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Abstract

Invasive conifers are widespread and impactful weeds, resulting in significant ecological change and
management costs. Treatments to control invasive species are expensive and require long-term com-
mitment, yet their effectiveness under operational conditions is rarely quantified. The effectiveness
of two operational control approaches — aerial application of foliar herbicides and ground-based
manual methods — applied to manage invasive pines in New Zealand (NZ) in typically high-density
and low-density infestations, respectively, was assessed. The objective was to quantify the effectiveness
of each method in reducing Pinus contorta populations and to characterize the post-treatment popu-
lation structure over time to assess reinvasion risk. Pine mortality and regeneration were surveyed in
operationally treated infestations 1—4 years after control across a range of invaded environments in
NZ. Mortality following aerial boom spray exceeded 90% on average across all height classes 3 years
after treatment. Ground-based methods achieved high mortality among larger individuals but were
significantly less effective for pines shorter than 60 cm. Both operational approaches allowed popu-
lations to persist via surviving individuals in the initial years post-treatment; however, the resulting
population structures differed between treatments. Reinvasion risk also differed between treatments.
Following aerial boom spray, reinvasion was driven primarily by surviving larger trees, whereas fol-
lowing ground-based control, it was driven by missed seedlings that persisted after treatment. Despite
high mortality, aerial boom spray left an estimated 1,094 surviving pines ha 4 years after treatment,
approximately half of which exceeded 2 m in height. In contrast, the large number of seedlings
missed by ground treatments could lead to rapid invasion recovery. Follow-up treatment within 2—4
years is likely to be necessary for both control methods, although management should target con-

trasting residual population structures and reinvasion pathways.

Key words: ccosystem restoration, exotic plants, lodgepole pine, mechanical control, nature con-

servation, Pinaceae, success evaluation, weed management, wilding conifer

Introduction

Invasive plants have profoundly reshaped the structure and function of ecosystems
globally (Vila et al. 2011). Once established, these species can modify ecosystem
functions, alter community structure, and reduce biodiversity (Hejda et al. 2009;
Vilaetal. 2011; Le Maitre etal. 2015; Dickie et al. 2022). Among the most impact-
ful invaders are woody species, often originally introduced into a variety of land-
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scapes for horticulture, agriculture, or forestry (Richardson and Rejmdnek 2011).
Conifers belonging to the Pinaceae family are recognized as particularly important
woody invaders, exerting significant ecological and economic impacts, especially in
Southern Hemisphere countries such as South Africa, Chile, Argentina, and New
Zealand (Richardson and Rejmdnek 2004; Nunez et al. 2017; Torres et al. 2018;
Martin et al. 2025). Disturbance, such as grazing, mechanical clearing, and fire,
has been a key factor influencing the global spread of invasive conifers, primarily
by creating recruitment opportunities and weakening biotic resistance (van Wilgen
and Richardson 2012; Nufiez et al. 2017; Gioria et al. 2023; Green et al. 2025).

In New Zealand, non-native conifer species, such as Pinus contorta Loudon and
Pseudotsuga menziesii (Mirb.) Franco, pose significant environmental and land-use
challenges, invading a wide range of natural and semi-natural ecosystems (Howell
2019; Sapere Research Group 2022). It is estimated that over 2 million hectares of
New Zealand are invaded by non-native conifers, or ‘wilding’ conifers, with ~ 80%
of affected land classified as sparsely infested (1-15% cover), 15% as intermediate
(15-75% cover), and 1.5% as dense (75-100% cover) (Sapere Research Group
2022). New Zealand’s wilding-invaded landscapes have undergone extensive eco-
logical transformation since Polynesian and later European settlement, driven by
widespread and repeated burning and extensive forest clearance (McGlone 1989).
Pastoral land use, especially in the inland South Island, further accelerated change
through sustained burning, intensive grazing, fertilization, and the introduction of
exotic grasses and herbs, pest animals, and weeds (McGlone 2004; Mclntyre 2007).
In the mid-20" century, government-led afforestation initiatives introduced several
exotic conifers to stabilize erodible soils and provide shelter for livestock. Many of
these plantings have since naturalized and now contribute to the widespread coni-
fer invasion, particularly in high-country semi-natural grasslands (Ledgard 2001).
Management to contain or eliminate non-native conifers has been ongoing in New
Zealand since the late 20" century. These efforts were expanded substantially fol-
lowing the establishment of the National Wilding Conifer Control Programme in
2016, and more than 1 million hectares have since received at least one round of
control (Biosecurity New Zealand 2025). However, to date, the effectiveness of
these operations in controlling the existing pine population and the subsequent
reinvasion dynamics has not been quantified.

Comprehensive, nationally coordinated programs to manage or control invasive
alien plant species are relatively rare (e.g., Hoffmann et al. 1998; Dew et al. 2017;
Nunez et al. 2017; Dickie et al. 2022), with smaller and more targeted regional
programs more frequently reported (e.g., Constdn-Nava et al. 2010; Lombard et
al. 2012; Lindenmayer et al. 2015; Pauchard et al. 2015; Ernst-Brock et al. 2019).
South Africa and New Zealand stand out for their national responses to invasive
pines, with significant efforts also undertaken in Chile and Argentina (van Wilgen
et al. 2012; Ministry for Primary Industries 2014; Nunez et al. 2017; Martin et al.
2025). South Africa’s Working for Water Programme, launched in 1995, was one
of the largest and most costly government-funded initiatives globally for managing
invasive alien plants, though outcomes have been mixed (van Wilgen et al. 2012;
Dew et al. 2017). South Africa has also implemented a suite of legislative and
strategic tools under the National Environmental Management: Biodiversity Act,
including Alien and Invasive Species Regulations and the National Invasive Species
Strategy (Department of Environmental Affairs 2014), which guide prioritization,
permitting, and compliance.
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New Zealand is similarly recognized for its integrated and science-led approach
to invasive species management, spanning border biosecurity, national eradication
programs, and landscape-scale pest control (Peltzer et al. 2019; Simberloff 2019).
In response to the extensive spread of non-native conifers, the government estab-
lished the National Wilding Conifer Control Programme (NWCCP) in 2016 to
fund and coordinate management efforts across central and regional government
agencies, landowners, and industry stakeholders [https://www.wildingpines.nz/
national-control-programme/]. Since then, an estimated 70% of the known in-
festation area has received at least one round of control, an effort that has cost
more than NZD 150 million in the 9 years since its inception. Accepted control
methods include a range of manual, mechanical, and chemical treatments typically
informed by the infestation density (Edwards et al. 2021; Dickie et al. 2022). Land
rehabilitation or restoration post-control has not been a major focus to date.

It is difficult to gauge the success of large invasive species management programs
without including formal and rigorous monitoring over the long term. Howev-
er, with a predominant focus on funding as many control operations as possible,
long-term monitoring is often lacking, leaving several key questions unanswered.
This situation was described by Lindenmayer et al. (2015), who stated that out-
standing questions often include whether the target species has been effectively
controlled; whether its control is likely to lead to ecosystem recovery; whether the
methods used for control affect other fauna or flora, either positively or negatively;
and whether invasive species management is cost-effective in terms of its benefits
relative to levels of expenditure. Multiple factors affect the success of management
interventions, including initial environmental conditions (abiotic and biotic) and
population structure (Dew et al. 2017; Ernst-Brock et al. 2019); the method and
timing of control (Lombard et al. 2012; Lindenmayer et al. 2015; Dew et al.
2017); insufhicient long-term monitoring and follow-up control (Lombard et al.
2012; van Wilgen et al. 2012; Ernst-Brock et al. 2019); and uncertainties in invad-
er response to control efforts. Success has often been attributed to prioritizing re-
sources toward high-risk areas, clear alignment with management objectives (e.g.,
Dew et al. 2017), and long-term monitoring and control, which are fundamental
for preventing reinvasion and maximizing the success of past clearing efforts (Max-
well et al. 2009). Assessments of the effectiveness of control are needed not only
to guide ongoing control efforts but also to evaluate whether the management
approach is achieving the targeted outcomes. Managers need to know whether
their efforts are keeping the spread and density of invasive plants within acceptable
limits or whether scarce resources should be reprioritized.

The objective of the NWCCP has been to control invading conifer populations at
the landscape scale using a variety of methods. Dense, mature infestations of conifers
are typically treated using broadcast aerial application of herbicides, while emerging
or scattered infestations are managed through ground-based methods such as manual
pulling, felling, and cut-stump herbicide application (Richardson et al. 2020; NW-
CCP 2021, 2023; Rolando et al. 2024). These are the two most widely applied con-
trol approaches within the program. Other methods include aerial spot application
of herbicides for isolated trees and very sparse infestations, while fire, drill-and-fill,
mechanical clearing, and mulching are used less frequently (WCIS 2023). Broadcast
aerial herbicide treatments were developed from a series of trials (Gous et al. 2014a,
2015a; Rolando et al. 2025), which demonstrated that herbicide mixtures contain-
ing triclopyr, dicamba, and picloram achieved >85% mortality for pines 2—12 m tall,
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although effectiveness declined for larger individuals. Fewer studies have evaluated
the effectiveness of ground-based herbicide applications. Experimental studies have
shown that pines <1 m tall are highly susceptible to low herbicide doses and that
individuals up to 5-6 m tall can be effectively controlled (>85% mortality) using
relatively low application rates (0.5-1 L) (Gous et al. 2014b, 2015b; Rolando et al.
2021). However, no studies have assessed the post-treatment population dynamics
for either aerial or ground-based methods under operational conditions.

New Zealand is unusual in its large-scale use of aerial herbicide application for
the management of dense invasive pine stands, providing a valuable opportunity to
evaluate operational outcomes. The use of aerially applied herbicides is restricted in
many regions of the world, particularly in the Northern Hemisphere; for example,
the European Union generally prohibits aerial spraying of plant protection prod-
ucts (including herbicides), allowing use only under strict exceptions (Directive
2009/128/EC). In New Zealand, aerial herbicide application is generally permit-
ted but subject to substantial regulatory constraints (New Zealand Government
1991; Standards New Zealand 2021). Given this context, control carried out by
the NWCCP offers a unique opportunity to quantify the effectiveness of opera-
tional treatments applied to different infestation levels of a woody invader.

