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combination of observational data and climate niche 
modelling to reveal that invasion has occurred nation-
ally. Climate niche modelling demonstrates that while 
current occurrences are patchy, up to 76% of the 
land area (i.e. 211,388  km2) is climatically capable 
of supporting populations. Radiata pine has mainly 
invaded grasslands and shrublands, but also some 
forests. Notably, it has invaded lower-statured veg-
etation, including three classes of naturally uncom-
mon ecosystems, primary successions and secondary 
successions. Overall, our findings demonstrate per-
vasive and ongoing invasion of radiata pine outside 
plantations. The relatively high growth rates and per 
individual effects of radiata pine may result in strong 
effects on naturally uncommon ecosystems and may 
alter successional trajectories. Local and central 
government currently manage radiata pine invasions 
while propagule pressure from existing and new plan-
tations grows, hence greater emphasis is warranted 
both on managing current invasions and proactively 
preventing future radiata pine invasions. We there-
fore recommend a levy on new non-native conifer 
plantations to offset costs of managing invasions, 
and stricter regulations to protect vulnerable ecosys-
tems. A levy on economic uses of invasive species to 
offset costs of managing invasions alongside stricter 
regulations to protect vulnerable ecosystems could 
be a widely adopted measure to avert future negative 
impacts.

Abstract  Tree species in the Pinaceae are some 
of the most widely introduced non-native tree spe-
cies globally, especially in the southern hemisphere. 
In New Zealand, plantations of radiata pine (Pinus 
radiata D. Don) occupy c. 1.6 million ha and form 
90% of planted forests. Although radiata pine has 
naturalized since 1904, there is a general view in 
New Zealand that this species has not invaded widely. 
We comprehensively review where radiata pine 
has invaded throughout New Zealand. We used a 
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Introduction

Some of the most widely introduced tree species 
globally are Pinaceae, deliberately established for 
a range of services including timber, fibre, amenity 
value and soil conservation (Richardson et  al. 1994; 
Essl et  al. 2010; McGregor et  al. 2012). Nearly 4% 
of the world’s forests are plantations, established pri-
marily to provide timber and wood products (Pawson 
et  al. 2013). In the southern hemisphere, non-native 
Pinus species are the most widely grown in planta-
tions (Richardson et  al. 1994). Radiata pine (Pinus 
radiata, or Monterey pine) is native to North Amer-
ica, where it is narrowly distributed along the Califor-
nian coast, but is one of the most widely planted tree 
species worldwide (> 4 million ha), with the largest 
plantations in New Zealand and Chile (> 1.5 million 
ha each) and Australia (0.77 million ha; Mead 2013).

In New Zealand, radiata pine is by far the largest 
contributor to its forestry industry, comprising 90% 
of the total plantation area, supplies most domestic 
wood products, and is the third largest export earner, 
contributing c. 3% of GDP (Roche 1990, 2017; 
NZFOA 2020). The near-complete reliance of New 
Zealand’s forest industry on radiata pine is remark-
able internationally (Castro-Díez et  al. 2019). Its 
economic benefits are well documented, but there is 
a view that this species is relatively unimportant as a 
biological invader despite its widespread introduction 
effort (Froude 2011; Wyse and Hulme 2021a, b; see 
also Williams and Wardle 2007).

The potential negative environmental and ecosys-
tem impacts of invasive non-native pines are well 
documented, resulting from a combination of high 
introduction effort, subsequent widespread naturali-
zation and invasion, and relatively high growth rates 
and early reproductive maturity (Richardson et  al. 
1994; Simberloff et  al. 2010; McGregor et  al. 2012; 
Rejmánek and Richardson 2013). However, inva-
sive pines vary widely in both biomass and potential 
effects across different ecosystems and scales (Rouget 
et al. 2001; Williams and Wardle 2005; Curtis et al. 
2019). This has prompted major efforts to better 

understand the causes and consequences of pine inva-
sion, and how to integrate this knowledge into man-
agement (e.g., Nuñez et  al. 2017; Sapsford et  al. 
2020). Because of widespread increases in the dis-
tribution, abundance and ecological impacts of non-
native pines, there are increasing efforts to contain or 
remove these invaders at the landscape scale (Froude 
2011; Rundel et al. 2014; Nuñez et al. 2017). What is 
unresolved is how landscapes are managed for species 
that can simultaneously have benefits and negative 
impacts depending on their location (Sapsford et  al. 
2020); radiata pine is an excellent species for evaluat-
ing these complexities.

