion around those. Eventual-
ly, the initial occurrence data is divided into three categories: “diffusion”, “dispersal
jumps”, and “secondary diffusion” around dispersal jumps (terms in italics defined
in Table 1). A step-by-step tutorial is included in the jumpID GitHub repository.
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Table 1. Definitions of frequently used terms in jumpID.

Term
Types of dispersal
Diffusion
Jump dispersal
Secondary diffusion
jumpID terms
Reference point
Distance to the reference point (refDist)

sector

Minimum jump distance (MJD)
Threshold point

Jump cluster

Rarefied dataset

Definition

Continuous colonization of adjacent locations, also called short-distance dispersal or diffusive spread
Discontinuous spread of a species’ spatial distribution, also called long-distance dispersal

Continuous colonization of locations adjacent to a dispersal event

Focal point from which all distances for each presence point in the occurrence dataset are calculated.
Distance between each presence point and the reference point.

The invaded range is divided into smaller sections (sectors) centered on the reference point and potential
jumps are identified within each sector separately.

The extent of the spatial discontinuity that makes a presence point a potential jump
The presence point with the greatest refDist that defines the boundary of diffusive spread.

For temporal jumplID analyses, a group of jumps from the same time step that are all less than the MJD from
at least one other jump within the cluster.

Dataset of potential jumps that represents jump clusters as a single point (the jump closest to the centroid of
the jump cluster) instead of including all individual jumps.

Data preparation

To start, a “reference point” is chosen for the dataset, and the geographic distance from
the reference point to each presence point is calculated (“refDist”, Fig. 1A). Ideally,
the location of the initial introduction site should be used for the reference point
(Renault 2020), or if that is unknown, the center of the invasion core can be used.
To account for anisotropy in species spread, jumpID divides the invaded range
into “sectors” centered on the reference point and identify potential jumps with-
in each sector separately (Fig. 1B). Dividing space in any number of sectors will
produce accurate results, as the list of potential jumps by sector is then screened
through additional pairwise distance calculations across sectors. By default, jum-
pID divides space into 8 sectors. A demonstration of how computation time may
vary with the number of sectors is provided in the jumpID GitHub repository.

Identification of thresholds, jumps, and secondary diffusion

We define the “minimum jump distance ”(M]JD) as the extent of the spatial dis-
continuity that makes a presence point a potential jump for a given case study. As
outlined by Nathan et al. (2003), the choice of a M]D is inherently case-specific.
It must correspond to a high percentage of their dispersal distance that includes all
known dispersal mechanisms for outlying points to qualify as dispersal jumps (Tra-
khtenbrot et al. 2005). We suggest searching the literature for this range of disper-
sal distances in the invasion of interest, in the species’ native range, or in the closest
available species. The density of presence data will determine the lowest MJD that
can be set in the study system, because the MJD must be higher than the distance
separating positive records from continuous spread for jumpID to accurately de-
tect the invasion front. In early invasions with sparse data, the number of sectors
may be decreased to provide more data points for the directional analysis. Addi-
tionally, the MJD may be adjusted depending on the purpose of the jump analysis.
For example, national stakeholders may only be interested in the characteristics of
large jumps leading to the colonization of other states or countries (> 100 km),
while scientists or local stakeholders may rather be interested in acquiring data on
all dispersal jumps to fine tune spread models.
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Figure 1. Graphical representation of the workflow used in jumpID A representation of the steps leading to jump identifications using the
minimum jump distance (criterion 1). The blue point is identified as a jump, while the pink point is not because the difference in distances
between the pink point and the preceding point is less than the minimum jump distance (green) B graphical demonstration of how a direc-
tional analysis accurately identifies dispersal jumps. Since the blue point and red point are equidistant from the reference point (yellow), with
only one sector, the blue point is not recognized as a dispersal jump because of its location relative to the shape of the invasion. With 4 sectors,
however, the blue point is correctly identified as a dispersal jump using the minimum jump distance (green) C graphical demonstration of
how criterion 2 identifies potential jumps at longer distances from the reference point. Past a limit “refDist”, points may be more distant
between them than in “refDist”, causing some jumps not to be detected using criterion 1 alone. In this case, a direct, complementary test of

the presence of points within an inward MJD of a point (light red zone) determines whether the focal point is a potential jump.