In this study, the effectiveness of operational ground-based control (GND) and
aerial boom spray (ABS) for the management of invasive Pinus contorta was as-
sessed. Specifically, the study quantified (1) treatment-induced mortality; (2) the
abundance and size structure of residual populations; and (3) the relative contri-
butions of survivors and recruits to post-treatment population recovery. It was
hypothesized that both ground-based control and aerial boom spray would achieve
high mortality across a range of invaded environments, but that treatment effec-
tiveness would vary with pine height. The objective was to quantify mortality,
survival, and recruitment following operational control.

Methods
Study species

P contorta (lodgepole pine) is native to western North America, where it occupies
a broad range of habitats, including sites characterized by poor soils, low tempera-
tures, drought, snow, and frequent fire (Critchfield 1957). The species matures
early — sometimes as early as 3 years — and is a prolific seed producer (Ledgard
2001). Owing to trait shifts following its introduction and an extensive planting
history, P contorta is now the most common and aggressive invasive non-native
conifer species in New Zealand (Carlin et al. 2025b, 2025¢).

Region description and plot selection

The study was conducted across the five New Zealand regions that have received
the most intensive control efforts since 2016 and where P, contorta is the dominant
conifer invader. Selected regions span both the North and South Islands of New
Zealand (Fig. 1; Table 1), with greater representation on the South Island, reflect-
ing the larger area affected there (Sapere 2022): Mid Dome (MD), Lake Pukaki
(LP), Flock Hill (FH), Hanmer Springs (HR), and Kaweka Forest (KF). Collec-
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Figure 1. Study regions. Regions across New Zealand selected for inclusion in the field study to

determine the effectiveness of a single application of aerial or ground-based treatments.

Table 1. General climatic and physiographic variables for each region selected for study. Means and
ranges in brackets are provided for the GND and ABS plot locations used in this study. Plot-level

variation in environmental variables is shown in Suppl. material 1.

Region Elevation (m) | Soil type | Mean temperature (C°) | Annual precipitation (mm)
Kaweka Forest 944 (812-1,061) | Andosols 8.7 (8.1-9.4) 1,903 (1,487-2,473)
Hanmer Range 847 (756-994) | Cambisols 8 (7.3-8.4) 1,202 (1,137-1,241)
Craigieburn Range | 848 (721-1,003) | Andosols 8 (7.2-8.7) 1,332 (1,123-1,542)
Lake Pukaki 627 (467-806) | Andosols 8.8 (8.2-9.2) 872 (632-999)

Mid Dome 792 (491-1,200) | Andosols 7 (4.7-8.7) 1,263 (1,067-1,541)
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tively, these regions encompass variation in land uses and invasion and control
history, as well as climate, elevation, and soil types.

This study focused on the two primary operational control methods being used
in the NWCCP: GND and ABS. GND encompasses manual pulling and felling
(including chainsaw use) and, to a limited degree, herbicide bark injection and
herbicide application to the cut stump. GND methods are typically used in the
early stages of infestations that have a low to moderate invader density, although
they are also used in areas with canopy cover up to 80% (NWCCP 2021). ABS
involves helicopter-based application of foliar herbicide mixtures and is generally
reserved for dense, mature infestations with near-complete canopy closure (>75%)
(NWCCP 2023). These methods reflect standard operational procedures used un-
der the NWCCP (NWCCP 2021, 2023).

To select plot locations, the National Programme Wilding Conifer Information
System (WCIS) (2023), a spatially explicit national database that records wilding
conifer control operations across New Zealand, was used. Using the WCIS database
(WCIS 2023), treatment units were delineated as spatial areas sharing an identical
control history (timing and control type). Analyses were restricted to treatment units
in which either GND or ABS had been applied 1-4 years prior to measurement,
with no subsequent follow-up control; units involving any other control methods,
mixed or sequential treatments, or operations outside this window were excluded.

Control operations were conducted independently of this study; consequently,
available treatment histories varied among regions. Within the resulting pool of
eligible treatment units, a two-stage sampling approach was applied. First, when a
region contained more eligible treatment units than could be surveyed, a random
subset was selected to provide a representative spread across the region (uniform
random selection constrained by unit boundaries); when eligible units were few,
all available units were surveyed. Second, within each sampled treatment unit,
ArcGIS Pro (version 3.0.0, 2022; Esri Inc., United States) was used to randomly
place three to five square plots of 100 m? per unit, with plot centroids spaced at
least 50 m apart. Owing to realized control histories, it was not possible to obtain
all combinations of region, control type, and years since treatment. A summary of
the number of plots sampled across regions and control types is shown in Table 2.

Data collection

All measurements were conducted during the austral summer and early autumn (De-
cember—April) from 2022 to 2025. Retrospective competition at the plot level was
scored into four broad categories (low, medium, high, and very high) based on the
abundance, height, and stem volume of residual woody vegetation (both conifers and
other woody species, inclusive of dead standing trees and stumps), providing a coarse
estimate of the level of competition experienced by pines at the time of treatment.

At the pine level, for each conifer (alive or dead) within the plot, the following
were recorded: species, crown condition (i.e., percentage live crown remaining in
5% increments), diameter at breast height (DBH, 1.35 m) or basal diameter, cone
presence (inclusive of cones from previous seasons that remain on the pine), cur-
rent-year cone presence, height, and age. Age was estimated from whorl counts
(DeYoung 2016; Strand and Hammond 2019), and where plot and individual
pine conditions precluded accurate age and height assessments, these characteris-
tics were derived through appropriate models (see below).
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Table 2. Plot numbers. Number of plots per control treatment (ABS and GND), region, and year
since treatment, inclusive of plots where no Pinus contorta was found dead or alive. For GND, the
number in parentheses indicates the number of plots where at least one P contorsa was found dead or

alive and was estimated to have been present before control treatment.

Years since control treatment

Control method 1 2 3 4 Total
Aerial boom spray (ABS)
Kaweka Forest 3 3
Hanmer Range 6 5 11
Flock Hill 1 1
Lake Pukaki 9 11 4 24
Mid Dome 6 9 1 4 20
Total 12 24 12 11 59
Ground-based control (GND)
Kaweka Forest 12 (9) 12 (9)
Hanmer Range 3(3) 4(2) 4 (0) 17 (10)
Flock Hill 2(2) 5(5) 10 (9) 17 (16)
Lake Pukaki 6(5) 18 (18) 4 (4) 4(2) 26 (24)
Mid Dome 6 (4) 5(@3) 4 (4) 15 (11)
Total 24 (18) 28 (26) 17 (15) 18 (11) 87 (70)

Environmental covariates used included temperature and precipitation extract-
ed from the New Zealand Environmental Data Stack (McCarthy et al. 2021) and
elevation derived from 8 m digital elevation models (DEMs) (Land Information
New Zealand 2023). Summary statistics for environmental variables are provided
in Suppl. material 1.

Analyses

All analyses were performed using R statistical software (v. 4.1.2; R Core Team
2021). Because the plot locations were randomly selected and because of the ini-
tial spatial structure of early invasion stages, not all plots in areas with GND had
P contorta present. Due to the low occurrence of other species, analyses were re-
stricted to P contorta. The majority of the analyses were limited to plots where
P contorta was present (dead or alive); these are specified for each analysis below.
Analyses considering mortality focused on plots containing P contorta (i.e., exclud-
ing empty plots), although all plots were included in the analysis of the expected
numbers of survivors and new recruits (Table 2).

Height models

Where height measurements were not practical to collect, height was estimated
from basal diameter or DBH using a set of nonlinear models that included region
and plot competition as categorical variables and rainfall, temperature, or eleva-
tion as continuous variables (Suppl. material 2). Heights were binned into one of
six classes (0—0.15 m, 0.15-0.6 m, 0.6-1.35 m, 1.35-2 m, 2-5 m, and > 5 m).
Height classes were selected to represent a range of life stages (e.g., no individual <
0.6 m was observed with cones).
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Age models

Where age could not be practically or reliably assessed in the field, age was estimated
from height, basal diameter, or DBH using a set of nonlinear models that included
region and plot competition as categorical variables and rainfall, temperature, or
elevation as continuous variables (Suppl. material 2). Age estimates were used to de-
termine whether a live individual was present at the control event (survivor) or was a
recruit post-control. Since the purpose of the age models was to distinguish between
survivors and recruits, model selection was prioritized based on model fit for young-
er ages, rather than overall model fit, by visual inspection of the model predictions.
All dead pines were assumed to be part of the control-induced mortality.

Mortality

Mortality following control by either ABS or GND was analyzed separately since
these methods differ substantially in application and are typically deployed in con-
trasting infestation contexts. ABS is generally applied to dense, mature stands with
near-complete canopy closure (> 75%), whereas GND methods are used in low-
to high-density infestations consisting of younger or more scattered individuals
(< 75% canopy cover).

For both treatment types, analyses included only pines that were old enough to
have been present at the time of control. All dead individuals were assumed to have
been alive prior to treatment and to have died as a result of the control operation.
This analysis was further restricted to plots surveyed within 3 years post-control,
as detection of small dead individuals became increasingly unreliable beyond this
period due to decomposition, and surviving pines often transitioned into the next
height class, complicating inference about their status at the time of control.

Mortality in ABS plots was modeled using a generalized linear mixed-effects
model with a binomial error distribution and fitted via maximum likelihood using
the /me4 package (v. 1.1.32; Bates et al. 2015). Individual life status (dead/live) was
modeled as a function of height class, years since treatment (1-3 as a numerical
variable), plot competition, plot-level total annual precipitation, and mean annual
temperature. Plot and region were included as random effects. For ABS models,
the smallest height class (0-0.15 m) was excluded, as dead pines in this class rap-
idly degrade and are difficult to distinguish from leaf litter, artificially decreasing
their estimated mortality.