Radiata pine has naturalized from commercial 
plantations and amenity plantings and invaded native 
ecosystems across the southern hemisphere including 
Chile (Bustamante and Simonetti 2005; Becerra and 
Montenegro 2013), Argentina (Franzese et al. 2020), 
Australia (Williams and Wardle 2005, 2007; Baker 
and Murray 2010; Calviño-Cancela and van Etten 
2018), and South Africa (Richardson and Brown 
1986; van Wilgen et al. 2016). In many of these sys-
tems, positive feedbacks between radiata pine inva-
sion and fire are common because pines contribute 
more flammable litter than native species (Baker 
et  al. 2007; Franzese et  al. 2020) and can promote 
crown fires (Richardson and Brown 1986; Burrows 
et  al. 1989). Many invasive non-native Pinaceae in 
New Zealand, notably Pinus contorta, P. nigra, and 
Pseudotsuga menziesii, are widely controlled to pre-
vent or minimize their effects on ecosystems and 
biodiversity (e.g., Ledgard 2001; Dickie et al. 2014a; 
Hulme 2020). In contrast, radiata pine naturalized by 
at least 1904 but has been considered “only a minor 
escape” that is only “occasionally extensively natural-
ized in scrub and herbaceous vegetation downwind 
from plantations” (Webb et al. 1988), and this view of 
radiata pine as a minor invasive species has prevailed 
for over three decades. For example, its characterisa-
tion as an invasive weed (as it is in Australia; Baker 
and Murray 2010) does not feature in policy deci-
sions in New Zealand. A major afforestation initiative 
in New Zealand (“One Billion Trees”, https://​www.​
teuru​rakau.​govt.​nz/​fundi​ng-​and-​progr​ammes/​fores​
try/​one-​billi​on-​trees-​progr​amme/) will likely increase 
the area of radiata pine plantation and thus propagule 
pressure, yet its potential as an invasive species and 
its effects in natural ecosystems has not been consid-
ered. We are now at the stage of requiring evidence 

https://www.teururakau.govt.nz/funding-and-programmes/forestry/one-billion-trees-programme/
https://www.teururakau.govt.nz/funding-and-programmes/forestry/one-billion-trees-programme/
https://www.teururakau.govt.nz/funding-and-programmes/forestry/one-billion-trees-programme/
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for invasion risk and potential impacts at the local to 
regional scales needed to guide policy and manage-
ment of both plantation forestry and environmental 
weeds (Hulme 2020).

More generally, New Zealand has developed 
approaches to conservation and biosecurity manage-
ment relatively rapidly at a national scale because it 
is a small island nation, some of which, such as eradi-
cation of invasive mammals from islands and species 
translocations, have been applied globally (Simberloff 
2019). In the case of invasive plants in New Zealand, 
high numbers of species from across major biogeo-
graphic regions coupled with long naturalization his-
tories have prompted concerted national management 
responses, providing general insights into the large-
scale management of invasive species and prioritisa-
tion of plant biosecurity risks worldwide (Nuñez et al. 
2017; Hulme 2020; Sapsford et al. 2020; Brandt et al. 
2021).

In this paper, we reassess Webb et  al.’s (1988) 
view of radiata pine as only a minor invasive species 
in New Zealand, more than 30  years later. We pre-
sent the first comprehensive review of where inva-
sive radiata pine occurs in New Zealand, and evalu-
ate the potential climatic suitability for radiata pine 
to invade nationally. We assess radiata pine invasions 
in three classes of natural ecosystems that are natu-
rally uncommon and geographically confined (Wil-
liams et  al. 2007), many of which are threatened by 
increasing dominance by invasive, non-native plants 
(Holdaway et  al. 2012). We also evaluate the extent 
to which radiata pine is a feature of successional eco-
systems, including primary successions and second-
ary successions. An overarching goal of this work is 
to provide the evidence needed to improve manage-
ment of non-native species at the landscape-scale that 
simultaneously provide benefits and negative impacts 
that are location- or context-dependent (Hulme 2020; 
Sapsford et al. 2020).

Methods

Current distribution of invasive radiata pine in New 
Zealand

To identify occurrences of invasive radiata pine 
in New Zealand, we used: (i) plot records from the 
National Vegetation Survey (NVS) databank (Wiser 

et  al. 2001; https://​nvs.​landc​arere​search.​co.​nz/ on 
1 May 2020); (ii) herbarium records from the New 
Zealand Virtual Herbarium (https://​www.​nzher​baria.​
org.​nz/ on 13 June 2019) and physical records in indi-
vidual herbaria; (iii) records from the citizen science 
initiative i-Naturalist (https://​inatu​ralist.​nz/ on 17 July 
2019) where locations and photographs were clearly 
marked as invasive, with additional observations 
from Global Biodiversity Information Facility (GBIF; 
https://​doi.​org/​10.​15468/​dl.​lowakv on 9 November 
2018). Our approach was conservative, scrutinising 
all potential records to ensure that we admitted only 
documented invasions. We determined invasions on 
offshore islands from floras of 264 northern New 
Zealand islands (spanning 34–38°S and 172–179°E; 
Mologni et al. 2021), and records from other islands 
(Atkinson 1997). To establish the current environ-
mental range of invasive radiata pine occurrences, we 
extracted the 0.5% and 99.5% percentiles from 100 m 
resolution environmental layers of elevation, mean 
annual temperature, and annual precipitation for each 
of these records (McCarthy et al. 2021).