In each sector, presence points are ordered by increasing “refDist” which allows
for a directional analysis to detect spatial discontinuities in species presence that
mark the limit between diffusive spread and potential jumps (Fig. 1B). Two con-
secutive presence points (p1, p2) whose difference in “refDist” is greater than the
M]JD indicate that p2 is a potential jump (criterion 1, Fig. 1A). Because of the
gradual increase in sectors’ widths over space, past a certain “refDist”, two presence
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points from the same sector may be separated by greater than the MJD from each
other, but not their “refDist” (Fig. 1C). Thus, past this limit “refDist”, the use of
criterion 1 only is insufficient to detect all potential dispersal jumps, and jumpID
evaluates a second criterion if criterion 1 does not detect a jump. For criterion 2,
jumplD directly verifies that there is no point closer than a MJD in geographic
distance inward of p2 among all points with a “refDist” within [refDist , — MJD;
refDistpz]. If criterion 2 is verified, p2 is considered as a potential jump. Criterion 1
filters out most points and limits the longer pairwise distance analysis for criterion
2 to a subset of points that require this complementary test.

If a potential jump is detected according to criteria 1 or 2, the last point before
the discontinuity (p1) defines the boundary of diffusive spread (“threshold point”)
and all remaining points after the discontinuity are listed as potential jumps, start-
ing at p2. Optionally, the user may require the existence of absence points between
the “threshold point” and a potential jump to attest that the observed discontinu-
ity is not due to a lack of survey effort.

For datasets with a temporal component, we use the same approach separately
for each time step, starting at the earliest time step. For each subsequent time step,
we identify potential jumps using the cumulative data from the previous time steps.

Then, from the list of potential jumps from all sectors and all years, potential jumps
that are located less than the MJD from any presence point from previous time steps
are conservatively eliminated as jumps. In this case, if they are less than the MJD from
any “threshold point”, they are considered as diffusion; if they are less than the MJD
from a previous jump point, they are considered secondary diffusion from this jump.

Overall, the jump analysis thus splits the original presence dataset into three
separate datasets: diffusion (core invasion), dispersal jumps, and secondary
diffusion from jumps.

Post-treatment of jump clusters

A “jump cluster” is a group of jumps from the same time step that are all less
than the MJD from at least one other jump within the cluster. Jump clusters
can result from repeated independent jumps to the location in the same time
step, from a single jump that led to diffusive spread during the same time step,
or even from a jump that diffused for several time steps before the location
was surveyed. Because these clusters may not represent independent jumps,
jumpID offers the possibility to rarefy the list of dispersal jumps to keep only
the jump record that is the closest to the centroid of the jump cluster. The
jump dataset obtained after this treatment is called a “rarefied dataset”, as op-
posed to the full dataset that comprises all dispersal jumps, including clustered
jumps. This optional rarefication treatment may be insightful depending on
the ecological assumptions and the objectives of jump identification.

Case Study: Application of jumplD to SLF

We used a comprehensive open-access dataset summarizing SLF occurrence in the
US between 2014 and 2022 at a 1-km? resolution (De Bona et al. 2023, data release
v2_2023). The dataset comprised 123,542 sampled points, of which 48,601 con-
tained established SLF populations (39%, Table 2, Suppl. material 1: fig. S1). These

surveys showed that in just nine years, SLF established in 13 northeastern US states.
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Table 2. Summary of jump records identified for each year.

Year Jump records, annual (rarefied) Jump records, cumulative (rarefied)
2014 0 (0) 0 (0)
2015 0 (0) 0(0)
2016 0 (0) 0(0)
2017 3(2) 32
2018 58 (7) 61 (9)
2019 55 (13) 116 (22)
2020 79 (48) 195 (70)
2021 98 (43) 293 (113)
2022 94 (39) 387 (152)