Mortality for infestations that had been treated using GND methods was mod-
eled similarly to that for ABS. However, the largest height class (> 5 m) was exclud-
ed instead of the smallest height class, as individuals > 5 m were rare in GND plots
(as the intervention tends to occur earlier in the invasion or reinvasion process).

For each model, the AIC value was recorded, with lower AIC values indicat-
ing better model fit relative to model complexity, and the significance of model
terms was tested using the likelihood ratio test. Estimated marginal means and
pairwise comparisons were calculated using the emmeans package (v. 1.11.0; Lenth
2025). These were calculated on the logit scale, resulting in nonsymmetrical confi-
dence intervals when back-transformed to probabilities. The Tukey method (Tukey
1953) was used to correct for multiple comparisons when comparisons were made
within a single factor. Plot-level mortality (%) was also summarized separately for
ABS and GND as the percentage of total pines that were dead in each height class.
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Health status

As a proxy for individual pine health status, the proportion of the crown bear-
ing live needles was visually estimated. The health status of surviving trees in
ABS-treated plots was modeled using a one-inflated beta generalized mixed model
with region and plot as random effects using the glmmTMB package (v. 1.1.7;
Brooks et al. 2017). A one-inflated distribution model was used because approxi-
mately one-third of surviving individuals exhibited complete crown health. The ef-
fect of years since treatment was not expected to be linear, as crown condition was
expected to decline prior to potential recovery; therefore, years since treatment was
included as a factor instead of a continuous variable. Models were fitted with either
two height classes (< 2 m or > 2 m) or six height classes (as defined above). Results
are presented for the two-class model, which showed superior support based on
AIC. Estimated marginal means were calculated while accounting for both the
conditional and inflation components of the model, and post hoc comparisons were
conducted using Tukey’s adjustment for multiple comparisons.

Survival vs. recruitment

For each treatment method (ABS vs. GND), the number of live individuals per
plot (scaled to pines ha™) was modeled using Poisson generalized linear mixed-ef-
fects models fitted with the /me4 package (v. 1.1.32; Bates et al. 2015). Plot and
region were included as random effects, while height class (six categories), years
since treatment (as a categorical variable), and individual status (survivor or new
recruit) were included as fixed effects. DHARMa (Hartig 2022) simulation-based
dispersion tests indicated no evidence of overdispersion in either the ABS (dis-
persion = 0.69, p = 0.80) or GND models (dispersion = 0.32, p = 0.65). Pairwise
comparisons of estimated means were conducted on the log scale, with Tukey’s
adjustment applied to account for multiple comparisons among combinations of
height class, years since treatment, and individual status.

Active coning

Pines were defined as active cone bearers if they were alive and had produced cones
in the measurement season. The number of active cone bearers per plot (scaled
to pines ha') was modeled using Poisson mixed-effects regression using the /me4
package (v. 1.1.32; Bates et al. 2015), with years since treatment (as a continuous
variable) and control treatment type as predictors and region as a random effect. A
DHARMa (Hartig 2022) simulation-based dispersion test indicated no evidence
of overdispersion (dispersion = 0.44, p = 0.51).

Results

A total of 146 plots (59 ABS; 87 GND) were assessed up to 4 years post-treatment
(Table 2), with a total of 10,095 P contorta pines recorded. P contorta was the most
abundant exotic conifer recorded, with an average of > 10,000 pines ha™ in ABS treat-
ments and approximately 3,000 pines ha” in GND treatments (considering all height
classes at the time of control). Larger height classes were dominant in ABS treatments,
while the opposite occurred in GND treatments (Suppl. material 3). There were 4,992
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+ 4,588 individuals per hectare (mean + SD) above 2 m tall in the plots at the time of
application of ABS, compared with 222 + 510 individuals per hectare (mean + SD)
above 2 m where GND had been applied (Suppl. material 3). In other words, there
was high variability in pine density between plots even prior to control. Some plots,
notably at Flock Hill and the Hanmer Range, also contained Douglas fir (Pseudor-
suga mengziesii), European larch (Larix decidua), and other pines (e.g., Pinus nigra,
Pinus mugo, and Pinus sylvestris); in total, fewer than 200 individuals of these species
were observed across all plots and were not analyzed further. Mortality varied widely
between plots, ranging from all live to all dead pines in any one height class for both
ABS and GND plots (mortality at the plot level is summarized in Suppl. material 3).

Treatment effectiveness (mortality)

Aerial boom spray (ABS)

The models showed that mortality after ABS increased over time, reaching a max-
imum after 3 years. Pines of medium size (1.35-2 m) showed higher mortality
than smaller and larger pines. These trends were independent of the environmental
conditions or plot competition. The best-fitting model for mortality of an indi-
vidual pine following ABS in dense infestations included height class, years since
treatment, and their interaction (Table 3; Fig. 2). Probability of mortality generally
increased with years since treatment over the 3-year period (p = 0.025, comparing
mortality after 1 and 3 years, when averaged over the height classes), increasing on
average from 0.76 (asymptotic 95% confidence interval: 0.53-0.90) at 1 year to

1.0

0.8 1

0.6 1

mortality (probability pine is dead)

0.4

@ T

years since treatment
1 O 1
o

0.45-0.6m

T T

0.6-1.35m 1.35 - 2m 2-5m >5m

height class

Figure 2. Modeled mortality probabilities for aerial boom spray (ABS) by time since control and height class. Estimated marginal means

and 95% confidence intervals were calculated from the generalized mixed-effects model (including the interaction of years since treatment

and height class) for the probability of mortality where ABS was applied. Only pines estimated to have been present at the time of control,

as calculated from assessed ages of living pines, were included. All dead pines were assumed to be present at the time of control. Note that

height class corresponds to height at the time of measurement, which was 1-3 years after the control event.
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Table 3. Summary of logistic regression results for models of mortality within ABS and GND plots.
Terms tested in the model: 7, intercept only; H, height class; Y, years since treatment; P, annual pre-
cipitation; 7, mean annual temperature; and C, estimated plot competition at the point of control.
Region and plot were treated as random effects. Models with the lowest AICs are highlighted in bold
font. LRT: p-value from the likelihood ratio test comparing the model with the model in italics.

Numbers in parentheses indicate the change in AIC where ¥ was included as a categorical variable.

Model AIC LRT

Aerial boom spray (ABS)

I 3055

H 2974

Y 3045

H+Y 2972 (2974) 2 <0.001

H*Y 2957 (2964)

H*Y+P 2958 »=0.563

H*Y+T 2957 (2964) p=0.157

H*Y+C 2957 »=0.128

H+P 2975

H+T 2974

H*T 2978

H+C 2974
Ground-based control (GND)

I 1034

H 734

Y 1030

T 1031

H+Y 735

H*Y 738

H+P 734

H*P 671

H+T 735 £ <0.001

H*T 643

H+C 733

H*C 675

0.95 (asymptotic 95% confidence interval: 0.88-0.98) at 3 years. Years since treat-
ment had a significant positive effect on mortality, specifically for the 1.35-2 m and
> 5 m height classes (» = 0.005 and p = 0.001, respectively, for the comparison be-
tween 1 and 3 years within height classes; Suppl. material 4). Mortality for the mid-
dle height class (1.35-2 m) was slightly but significantly higher than that for the
other height classes 3 years after treatment (mortality of 0.99 for 1.35-2 m pines,
compared with 0.91-0.96 for all other height classes, p = 0.016 in comparison with
the > 5 m height class and p < 0.001 in comparison with each of the remaining
height classes when comparing at 3 years after treatment; Suppl. material 4).

Ground-based control (GND)

Pine height in combination with temperature showed the greatest effect on esti-
mated mortality in GND plots (Fig. 3). Larger pines had a higher likelihood of
dying, and with increasing temperature, the probability that a medium-sized pine
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Figure 3. Modeled probabilities that a pine is dead following ground-based control (GND) by temperature and height class. Estimated
marginal means for the probability that a pine is dead and 95% confidence intervals for the GND generalized mixed-effects model, in-
cluding the interaction of height class and mean annual temperature. Only pines estimated to have been present at the time of control, as
calculated from assessed ages of living pines, were included. All dead pines were assumed to be present at the time of control. Note that
height class corresponds to height at the time of measurement, which was 1-3 years after the control event. The temperatures displayed

correspond to the minimum, median, and maximum mean annual temperatures at GND plots.

(0.6-2 m) was dead at the point of measurement decreased. The best-fitting model
for mortality following GND in the 3 years after control included height, mean
annual temperature, and their interaction (Table 3). Mortality increased strongly
with height (Fig. 3). When marginalized over temperature, pairwise analysis found
that the likelihood of mortality in the 2—5 m height class was significantly higher
than that in the 1.35-2 m height class (0.99 vs. 0.14 mortality, p < 0.001), as
was the likelihood of mortality in the 1.35-2 m and 0.6-1.35 m height classes
compared with that in the 0.15-0.6 m height class (0.14 vs. 0.01 mortality, p
= 0.0004, and 0.06 vs. 0.01 mortality, p = 0.0001, respectively). There was no
significant difference between the two shortest height classes, for which mortality
was overall low (p = 1.0). Temperature had a significant effect on mortality for the
two middle height classes, with mortality significantly reduced under warmer con-
ditions (height: 0.6-1.35 m, 0.99 mortality vs. 0.03 mortality, p = 0.005; height:
1.35-2 m, 1.0 mortality vs. 0.01 mortality, p < 0.001; comparisons between 4.7
and 9.1 °C mean annual temperature; Suppl. material 4).

Health status

Height and years since ABS control treatment had a significant impact on the
health status of surviving pines (Table 4; Fig. 4). There was no significant inter-
action between years and height, nor did including six height classes (0-0.15 m,
0.15-0.6 m, 0.6-1.35 m, 1.35-2 m, 2-5 m, > 5 m) offer a significant improve-
ment over just two height classes (< 2 m or > 2 m). Surviving pines taller than
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Table 4. Summary of one-inflated beta results for models of health status for ABS plots. Plot and
region were included as random effects in all models. Terms tested in the model: 7, intercept only;
H2, height class (two classes: < 2 m or > 2 m); Y, years since treatment (as a factor); P, annual precip-
itation; and 7, mean annual temperature. Models with the lowest AICs are highlighted in bold font.

LRT: p-value from the likelihood ratio test comparing the model with the model in italics.

Model AIC LRT
1 1152
H2 1115 2 =0.001
Y 1139 2 <0.001
H2+Y 1106 2=0.32
H2*Y 1108 2 =030
P 1147
T 1148
H2+Y+P 1107
90
80 T
<
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Figure 4. Modeled health of pine survivors 1-4 years after aerial boom spray (ABS). Estimated mar-

ginal means for the health status of surviving P contorta following ABS and 95% confidence intervals.

2 m were significantly less healthy than surviving pines under 2 m based on esti-
mated marginal means across years since treatment (p < 0.001). Health status 2
years post-treatment was significantly lower than at 3 or 4 years post-treatment,
although it was not significantly different from that at 1 year post-treatment when
averaged over height class (pairwise comparisons, p = 0.0003, p = 0.004, and p =
0.18, respectively).

Relative importance of survivors vs. recruits

Aerial boom spray (ABS)

When predicting the number of live individuals following ABS, the model with the
lowest AIC included height class, individual status (survivor vs. new recruit), years
post-treatment, and interactions between all factors (Fig. 5; Table 5). Numbers of sur-
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Figure 5. Modeled counts of pines 1-4 years after aerial boom spray (ABS). Estimated number (rate) of live 2 contorta per hectare fol-

lowing ABS and asymptotic 95% confidence intervals.

viving pines substantially outnumbered recruits across all 4 years following ABS for
height classes above 0.6 m. Notably, within the 0.6-1.35 m height class, the number
of survivors 4 years post-treatment was still significantly greater than the number of
newly recruited pines (p < 0.001, comparisons conditional on years since control treat-
ment and height class). Even after 4 years, the number of new recruits in the 0.15—
0.6 m height class was not significantly greater than the number of surviving pines
remaining in this smaller height class (p = 0.08, comparisons conditional on years since
control treatment and height class). Overall, the models showed that the total number
of pines surviving ABS 4 years post-control was quite high at approximately 1,094 ha’,
with recruits as a smaller component of the restructured population at ~174 ha.

Ground-based control (GND)

Counts of live individuals following GND were also dependent on height class,
individual status (survivor vs. new recruit), years since control, and their interac-
tions (Fig. 6; Table 5). However, unlike for ABS, 4 years post-GND treatment,
there were significantly more new recruits of P contorta than survivors in two of the
shorter height classes (0.15-0.6 m and 0.6-1.35 m; p < 0.001 and p = 0.0139, re-
spectively; comparisons conditional on years since control and height class). How-
ever, there were still fewer new pines in the 1.35-2 m height class than survivors (p
< 0.001), reflecting the time taken to reach this taller height class. Overall, it was
estimated that there were, on average, 109 ha' surviving after the control opera-
tion and double that number of recruits (223 ha') contributing to the reformed
population at 4 years after control.

Cones on live pines

Almost all active cone-bearing pines during the period 1—4 years post-treatment
were survivors rather than new recruits. Only one of 32 active cone bearers at
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Table 5. Summary of Poisson mixed-effects models of live pine counts within ABS and GND plots.
Region and plot were included as random effects. Terms tested in the model: /, intercept only; H,
height class; Z, individual status of live pines (survivor or new recruit); ¥, years since treatment (cate-
gorical factor); P, annual precipitation; 7, mean annual temperature; and R, region. Models with the
lowest AICs are highlighted in bold font. LRT: p-value from the likelihood ratio test comparing the

model with the model in italics.

Model AIC LRT
Aerial boom spray (ABS)
I 3686
H 3467
L 2847
Y 3692
P 3687
T 3687
H+L 2626
H*L 2236 £<0.001
H+Y 3472
H*Y 3409 2 <0.001
L+Y 2852
LY 2832 2 <0.001
L*P 2843
L*T 2838
H*LYY 2085
Ground-based control (GND)
I 7605
H 4611
Y 7607
L 7133
P 7605
T 7604
H+L 4141
H*L 4064 <0.001
H+Y 4615
H*Y 4324
H+T 4613
H*T 4595
L+Y 7137
LY 6246
H+L+Y 4144 2 <0.001
H*LYY 2456

GND plots was recruited post-control, and none of the 28 active cone bearers at
ABS plots were recruited post-control. Years since treatment and control type both
had a significant effect on the number of active cone bearers, with no significant
interaction between the predictors (Table 6; Fig. 7). ABS plots had significantly
more active cone bearers than GND plots (p = 0.04), and the number of active
cone bearers significantly increased with years since control (p < 0.001). Across the
study, some pines in the 0.6-1.35 m height class developed cones; however, pines
>2 m were much more likely to be coning (data not shown). At GND plots, 31%
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Figure 6. Modeled counts of pines 14 years after ground-based control (GND). Estimated number of live P contorta per hectare follow-

ing GND and asymptotic 95% confidence intervals.

Table 6. Summary of Poisson regression models of active cone bearers. Terms tested in the model: 7,

intercept only; C, control type (ABS or GND); and Y years since treatment (numeric).

Model AIC LRT

1 321

C 315 »=0.087

Y 265 p =0.449

C+Y 263

C*Y 264
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Figure 7. Estimated number of active cone bearers per hectare and 95% confidence intervals.
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of the live pines in the 2-5 m height class were actively coning, compared with
only 4% of live 2—5 m pines in ABS plots in the 1—4 years post-treatment, indicat-
ing the delayed return to coning following herbicide treatment.

Discussion

This is one of the first studies to critically evaluate the effectiveness of operational
treatments applied to manage non-native conifer invasions. This study assessed
146 plots spanning the main invaded regions within the key management areas
of national wilding control, covering a range of invasion stages and the two main
control methodologies. The results demonstrate that conifer mortality following
control is strongly influenced by control method, height, and time since treatment.
The results did not provide evidence that the broadscale environmental variables
examined affected initial control treatment success for either ABS or GND. In-
stead, the results suggest that climate variables influence growth rates and there-
fore influence population dynamics following control. Aerially applied herbicide
treatments were highly effective on average irrespective of area conditions, with
mortality increasing over time and reaching a maximum at 3 years post-treatment
(average mortality of 95%) and being particularly high for medium-sized pines
(1.35-2 m). This 3-year timeframe coincides with improving health status of the
remaining pines. In contrast, GND showed mortality patterns driven by pine
height and was only effective for larger individuals (>0.6 m tall). While there were
similar numbers of recruits and active cone bearers 4 years after control, popu-
lation structures were significantly different depending on treatment type, with
post-treatment ABS populations dominated by surviving larger pines and post-
GND populations dominated by surviving seedlings and saplings, with numbers
of new recruits starting to match the survivors after 4 years. These outcomes reflect
a combination of the pre-treatment population structure and control treatment
effects and indicate that further intervention for both control approaches is critical
for long-term local eradication.

Despite the high post-ABS mortality, substantial numbers of pines persisted 3
years after treatment — an estimated 291 pines ha' (asymptotic 95% confidence
interval: 134—632) in the 2-5 m height category and 113 pines ha’ (asymptotic
95% confidence interval: 50-255) in the >5 m category — due to the very high
initial density of these stands (>10,000 pines ha!, Suppl. material 3) and the pos-
sible sheltering effect of neighboring trees in very dense stands. Delayed mortality,
especially among larger trees (Figs 2, 4), is consistent with prior observations and
cautions against premature evaluation of ABS effectiveness (Rolando et al. 2025).
At 4 years post-treatment, approximately 72 actively coning pines ha' remained —
representing a substantial source of propagules. These coning individuals were pri-
marily survivors that had recovered or escaped the spray, with very few of the latter
continuing to cone in the 1-2 years immediately post-ABS (Fig. 7), suggesting that
ABS may only limit coning of survivors for 3—4 years. As P contorta cones develop
over two years (Owens 2000), this pattern suggests that herbicide likely eliminates
cones already in development (resulting in an initial 1-year delay), after which cone
initiation can resume in the following season (with an additional 2-year lag to ma-
turity). In addition, because 2 contorta retains cones on the tree for decades, ma-
ture dense stands targeted by ABS have the potential to maintain substantial aerial
seed banks on both surviving and standing dead trees (Carlin et al. 2025a, 2025b,
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2025c¢). Carlin et al. (2025a, 2025b) showed that P contorta cones in New Zealand
produce, on average, 74 seeds per cone, with up to 19% of open cones retaining
viable seed after coning. These authors found that the oldest cone retaining viable
seed was 15 years old. Further, in a separate study, it was found that the number of
viable seeds per cone did not differ between herbicide-treated and untreated popu-
lations, notably for serotinous cones (Carlin et al. 2025¢). However, despite this po-
tentially high propagule pressure, seedling emergence remained low beneath treated
canopies during the first 2 years post-ABS despite the likely presence of abundant
viable seed. There are multiple plausible mechanisms to explain this pattern. First,
residual herbicide effects may contribute: field measurements indicate that, while
soil concentrations are typically below detection 1 year after aerial treatment, res-
idues persist in cast needles for up to 2 years and gradually leach out, suppressing
regeneration (Rolando et al. 2023, 2024). Second, microbiome-mediated legacy
effects may contribute: pot trials show that, in controlled P contorta stands, the soil
microbiome may impose negative conspecific feedback on early P contorta growth,
and the litter microbiome may impose negative conspecific feedback on seedling es-
tablishment, with some nuance arising from interacting biotic and abiotic impacts
(Dudenhéffer and Hulme 2025a). Finally, there may be high predation on any seed
exposed from the aerial seed bank (Carlin et al. 2024). Together, these legacy effects
appear to dampen recruitment even where seed supply is high.