Current evidence indicates that the entire US SLF invasion stems from a
single introduction in Berks County, Pennsylvania (Barringer et al. 2015). To
date, knowledge on SLF dispersal distances is minimal. Analyses of flight ca-
pabilities indicated that adults can only fly short distances (< 40 m) in a single
bout (Baker et al. 2019; Myrick and Baker 2019; Wolfin et al. 2019). However,
SLF can hitchhike on vehicle exteriors in both the mobile (Elsensohn et al.
2024) and egg (Urban 2020) stages and spread models have found dispersal
jumps of more than 150 km in this species (Ladin et al. 2023). For the jum-
pID analysis, we defined a MJD of 15 km. This scale is likely much larger
than their natural dispersal, yet it is small enough to obtain a comprehensive
picture of jump dispersal in SLE, including relatively short dispersal jumps that
may be caused by a different vector than statewide dispersal jumps. Since SLF
complete their full life cycle in one year and have non-overlapping generations
(Urban and Leach 2023), we split the dataset into time steps of one year.

We ran jumpID on this dataset with the introduction point as the reference
point, a MJD of 15 km, and required checking for negative surveys in discontinu-
ities. We rarefied the jump list with a MJD of 15 km. With the results obtained
from jumplD, we calculated jump distances as the shortest distance between a
diffusion point and each jump cluster to estimate the minimal distance that SLF
had traveled to every jump location.

We conducted several statistical analyses to identify patterns in the jumpID output.
We tested whether jump distances increased over the years using a linear model to check
if more distant areas were at risk of colonization through jump dispersal over time. To
estimate the difference in areas colonized by different dispersal mechanisms, we calcu-
lated the yearly invasion radius when considering the two spread patterns together or
diffusion only, using the maximal “refDist” in each sector of the original dataset and of
the diffusion dataset. To estimate the relative roles of diffusion and jump dispersal in
accelerating the species progression, we tested whether the invasion radius increase was
slower over time when considering diffusion only compared with all spread together
using a linear model. The invasion radius in each sector was the response variable and it
was log-transformed to meet assumptions of residuals normality. Year, spread type, and
their interaction were the independent variables tested. The yearly spread was calculat-
ed as the yearly increase in the invasion radius for diffusion only. Finally, to determine
the threat posed by jump dispersal, we determined if jumps were followed by secondary
diffusion or rapidly enveloped by the core distribution by calculating if any diffusion
point or secondary diffusion point were within the MJD of each jump after one year.
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Results

A total of 387 presence records was associated with 152 independent jump events
(rarefied jumps, Fig. 2). Clustered jumps were found in 59 of the 152 locations and the
remaining 93 locations had only single jumps (Fig. 2). The largest three jump clusters
comprised 30 (Winchester, VA, in 2018), 19 (Harrisburg, PA, 2018) and 18 points
(Wilkes-Barre/Scranton area, PA, 2019). While jumps were found in all directions
around the introduction site, they were disproportionately found west of the invasion
range, across Pennsylvania, starting in 2019 (Fig. 2, Suppl. material 1: fig. S2).

We detected the first two dispersal jumps occurring in 2017, three years after SLF
was first detected in the US (Figs 2, 3a). The number of new jumps at independent
locations then increased every year to reach 48 in 2020, before decreasing to 43 in 2021
and 39 in 2022 (Fig. 3a, Table 2). By comparison, the number of new jumps (includ-
ing jumps to the same location) rose from 3 to 58 between 2017 and 2018, then overall
gradually increased to reach above 90 new yearly jumps in 2021 and 2022 (Fig. 3a,
Table 2). The mean number of records per jump was 8.3 in 2018 and 4.2 in 2019, then
consistently decreased to 1.6 in 2020, 2.3 in 2021, and 2.4 in 2022.

Jump distances did not increase over time (p = 0.71, Fig. 3b). The 152 independent
jumps were located on average 87 + 77 km (SD) from the closest continuous spread
front, with 102 jumps (67%) of less than 100 km, 34 jumps (22%) of 100-199 km,
11 jumps (7%) of 200-299 km, 2 jumps (1%) of 300-399 km, and a single jump of
over 400 km, in 2021 (Fig. 3¢). After one year, 20% of jumps were enveloped by the
progression of the diffusion, and among the other jumps, 53% were followed by sec-

ondary diffusion, whereas 47% had not spatially expanded (Suppl. material 1: fig. S3).
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Figure 2. Map of the dispersal jumps identified based on spatial occurrence data of the invasive spotted lanternfly in the northeastern US,