Ground-based control achieved high mortality for pines >0.6 m, but many
smaller seedlings persisted (<0.6 m), likely due to imperfect detection during
large-scale operations across mixed age classes, often in tall grass and shrubland.
These residual seedlings can rapidly transition into taller classes following con-
trol (Ledgard 1999). Apparent low effectiveness of GND in the 0.6-1.35 m and
1.35-2 m height classes in warmer areas (Fig. 3) likely reflects post-treatment
growth rather than low mortality of these pine sizes. Surveys occurred 1-3 years
following treatment; therefore, most surviving individuals would have been short-
er and harder to detect at the time of control. Moreover, ground-controlled popu-
lations are typically dominated by seedlings and saplings rather than mature trees.
Faster growth at warmer temperatures accelerates upward transitions of survivors,
while dead trees remain fixed in their pre-treatment height classes. Consequently,
mortality estimates at cooler sites (e.g., mean annual temperature ~ 5 °C), where
growth is slower, provide a clearer proxy for initial mortality under GND, indi-
cating high kill rates for pines >0.6 m. The rapid upward transitions observed at
warmer locations underscore the risk that a residual population can attain repro-
ductive maturity within a few years in the absence of timely follow-up control.

Estimating the initial effectiveness of GND is complicated by the rapid growth
of juvenile pines unless measurements are taken close to the treatment dates. Mor-
tality is also harder to quantify because small dead seedlings and saplings can decay
or evade detection under vegetation, in contrast to ABS areas where dead stems
generally remain standing. Conservatively, counts in GND-treated areas may un-
derestimate mortality in the smaller height classes, but even so, >125 surviving
pines ha! were still recorded in the 0.15-0.6 m height class 1 year after treatment,
supporting the inference that GND effectiveness is relatively low for smaller indi-
viduals. Unlike GND, the surviving pines at ABS plots were not likely to have been
growing rapidly into taller height classes during the 1-3 years after treatment due
to the residual effects of the herbicides on tree health and may have even shrunk
due to the loss of dead tops. However, pine densities show substantial numbers of
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survivors >2 m high (Fig. 5), and there is no indication that 3-year ABS mortality
is materially underestimated or overestimated. Since age estimates were used to
classify live pines as survivors or new recruits, it is possible that there was some
misclassification. It is more likely that age was underestimated since seedlings can
remain small for multiple years due to resource competition or herbivory in both
GND and ABS plots or specifically at ABS plots due to plant health recovery from
the herbicide treatment. This might lead to an overestimation of mortality and an
overestimation of new recruits compared with survivors. Regardless, this reinforces
the need for follow-up control treatments to remove the surviving pines. While
pre-control treatment measurements would have strengthened the inference, the
chronosequence approach practically precluded the collection of pre-treatment
data, considering the scale of operations and resources available for assessment.
Further, the study design avoided any risk of influencing operations.

Management perspectives
Aerial boom spray (ABS)

For ABS operations, the results clearly indicate that additional treatment is re-
quired to eliminate residual populations. This may reflect limitations in ABS ap-
plication coverage, where dense or uneven canopies can prevent herbicide from
contacting all target foliage, leaving pockets of surviving plants. Given that ABS is
expensive (estimated at $1,800-$2,500 ha') and high herbicide rates are applied
with the expectation of eliminating the standing population in a single application
(Edwards et al. 2021; Rolando et al. 2025), the approach should be revisited to
develop a more effective and sustainable strategy to manage dense infestations and
potentially reduce costs. This may include improving application consistency for
complex canopies, refining herbicide prescriptions (lower rates and fewer active
ingredients), and planning for a minimum two-stage application from the outset.
Importantly, any changes in practice should be evaluated for effects on both the
standing population and subsequent recruitment.

Irrespective of the herbicide mix, current aerial approaches do not remove aerial
seed banks retained on surviving and standing dead trees, which can sustain reinva-
sion risk (Carlin et al. 2025a, 2025b). Operationally, this means pairing ABS with
follow-up control or land rehabilitation (Cirelli et al. 2016) and, where native recov-
ery is a goal, establishing native vegetation to reduce the risk of reinvasion (McAlpine
et al. 2016). Finally, because mortality in ABS treatment is delayed, post-control
surveillance should be conducted 2-3 years post-control to avoid underestimating
treatment effectiveness and to inform timely repeat intervention. Surveillance is par-
ticularly important given the variability observed in the survivor counts.

A consequence of broad-scale aerial herbicide application is its effect on non-tar-
get vegetation and the subsequent trajectory of plant community recovery. Ulti-
mately, the success of invasive conifer management should not be judged solely
by pine mortality but by whether treated sites move toward desired ecological
outcomes and remain resistant to reinvasion. Although vegetation responses were
not quantified in this study, research examining operational aerial herbicide treat-
ments has shown that plant communities following control of dense Pinus contorta
infestations often become dominated by exotic grasses, despite differences among
herbicide mixtures and pre-treatment vegetation composition (Rolando et al.
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2025). These findings suggest that dense pine invasion followed by aerial herbicide
control may act as a strong ecological filter, resulting in convergence toward highly
simplified, novel communities dominated by exotic grasses rather than recovery of
the pre-invasion vegetation composition. Emerging evidence further suggests that
ecological legacies of pine invasion may persist beyond removal through changes to
soil biota, litter dynamics, and plant-soil feedbacks, which can influence the recov-
ery of native species and potentially favor secondary invasion by other non-native
species (Dudenhoffer and Hulme 2025a, 2025b). Together, these findings indicate
that aerial herbicide treatments of dense infestations initiate a broader ecological
transition, with post-treatment vegetation dynamics likely to influence both bio-
diversity outcomes and susceptibility to reinvasion.

Ground-based control (GND)

For GND, outcomes were highly variable among plots: some were cleared, where-
as others retained many live pines. Outcomes were not partitioned by vegetation
structure, contractor, or metrics of operational success (e.g., trees time and area
time™), but differences in operator strategies and spatial heterogeneity in pine den-
sity may account for this variation. Locating small pines amid ground vegetation is
inherently difficult, leading to substantial survival of young cohorts. Independent
audits of GND operations may improve quality, but a more direct solution is to
re-treat after a short interval, allowing a period of growth (to improve detectability)
but before coning begins. Based on the data, repeating GND operations approx-
imately 2 years following initial treatments is recommended (Fig. 7). Two years
following control, the density of actively coning pines remained relatively low,
whereas by 4 years there were an average of 50 coning individuals ha (and up to
~ 200 coning individuals ha' in some areas), generating high propagule pressure
and reinvasion potential.

Ultimately, the scale and strategy of national programs are constrained by lim-
ited resources, so agencies need cost-effective control sequences that achieve erad-
ication or robust containment. While a formal cost analysis was not conducted
here, the estimates of post-control population states (after GND and ABS) provide
parameters to model alternative control strategies across contrasting initial popu-
lation conditions. This will allow extension of recent management-optimization
frameworks (e.g., Moyano et al. 2025) to P contorta control in New Zealand.
In a case study in Patagonia, Moyano et al. (2025) found that removing saplings
most effectively reduced spread and population size and that management delays
most strongly increased invasion; focusing only on mature trees was comparative-
ly ineffective because it allowed younger cohorts to transition into reproduction.
Although trait differences exist between South American and New Zealand pop-
ulations (Taylor et al. 2016; Carlin et al. 2025b), these insights remain relevant
to New Zealand GND scenarios. However, the present study found that New
Zealand GND effectiveness on shorter height classes was lower than assumed by
Moyano et al. (2025). Regardless, population dynamics models are a powerful
mechanism to simulate outcomes of various management scenarios, and the data
provide a robust basis from which to build such a platform for New Zealand.

The study was restricted to areas with a single operational control event, en-
abling a clean assessment of method effectiveness (ABS and GND). While the
NWCCP does not intend “one-off” control, funding constraints mean many areas
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receive only a single round. These data, therefore, provide a realistic picture of
post-treatment population status and a basis to project the consequences of de-
layed maintenance for density and spread. Overall, the results confirm that single
applications of either ABS or GND strategies are ineffective at eliminating pop-
ulations and that follow-up treatments are required. Success depends on timely
surveillance to organize repeat control before substantial recruitment or onset of
coning and to enable adaptive management in response to variable control treat-
ment success (van Wilgen et al. 2012).

Conclusion

This study provides the first quantification of the effectiveness of ground-based
and aerially applied herbicide treatments for invasive P contorta when applied at
an operational scale across different environments. The data show that although
both treatment types result in high mortality across environments, the density of
the surviving individuals and subsequent reinvasion suggest the need for either
follow-up control or a strategic shift in the control regime to achieve effective
eradication or long-term containment. The residual populations in both ABS and
GND cases differ in structure, with tall, mature pines being the largest cohort of
individuals present following aerial application of herbicides and young, rapidly
maturing seedlings in the case of GND. Managing these residual populations to
optimize initial gains from control will be critical to the long-term success of the
program. Beyond that, the data provide valuable knowledge for managers plan-
ning and scheduling operations and for building an understanding of the cost and
impact of deferred maintenance when lack of funding prevents scheduled main-
tenance from occurring. This alone, however, will not be enough to restore an
environment to one that is resilient to reinvasion, given the often highly disturbed
and altered states of the large areas that have been and will continue to be invaded.
Restoration and a plan to rehabilitate the land are critical and much-overlooked
components of the management approach for the NWCCP and are ultimately
needed for the long-term sustainability of the control approach.

Acknowledgments

The authors are grateful to David Selbie, David Nind, Blair Thwaites, Maurice
King, Rose Hore, Richard Hill, Anna Hill, and the Department of Conservation
for allowing access to field sites. The authors sincerely thank all members of the
Vive la résistance team who aided in collecting field measurements, including, but
not limited to, Ryan Vorster, Pedro Capelino, David Henley, Fiona Fields, John
Henry, and Jack Moss. The authors also acknowledge Joane Elleouet for her guid-
ance on the approach to analyses. The authors thank the four anonymous reviewers
whose comments greatly improved this work.

References

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-effects models using lme4.
Journal of Statistical Software 67(1): 1-48. https://doi.org/10.18637/jss.v067.i01
Biosecurity New Zealand (2025) The National Wilding Conifer Control Programme. Ministry for

Primary Industries. https://www.mpi.govt.nz/biosecurity/exotic-pests-and-diseases-in-new-zea-

NeoBiota 109: 129-155 (2026), DOI: 10.3897/neobiota.109.194587 149


https://doi.org/10.18637/jss.v067.i01
https://www.mpi.govt.nz/biosecurity/exotic-pests-and-diseases-in-new-zealand/long-term-biosecurity-management-programmes/wilding-conifers/#progress

Rebecca M. Turner et al.: Invasive conifer control effectiveness

land/long-term-biosecurity-management-programmes/wilding-conifers/#progress [Accessed Au-
gust 2025]

Brooks ME, Kristensen K, Van Benthem KJ, Magnusson A, Berg CW, Nielsen A, Skaug HJ, Maechler M,
Bolker BM (2017) glmmTMB balances speed and flexibility among packages for zero-inflated gener-
alized linear mixed modeling. The R Journal 9(2): 378-400. https://doi.org/10.32614/R]-2017-066

Carlin TF, Paul TS, Dudenhoeffer JH, Rolando C, Novoselov M, Vorster RS, Springford CR, Scott MB
(2024) The enemy of my enemy... Exotic mammals present biotic resistance against invasive alien
conifers. Biological Invasions 26(8): 2647-2662. https://doi.org/10.1007/s10530-024-03336-z

Carlin TE Roberts TP, Scott MB, Vorster RS, Rolando CA, Paul TSH (2025a) Hiding in plain sight:
Reinvasion risk from retained seed after dispersal events in introduced conifers. Trees, Forests and
People 20: €100852. https://doi.org/10.1016/j.tfp.2025.100852

Carlin TE, Scott MB, Paul TS (2025b) Reproductive trait shift in Pinus contorta helps explain inva-
sion success in Aotearoa New Zealand. New Zealand Journal of Ecology 49(1): 1-10. https://doi.
org/10.20417/nzjecol.49.3584

Carlin TE, Scott MB, Rolando CA, Paul TSH (2025¢) Complex planting histories of Pinus con-
torta subspecies and hybrids may help explain invasion success. Trees 39: 1-77. https://doi.
org/10.1007/s00468-025-02657-3

Cirelli D, Vinge T, Lieffers V] (2016) Assisted lodgepole pine regeneration on reclamation sites using
logging slash as both a mulch and natural seed source. Canadian Journal of Forest Research 46(9):
1132-1137. https://doi.org/10.1139/cjfr-2016-0157

Constdn-Nava S, Bonet A, Pastor E, Lledé MJ (2010) Long-term control of the invasive tree Ailan-
thus altissima: Insights from Mediterranean protected forests. Forest Ecology and Management
260(6): 1058-1064. https://doi.org/10.1016/j.foreco.2010.06.030

Critchfield WB (1957) Geographic Variation in Pinus contorta. Maria Moors Cabot Foundation
Publication 3. Harvard University, Cambridge, Massachusetts.

Department of Environmental Affairs (2014) A National Strategy for Dealing with Biological Inva-
sions in South Africa. Department of Environmental Affairs, Pretoria, South Africa.

Dew LQ, Rozen-Rechels D, Le Roux E, Cromsigt JB, te Beest M (2017) Evaluating the efficacy of
invasive plant control in response to ecological factors. South African Journal of Botany 109:
203-213. https://doi.org/10.1016/j.sajb.2016.12.007

DeYoung J (2016) Forest measurements: An applied approach. Open Oregon Educational Resources.

Dickie IA, Sprague R, Green J, Peltzer DA, Orwin K, Sapsford S (2022) Applying ecological research
to improve long-term outcomes of wilding conifer management. New Zealand Journal of Ecology
46(2). https://doi.org/10.20417/nzjecol.46.23

Dudenhéffer JH, Hulme PE (2025a) Soil and litter legacy effects of pine invasion on subse-
quent reinvasion and secondary invasion. Journal of Ecology 113: 2559-2574. https://doi.
org/10.1111/1365-2745.70113

Dudenhéffer JH, Hulme PE (2025b) Legacy of pine invasion disrupts plant-soil feedback of native
and non-native grasses. New Phytologist 4: 1887-1896. https://doi.org/10.1111/nph.70282

Edwards P, Sprague R, Stahlmann-Brown P (2021) Removing invasive conifers — Considerations,
complexity and costs. Environmental Research Communications 3(7): ¢071004. https://doi.
org/10.1088/2515-7620/ac13c7

Ernst-Brock C, Turner L, Tausch RJ, Leger EA (2019) Long-term vegetation responses to pinyon-ju-
niper woodland reduction treatments in Nevada, USA. Journal of Environmental Management
242: 315-326. https://doi.org/10.1016/j.jenvman.2019.04.053

Gioria M, Hulme PE, Richardson DM, Pysek P (2023) Why are invasive plants successful? Annual
Review of Plant Biology 74: 635-670. https://doi.org/10.1146/annurev-arplant-070522-071021

Gous S, Raal P, Watt MS (2014a) Dense wilding conifer control with aerially applied herbicides in New
Zealand. New Zealand Journal of Forestry Science 44: 1—4. https://doi.org/10.1186/1179-5395-44-4

NeoBiota 109: 129-155 (2026), DOI: 10.3897/neobiota.109.194587 150


https://www.mpi.govt.nz/biosecurity/exotic-pests-and-diseases-in-new-zealand/long-term-biosecurity-management-programmes/wilding-conifers/#progress
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1007/s10530-024-03336-z
https://doi.org/10.1016/j.tfp.2025.100852
https://doi.org/10.20417/nzjecol.49.3584
https://doi.org/10.20417/nzjecol.49.3584
https://doi.org/10.1007/s00468-025-02657-3
https://doi.org/10.1007/s00468-025-02657-3
https://doi.org/10.1139/cjfr-2016-0157
https://doi.org/10.1016/j.foreco.2010.06.030
https://doi.org/10.1016/j.sajb.2016.12.007
https://doi.org/10.20417/nzjecol.46.23
https://doi.org/10.1111/1365-2745.70113
https://doi.org/10.1111/1365-2745.70113
https://doi.org/10.1111/nph.70282
https://doi.org/10.1088/2515-7620/ac13c7
https://doi.org/10.1088/2515-7620/ac13c7
https://doi.org/10.1016/j.jenvman.2019.04.053
https://doi.org/10.1146/annurev-arplant-070522-071021
https://doi.org/10.1186/1179-5395-44-4

Rebecca M. Turner et al.: Invasive conifer control effectiveness

Gous S, Raal P, Watt MS (2014b) Aerial spot treatment using an oil carrier to apply ester-based herbi-
cides for control of Pinus contorta and P, nigra in New Zealand. New Zealand Journal of Forestry
Science 44: 1-23. https://doi.org/10.1186/s40490-014-0023-6

Gous S, Raal P, Watt MS (2015a) The evaluation of aerially applied triclopyr mixtures for the control
of dense infestations of wilding Pinus contorta in New Zealand. New Zealand Journal of Forestry
Science 45(1). https://doi.org/10.1186/s40490-014-0031-6

Gous S, Raal B Kimberley MO, Watt MS (2015b) Chemical control of isolated invasive coni-
fers using a novel aerial spot application method. Weed Research 55(4): 380-386. https://doi.
org/10.1111/wre.12147

Green JL, Waller LD, Allen J, Orwin KH, Pelser PB, Smaill S, Dickie IA (2025) Plant-soil feedback
from non-native communities increases pine invasion and re-invasion potential. Plant and Soil
515: 2461-2474. https://doi.org/10.1007/s11104-025-07528-x

Hartig F (2022) DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression
Models. R package version 0.4.7. https://doi.org/10.32614/CRAN.package. DHARMa

Hejda M, Pysek B, Jarosik V (2009) Impact of invasive plants on the species richness, diversity
and composition of invaded communities. Journal of Ecology 97(3): 393-403. https://doi.
org/10.1111/j.1365-2745.2009.01480.x

Hoffmann J, Moran V, Zeller D (1998) Long-term population studies and the development of
an integrated management programme for control of Opuntia stricta in Kruger National Park,
South Africa. Journal of Applied Ecology 35(1): 156-160. https://doi.org/10.1046/j.1365-
2664.1998.00283.x

Howell CJ (2019) Naturalised status of exotic conifers in New Zealand. New Zealand Journal of
Botany 57(4): 227-237. https://doi.org/10.1080/0028825X.2019.1626744

Land Information New Zealand (2023) NZ 8m digital elevation model, 2012. https://data.linz.govt.
nz/layer/51768-nz-8m-digital-elevation-model-2012/ [Accessed 18 December 2024]

Le Maitre DC, Gush MB, Dzikiti S (2015) Impacts of invading alien plant species on water flows at
stand and catchment scales. AoB Plants 7: plv043. https://doi.org/10.1093/aobpla/plv043

Ledgard NJ (1999) Early survival and growth of introduced forest trees in the Canterbury country.
New Zealand Journal of Forestry 44(1): 23-28.