colored by year. Gray points represent all established populations recorded up to 2022, including secondary diffusion after jumps. The

introduction site in Pennsylvania is signaled by a cross.
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The invasion radius differed between years (p < le-15), spread types (p = 0.005)
and their interaction (p = 0.023). In 2022, the invasion radius was on average
334 + 204 km when including dispersal jumps and 204 + 89 km when including
only the core diffusion (Fig. 4). The radius of the core invasion (diffusive spread)
increased on average by 25 + 11 SD km per year, while the radius of the entire
invasion range (diffusive spread, jumps, secondary diffusion) increased on average

by 41 + 24 SD km per year.

Discussion

Accounting for jump dispersal is critical for predicting the spread of invasive spe-
cies. Jump dispersal allows satellite invasions to occur away from the core invasion,
and thus management must enact control at multiple fronts (Suarez et al. 2001;
Nathan et al. 2003). Even though jump dispersal is inherently stochastic due to the
rarity of long-distance dispersal events that lead to the establishment of a popula-
tion, risk zones can be identified based on past dispersal jumps. We presented jum-
pID, a quantitative method to differentiate dispersal jumps from diffusive spread
in invasive species based on spatial occurrence data. We documented how this
method provides quantitative information on the location, frequency and distance
of dispersal jumps through the example of the spotted lanternfly (SLE Lycorma
delicatula) invasion in the US.

Analysis of dispersal jumps by jumpID

In our application of jumplD to the SLF dataset, 152 dispersal jumps were iden-
tified. The first dispersal jumps were detected in 2017, three years after the species
was first discovered. SLF initially dispersed by diffusive spread and had established
populations in a restricted area in 2014-2015. By 2017-2018, the invasion range
had exploded in size due to stratified dispersal, the combination of diffusive spread
and jump dispersal, because jump dispersal disproportionately increases the inva-
sion radius (Suarez et al. 2001). Over half of dispersal jumps have been starting
points for satellite invasions, highlighting the threat specifically posed by jump
dispersal in the SLF invasion.
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A single jump record was discovered at most jump locations. Such jumps may
have included several individuals, or a single gravid female. Indeed, SLF are capa-
ble of multiple paternity, and a single mated female can lay multiple clutches of
30-100 eggs (Belouard and Behm 2023). A single gravid female or an egg mass
may bring sufficient genetic diversity to sustain the establishment of a population
following a dispersal jump. Jump clusters may be caused by a combination of mas-
sive propagule pressure (Lockwood et al. 2005) and vectors repeatedly transporting
SLF to multiple proximate locations. However, it is most likely that the jump
clusters identified were simply the delayed discovery of an original unique jump.
In 2018, there was an average of 8 positive records at each jump location, and from
2020, it decreased to 1 or 2 positive records. This indicates that the preventative
measures, the monitoring strategy, or both, were effective at decreasing the number
of emigrants and/or discovering new infestations earlier, which are both known
effective keys to contain biological invasions (Simberloff et al. 2013).

Even though the number of new jumps per year has been above 39 since 2020,
it seems to be at least stabilizing in recent years compared to the trends from 2017-
2020. Another encouraging signal is that jumps do not occur farther from the
continuous spread front over time. It sets a theoretical upper boundary to the area
at high risk of dispersal jumps ahead of the continuous spread front. The discovery
of these patterns means that the distribution of jump distances may be directly
incorporated into spread prediction models. A dual monitoring strategy may be
applied ahead of the continuous spread front. First, monitoring may be systematic
in a 200-km buffer around the continuous spread front, where most jumps (89%)
happen. Second, identifying common characteristics of jump locations would re-
sult in a shortlist of at-risk locations to monitor outside the 200-km belt.

It may appear surprising that dispersal jumps were found mostly west of the
invasion core. Indeed, jump dispersal is often due to human-assisted dispersal (Na-
than et al. 2003) which biases dispersal in preferential axes associated with hu-
man activities (Bullock et al. 2018). As such, jumps to major cities along human
transportation corridors (e.g., NYC, Baltimore, Washington DC) would have been
expected to occur before jumps to central or western Pennsylvania. Therefore, SLF
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may exploit specific transport infrastructures like freight rail lines that run east to
west in this region rather than highways. Landscape analyses of dispersal jumps are
a task for future studies to determine more attributes of jump dispersal in SLF based
on the list established by jumpID, as well as determining how humans may be fa-
cilitating the spread of invaders in general (Bullock et al. 2018; Gippet et al. 2019).