Ledgard NJ (2001) The spread of lodgepole pine (Pinus contorta Dougl.) in New Zealand. Forest
Ecology and Management 141(1): 43—57. https://doi.org/10.1016/50378-1127(00)00488-6
Lenth RV (2025) emmeans: Estimated marginal means, aka least-squares means. R package version

1.11.0. https://doi.org/10.32614/cran. package.emmeans

Lindenmayer DB, Wood ], MacGregor C, Buckley YM, Dexter N, Fortescue M, Hobbs R], Catford
JA (2015) A long-term experimental case study of the ecological effectiveness and cost effective-
ness of invasive plant management in achieving conservation goals: Bitou bush control in Bood-
eree National Park in Eastern Australia. PLOS ONE 10(6): ¢0128482. https://doi.org/10.1371/
journal.pone.0128482

Lombard KB, Tomassi D, Ebersole ] (2012) Long-term management of an invasive plant: Lessons
from seven years of Phragmites australis control. Northeastern Naturalist 19(sp6): 181-193.
https://doi.org/10.1656/045.019.5614

Martin G, Canavan K, Chikowore G, Bugan R, De Lange W, Du Toit B, Harding G, Heath R,
Hill M, Hurley BP, Ivey B, Muir D, Musedeli ], Richardson DM, Slippers B, Stafford L, Turner
A, Watson K, van Wilgen BW (2025) Managing wilding pines in the Cape Floristic Region,
South Africa: progress and prospects. South African Journal of Botany 177: 377-391. https://doi.
org/10.1016/j.5ajb.2024.12.011

Maxwell BD, Lehnhoff E, Rew L] (2009) The rationale for monitoring invasive plant populations
as a crucial step for management. Invasive Plant Science and Management 2(1): 1-9. https://doi.

org/10.1614/IPSM-07-054.1

NeoBiota 109: 129-155 (2026), DOI: 10.3897/neobiota.109.194587 151


https://doi.org/10.1186/s40490-014-0023-6
https://doi.org/10.1186/s40490-014-0031-6
https://doi.org/10.1111/wre.12147
https://doi.org/10.1111/wre.12147
https://doi.org/10.1007/s11104-025-07528-x
https://doi.org/10.32614/CRAN.package.DHARMa
https://doi.org/10.1111/j.1365-2745.2009.01480.x
https://doi.org/10.1111/j.1365-2745.2009.01480.x
https://doi.org/10.1046/j.1365-2664.1998.00283.x
https://doi.org/10.1046/j.1365-2664.1998.00283.x
https://doi.org/10.1080/0028825X.2019.1626744
https://data.linz.govt.nz/layer/51768-nz-8m-digital-elevation-model-2012/
https://data.linz.govt.nz/layer/51768-nz-8m-digital-elevation-model-2012/
https://doi.org/10.1093/aobpla/plv043
https://doi.org/10.1016/S0378-1127(00)00488-6
https://doi.org/10.32614/cran.package.emmeans
https://doi.org/10.1371/journal.pone.0128482
https://doi.org/10.1371/journal.pone.0128482
https://doi.org/10.1656/045.019.s614
https://doi.org/10.1016/j.sajb.2024.12.011
https://doi.org/10.1016/j.sajb.2024.12.011
https://doi.org/10.1614/IPSM-07-054.1
https://doi.org/10.1614/IPSM-07-054.1

Rebecca M. Turner et al.: Invasive conifer control effectiveness

McAlpine KG, Howell CJ, Wotton DM (2016) Effects of tree control method, seed addition, and
introduced mammal exclusion on seedling establishment in an invasive Pinus contorta forest. New
Zealand Journal of Ecology 40(3): 302-309. https://doi.org/10.20417/nzjecol.40.32

McCarthy JK, Leathwick JR, Roudier P, Barringer JR, Etherington TR, Morgan FJ, Odgers NP, Price
RH, Wiser SK, Richardson SJ (2021) New Zealand environmental data stack (NZEnvDS). New
Zealand Journal of Ecology 45(2): €3440. https://doi.org/10.20417/nzjecol.45.31

McGlone MS (1989) The Polynesian settlement of New Zealand in relation to environmental and
biotic changes. New Zealand Journal of Ecology 12(s): 115-129.

McGlone MS (2004) Vegetation history of the South Island high country. Landcare Research
Contract Report. https://www.linz.govt.nz/sites/default/files/landcare-research-vegetation-histo-
ry-january-04.pdf

Mclntyre R (2007) Historic Heritage of High-Country Pastoralism: South Island up to 1948. De-
partment of Conservation.

Ministry for Primary Industries (2014) New Zealand wilding conifer management strategy 2015—
2030. Ministry for Primary Industries, Wellington, 40 pp. https://www.mpi.govt.nz/dmsdocu-
ment/51013-The-wilding-conifer-management-strategy-20152030/

Moyano J, Garcia-Diaz B, Langdon B, Palmer SCE, Caplat P, Lambin X, Pauchard A, Nufiez MA
(2025) Remove saplings early: Cost-effective strategies to contain tree invasions and prevent their
impacts. Journal of Applied Ecology 62: 661-676. https://doi.org/10.1111/1365-2664.14870

National Wilding Conifer Control Programme [NWCCP] (2021) Cut stump with herbicide appli-
cation (Version 1). Ministry for Primary Industries, Wellington, 7 pp.

National Wilding Conifer Control Programme [NWCCP] (2023) Aerial Foliar Application Spray
(Version 5). Ministry for Primary Industries, Wellington, 30 pp.

New Zealand Government (1991) Resource Management Act 1991. Public Act 1991 No. 69.

Nufiez MA, Chiuffo MC, Torres A, Paul T, Dimarco RD, Raal P, Policelli N, Moyano J, Garcia
RA, van Wilgen BW, Pauchard A, Richardson DM (2017) Ecology and management of invasive
Pinaceae around the world: Progress and challenges. Biological Invasions 19: 3099-3120. https://
doi.org/10.1007/s10530-017-1483-4

Owens JN (2006) The reproductive biology of lodgepole pine. Forest Genetics Council of British
Columbia, Extension Note 07. https://forestgeneticsbe.ca/wp-content/uploads/bsk-pdf-manag-
er/2020/07/ExtNote7-Final-web.pdf

Pauchard A, Garcia R, Zalba S, Sarasola M, Zenni R, Ziller S, Nufiez MA (2015) Pine invasions
in South America: reducing their ecological impacts through active management. In: Can-
ning-Clode J (Ed.) Biological Invasions in Changing Ecosystems: Vectors, Ecological Im-
pacts, Management and Predictions. De Gruyter Open Ltd, Berlin, 318-342. https://doi.
0rg/10.1515/9783110438666-020

Peltzer DA, Bellingham PJ, Dickie IA, Houliston G, Hulme PE, Lyver PO, McGlone M, Richardson
SJ, Wood ] (2019) Scale and complexity implications of making New Zealand predator-free by
2050. Journal of the Royal Society of New Zealand 49(3): 412—439. https://doi.org/10.1080/03
036758.2019.1653940

R Core Team (2021) R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. https://doi.org/10.32614/R.manuals

Richardson DM, Rejmdnek M (2004) Conifers as invasive aliens: A global survey and predictive
framework. Diversity and Distributions 10(5-6): 321-331. https://doi.org/10.1111/j.1366-
9516.2004.00096.x

Richardson DM, Rejmdnek M (2011) Trees and shrubs as invasive alien species — A global review. Di-
versity and Distributions 17(5): 788-809. https://doi.org/10.1111/j.1472-4642.2011.00782.x

NeoBiota 109: 129-155 (2026), DOI: 10.3897/neobiota.109.194587 152


https://doi.org/10.20417/nzjecol.40.32
https://doi.org/10.20417/nzjecol.45.31
https://www.linz.govt.nz/sites/default/files/landcare-research-vegetation-history-january-04.pdf
https://www.linz.govt.nz/sites/default/files/landcare-research-vegetation-history-january-04.pdf
https://www.mpi.govt.nz/dmsdocument/51013-The-wilding-conifer-management-strategy-20152030/
https://www.mpi.govt.nz/dmsdocument/51013-The-wilding-conifer-management-strategy-20152030/
https://doi.org/10.1111/1365-2664.14870
https://doi.org/10.1007/s10530-017-1483-4
https://doi.org/10.1007/s10530-017-1483-4
https://forestgeneticsbc.ca/wp-content/uploads/bsk-pdf-manager/2020/07/ExtNote7-Final-web.pdf
https://forestgeneticsbc.ca/wp-content/uploads/bsk-pdf-manager/2020/07/ExtNote7-Final-web.pdf
https://doi.org/10.1515/9783110438666-020
https://doi.org/10.1515/9783110438666-020
https://doi.org/10.1080/03036758.2019.1653940
https://doi.org/10.1080/03036758.2019.1653940
https://doi.org/10.32614/R.manuals
https://doi.org/10.1111/j.1366-9516.2004.00096.x
https://doi.org/10.1111/j.1366-9516.2004.00096.x
https://doi.org/10.1111/j.1472-4642.2011.00782.x

Rebecca M. Turner et al.: Invasive conifer control effectiveness

Richardson B, Rolando CA, Hewitt A, Kimberley M (2020) Meeting droplet size specifications for
aerial herbicide application to control wilding conifers. New Zealand Plant Protection 73: 13-23.
https://doi.org/10.30843/nzpp.2020.73.11712

Rolando CA, Richardson B, Paul TSH, Somchit C (2021) Refining tree size and dose-response
functions for control of invasive Pinus contorta. Invasive Plant Science and Management 14(2):
115-125. https://doi.org/10.1017/inp.2021.7

Rolando CA, Scott M, Baillie BR, Dean E Todoroki CL, Paul TS (2023) Persistence of triclopyr,
dicamba, and picloram in the environment following aerial spraying for control of dense pine inva-
sion. Invasive Plant Science and Management 16: 177-190. https://doi.org/10.1017/inp.2023.20

Rolando CA, Fields F, Scott MB, Sapsford S, Paul TSH (2024) Impacts of herbicides used for control
of invasive Pinus contorta on the potential for reinvasion and germination of restoration species.
Invasive Plant Science and Management 17(4): 287-296. https://doi.org/10.1017/inp.2024.30

Rolando CA, Richardson B, Schou W, Somchit C, Paul TSH, Scott MB (2025) Optimising aerial
herbicide treatment for control of dense conifer infestations: A New Zealand case study. Pest
Management Science 81: 2144-2154. https://doi.org/10.1002/ps.8612

Sapere Research Group (2022) Benefits and costs of additional investment in wilding conifer control.
Ministry for Primary Industries. https://www.mpi.govt.nz/dmsdocument/58519-2022-Benefits-
and-costs-of-additional-investment-in-wilding-conifer-control

Simberloff D (2019) New Zealand as a leader in conservation practice and invasion management.
Journal of the Royal Society of New Zealand 49(3): 259-280. https://doi.org/10.1080/030367
58.2019.1652193

Standards New Zealand (2021) NZS 8409:2021 Management of Agrichemicals. Standards New
Zealand, Wellington, New Zealand.