Spread considerations and perspectives on jumpiD

By separating dispersal jumps from diffusive spread and secondary diffusion, jum-
pID also allows a fine analysis of diffusion patterns. Basic estimates of spread rates
showed a much slower progression of SLF over time after the jumpID analysis than
when diffusion and jump dispersal are considered together. The major benefit of
calculating estimates of both diffusive spread and jump dispersal for parameteriz-
ing spread models is more realistic spread predictions for invasive species (Robinet
et al. 2017; Takahashi and Park 2020).

The choice of a minimal jump distance is a compromise between ecological
knowledge, data density, and the purpose of the jump analysis. Indeed, a sparse
occurrence dataset may constrain the user to adjust the MJD upwards of the value
that would be set using ecological knowledge alone. Setting a MJD larger than
the smallest true jump distances would result in unidentified short jumps, i.e. the
jump distance kernel being truncated on the left. Intentionally overestimating the
M]JD may be desirable for users interested in the upper range of jump distances,
such as dispersal events that make the species cross state borders. On the opposite,
an underestimated MJD would most likely be encountered in systems with limited
knowledge on dispersal distances combined with dense occurrence data. It would
cause some presence points from the continuous spread to be identified as jumps.
An underestimated MJD would be detected in summary statistics and on the maps
provided by jumpID: a large proportion of presence data would be identified as
jumps, the invasion front would progress very little every year, and most noticeably,
jumps would be identified in regions that are visibly within the core invasion (e.g.
on yearly maps such as Suppl. material 1: fig. §2). Finally, the M]JD is somewhat in-
dependent of the continuous spread rate estimates. Diffusive spread may be partly
human-assisted, and short-distance vectors accelerate the spread of invasive popu-
lations while keeping the invaded range continuous (Lockwood et al. 2013). Here,
estimates of yearly spread by diffusion were larger than the minimal jump distance
of 15 km considered in this analysis, showing that even short jumps can be iden-
tified ahead of highly dynamic invasion fronts. The minimal jump distance is thus
not necessarily longer than the average or maximum yearly continuous spread rate.

jumplD is based on occurrence data only, and thus cannot determine the origin
of a dispersal jump. For the same reason, jumplID is not intended to detect whether
repetitive jumps occurred around the same location over time, as it cannot be differ-
entiated from secondary diffusion around an initial jump. In all cases where a pres-
ence point could indicate either diffusive spread or jump dispersal, jumpID makes
the conservative assumption that it is not a jump to favor independence in the data.

jumplD optionally accounts for absence data in the distribution of the invasive
species as an indicator of survey effort within discontinuities in the species range.
When this option is activated, at least one absence point after the continuous
spread front is required to validate a dispersal jump. Although it is an imperfect
measure of a species’ true absence, this use of absence points in jumpID does not
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alter the results of jumplID as in species distribution models (Viclavik and Meente-
meyer 2009; Chapman et al. 2019). When absence data are available, this criterion
may be strengthened to request a higher number of absence data per gap.

Conclusion

Overall, jumplD is a flexible workflow that can be applied to any species with
minimal ecological information to distinguish jump dispersal from diffusive spread
based on spatial occurrence data. jumplD is freely available in a public repository
and open to modifications to encourage scientists to adapt it to their species of
interest. The jump identification and its simple, descriptive analysis is informative
for summarizing areas of interest and the overall characteristics of jump dispersal,
both temporally and spatially. It opens avenues for more in-depth analyses of jump
dispersal and diffusive spread. The insights provided by jumpID results will help
stakeholders focus survey efforts on locations predicted at highest risk of future
dispersal jumps, thereby increasing the chances of early detection and local eradi-
cation before satellite invasions can take place (Simberloff 2014). jumpID thereby
contributes to incorporating invasion science into management planning, as largely
advocated by the scientific community (Diagne et al. 2020, van Rees et al. 2022).
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