Strand EK, Hammond DH (2019) Assessing Post-Wildfire Conifer Regeneration: Validation of a
Non-Destructive Seedling Aging Method. Final Report to the Joint Fire Science Program for
Contract 17-2-01-11, 22 pp.

Taylor KT, Maxwell BD, Pauchard A, Nufiez MA, Peltzer DA, Terwei A, Rew L] (2016) Drivers of
plant invasion vary globally: Evidence from pine invasions within six ecoregions. Global Ecology
and Biogeography 25(1): 96-106. https://doi.org/10.1111/geb.12391

Torres A, Alarcén PA, Rodriguez-Cabal MA, Nunez MA (2018) Secondary invasions hinder the re-
covery of native communities after the removal of nonnative pines along a precipitation gradient
in Patagonia. Forests 9(7): €394. https://doi.org/10.3390/f9070394

Tukey JW (1953) The problem of Multiple Comparisons. Princeton University.

van Wilgen BW, Richardson DM (2012) Three centuries of managing introduced conifers in South
Africa: benefits, impacts, changing perceptions and conflict resolution. Journal of Environmental
Management 106: 56—68. https://doi.org/10.1016/j.jenvman.2012.03.052

van Wilgen BW, Forsyth GG, Le Maitre DC, Wannenburgh A, Kotzé JD, van den Berg E, Hender-
son L (2012) An assessment of the effectiveness of a large, national-scale invasive alien plant con-
trol strategy in South Africa. Biological Conservation 148(1): 28-38. https://doi.org/10.1016/j.
biocon.2011.12.035

Vila M, Espinar JL, Hejda M, Hulme PE, Jaro$ik V, Maron JL, Pergl J, Schaffner U, Sun Y, Pysek
P (2011) Ecological impacts of invasive alien plants: a meta-analysis of their effects on species,
communities and ecosystems. Ecology Letters 14(7): 702—708. https://doi.org/10.1111/j.1461-
0248.2011.01628.x

Wilding Conifer Information System [WCIS] (2023) Wilding Conifer Information System User Guide.
Land Information New Zealand, Wellington, 40 pp. https://wildpines.linz.govt.nz/portal/apps/in-
stant/filtergallery/index.html?appid=8b1b78da05794f2292bd880a8a49ffc5 [Accessed June 2025]

NeoBiota 109: 129-155 (2026), DOI: 10.3897/neobiota.109.194587 153


https://doi.org/10.30843/nzpp.2020.73.11712
https://doi.org/10.1017/inp.2021.7
https://doi.org/10.1017/inp.2023.20
https://doi.org/10.1017/inp.2024.30
https://doi.org/10.1002/ps.8612
https://www.mpi.govt.nz/dmsdocument/58519-2022-Benefits-and-costs-of-additional-investment-in-wilding-conifer-control
https://www.mpi.govt.nz/dmsdocument/58519-2022-Benefits-and-costs-of-additional-investment-in-wilding-conifer-control
https://doi.org/10.1080/03036758.2019.1652193
https://doi.org/10.1080/03036758.2019.1652193
https://doi.org/10.1111/geb.12391
https://doi.org/10.3390/f9070394
https://doi.org/10.1016/j.jenvman.2012.03.052
https://doi.org/10.1016/j.biocon.2011.12.035
https://doi.org/10.1016/j.biocon.2011.12.035
https://doi.org/10.1111/j.1461-0248.2011.01628.x
https://doi.org/10.1111/j.1461-0248.2011.01628.x
https://wildpines.linz.govt.nz/portal/apps/instant/filtergallery/index.html?appid=8b1b78da05794f2292bd880a8a49ffc5
https://wildpines.linz.govt.nz/portal/apps/instant/filtergallery/index.html?appid=8b1b78da05794f2292bd880a8a49ffc5

Rebecca M. Turner et al.: Invasive conifer control effectiveness

Additional information
Conflict of interest

The authors have declared that no competing interests exist.

Ethical statement

No ethical statement was reported.

Artificial Intelligence (Al) use

The authors accept full responsibility for the content of the manuscript,
including the disclosure of any use of Al

Regarding the use of Al in the preparation of this manuscript, the authors
declare the following: Microsoft Copilot. During the preparation of this
work, the authors used Copilot to improve the readability and language
of the manuscript but not to generate any content. After using this tool or
service, the authors reviewed and edited the content as needed and take full
responsibility for the content of the publication.

Funding

Funding for this work was provided by MBIE under science investment
contract C04X2102 (Endeavour Programme Vive la Résistance).

Author contributions

RMT: Conceptualization, Methodology, Investigation, Data curation, For-
mal analysis, Writing — original draft, Writing — review and editing; MBS:
Conceptualization, Methodology, Investigation, Data curation, Writing
— review and editing; TSHP: Conceptualization, Funding acquisition,
Methodology, Investigation, Writing — review and editing; TFC: Concep-
tualization, Methodology, Investigation, Data curation, Writing — review
and editing; BR: Conceptualization, Methodology, Writing — review and
editing; CAR: Conceptualization, Methodology, Investigation, Formal
analysis, Writing — original draft, Writing — review and editing.

Author ORCIDs

RM. Turner & hteps://orcid.org/0000-0002-7885-3092
M.B. Scott (& https://orcid.org/0000-0002-9629-1521
T.SH. Paul & https://orcid.org/0000-0002-2380-7830
T.E Carlin ‘@ https://orcid.org/0000-0002-5322-2075

B. Richardson ‘2 https://orcid.org/0000-0001-9093-2060
C.A. Rolando ‘& https://orcid.org/0000-0002-5157-9185

Data availability

The data underpinning the analysis reported in this paper are deposited in
the Figshare repository at hteps://doi.org/10.6084/m9.figshare.30175225.

Supplementary material 1

Summary of environmental conditions at the plots

Authors: Rebecca M. Turner, Matthew B. Scott, Thomas SH. Paul, Thomas F. Carlin, Brian Rich-

ardson, Carol A. Rolando
Data type: docx

Copyright notice: This dataset is made available under the Open Database License (http://opendata-

commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement

intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.

Link: hteps://doi.org/10.3897/neobiota.109.194587 .suppll

Supplementary material 2

Summary of height and age models

Authors: Rebecca M. Turner, Matthew B. Scott, Thomas SH. Paul, Thomas E Carlin, Brian Rich-

ardson, Carol A. Rolando
Data type: docx

Copyright notice: This dataset is made available under the Open Database License (http://opendata-

commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement

intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.109.194587 .suppl2

NeoBiota 109: 129-155 (2026), DOI: 10.3897/neobiota.109.194587

154


https://orcid.org/0000-0002-7885-3092
https://orcid.org/0000-0002-9629-1521
https://orcid.org/0000-0002-2380-7830
https://orcid.org/0000-0002-5322-2075
https://orcid.org/0000-0001-9093-2060
https://orcid.org/0000-0002-5157-9185
https://doi.org/10.6084/m9.figshare.30175225
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.109.194587.suppl1
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.109.194587.suppl2

Rebecca M. Turner et al.: Invasive conifer control effectiveness

Supplementary material 3
Mortality and population summary

Authors: Rebecca M. Turner, Matthew B. Scott, Thomas SH. Paul, Thomas E Carlin, Brian Rich-
ardson, Carol A. Rolando

Data type: docx

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.

Link: hteps://doi.org/10.3897/neobiota.109.194587 .suppl3

Supplementary material 4

Summary statistics for GND and ABS models

Authors: Rebecca M. Turner, Matthew B. Scott, Thomas SH. Paul, Thomas E Carlin, Brian Rich-
ardson, Carol A. Rolando

Data type: docx

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.

Link: hteps://doi.org/10.3897/neobiota.109.194587 .suppl4

NeoBiota 109: 129-155 (2026), DOI: 10.3897/neobiota.109.194587 155


http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.109.194587.suppl3
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.109.194587.suppl4

	Effectiveness of operational control of invasive conifers: Mortality, residual populations, and reinvasion
	Abstract
	Introduction
	Methods
	Study species
	Region description and plot selection
	Data collection
	Analyses
	Height models
	Age models
	Mortality
	Health status
	Survival vs. recruitment
	Active coning

	Results
	Treatment effectiveness (mortality)
	Aerial boom spray (ABS)
	Aerial boom spray (ABS)
	Aerial boom spray (ABS)


	Ground-based control (GND)
	Ground-based control (GND)
	Ground-based control (GND)


	Health status
	Health status
	Health status



	Relative importance of survivors vs. recruits
	Aerial boom spray (ABS)
	Aerial boom spray (ABS)
	Aerial boom spray (ABS)


	Ground-based control (GND)
	Ground-based control (GND)
	Ground-based control (GND)


	Cones on live pines
	Cones on live pines
	Cones on live pines




	Discussion
	Management perspectives
	Aerial boom spray (ABS)
	Aerial boom spray (ABS)
	Aerial boom spray (ABS)


	Ground-based control (GND)
	Ground-based control (GND)
	Ground-based control (GND)




	Conclusion
	Acknowledgments
	References
	Additional information