Potential distribution of radiata pine in New Zealand

A global set of reliably georeferenced radiata pine 
occurrences was obtained from GBIF (GBIF.
org 2020). Global climatologies for the period 
1979–2013 with a 30 arc second (ca. 1 km) grid reso-
lution (Karger et al. 2017) were used to define climate 
space. We used mean annual temperature and annual 
precipitation because these variables are the strong-
est predictors of species distributions (Barbet-Massin 
and Jetz 2014) and easily interpreted. To maximize 
the suitability of the radiata pine occurrences for 
niche analysis, GBIF occurrences were retained if 
they were: (1) temporally consistent with climatolo-
gies (i.e., recorded during 1972–2020); (2) recorded 
with a known spatial uncertainty ≤ 1  km (i.e., to 
ensure spatial consistency with the climatologies); 
(3) located within 0.1 degrees of the country to which 
they were recorded, located inside the climatology 
data range, not located within a 1 km grid for another 
observed occurrence, and not recorded as managed or 
cultivated.

Because we were interested in where radiata 
pine could potentially occur, we modelled its funda-
mental niche as a multivariate ellipse (Soberón and 
Peterson 2020) derived using Mahalanobis distances 

https://nvs.landcareresearch.co.nz/
https://www.nzherbaria.org.nz/
https://www.nzherbaria.org.nz/
https://inaturalist.nz/
https://doi.org/10.15468/dl.lowakv
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(Etherington 2019). To meet assumptions of multi-
variate normality annual precipitation values were 
log-transformed, and then both mean annual tem-
perature and annual precipitation data were rescaled 
to z-scores such that the units of climatic space were 
the same in all dimensions. Because GBIF data are 
known to be highly biased (Meyer et al. 2016), a cli-
matic space filter was applied to reduce the effects of 
sampling bias in climatic space by ensuring all occur-
rences were at least 0.1 z-scores away from any other 
occurrence (Varela et al. 2014).

After cleaning the data for errors and bias, 1281 
observations were available for niche analysis. The 
fundamental niche was defined as the climatic space 
with a Mahalanobis distance chi-square probabil-
ity ≤ 0.99, using a minimum covariance determinant 
approach (with k = 0.95), which is robust to any 
remaining occurrence errors or bias (Etherington 
2021). Fundamental niche models were generated as 
the mean of results from 1000 bootstrap resamples 
(Efron 1979; Diaconis and Efron 1983; Verbyla and 
Litvaitis 1989; Etherington and Lieske 2019). The 
fundamental niche of radiata pine was then applied to 
New Zealand’s current climate to map the potential 
distribution of radiata pine. The area of New Zealand 
that is climatically suitable to support a population 
of radiata pine was calculated as a weighted sum of 
the potential distribution values, but excluding those 
1  km2 grid cells that consisted of ≥ 50% of inland 
water (LINZ 2021a, LINZ 2021b). All analyses were 
done using R software (R Core Team 2019) with the 
MASS (Venables and Ripley 2002), virtualNicheR 
(Etherington and Omondiagbe 2019), rnaturalearth 
(South 2017), raster (Hijmans 2020), sf (Pebesma 
2018), and rgbif (Chamberlain and Boettiger 2017) 
packages.

Determining ecosystems invaded by radiata pine

We extracted data from vegetation plots archived 
in the NVS databank where radiata pine had been 
recorded and data were collected following consistent 
relevé-based methods (Hurst and Allen 2007). Many 
of these plots have been assigned to a national clas-
sification that quantitatively defined woody and non-
woody vegetation types (Wiser and De Cáceres 2011, 
2013; Wiser et al. 2016). Previously unclassified plots 
were assigned to a vegetation type following the pro-
cedures defined in these earlier publications, where 

possible. All plots were further categorized into a 
physiognomic class (e.g. grassland, fernland, herb-
field) based on the summed cover of different species 
groups, following Atkinson (1985). We also reviewed 
published literature from across studies of New Zea-
land ecosystems invaded by radiata pine, and, for 
some of these ecosystems, we present new data.

Results

Current distribution of invasive radiata pine in New 
Zealand

Observations of invasive radiata pine extend 
nearly the full latitudinal range of New Zealand 
(Fig.  1a), and were present between 1 and 1060  m 
elevation, 6–16  °C mean annual temperature, and 
548–2813  mm annual precipitation. Invasive radiata 
pine occurs on 34 (12.8%) of 266 northern New Zea-
land islands for which there are comprehensive floras 
(Atkinson 1997; Mologni et al. 2021). The 34 islands 
are, on average, nearly 7 times greater in area than the 
overall mean of 266 islands (1631 ± 854 [SEM] ha 
vs. 242  ha), nearly half as close, on average, to the 
mainland (5.4 ± 1.3 km vs. 9.6 km), and more often 
with permanent human settlement (62% of islands 
are inhabited vs. 15.4%). Radiata pine has also nat-
uralized on another 8 islands off the northern South 
Island coast (40.5–41.5°S); an island (45.7°S) close 
to Dunedin, southern South Island (Atkinson 1997); 
and on Rekohu/Chatham Island, c. 800 km east of the 
South Island of New Zealand (Fig. 1b), which is per-
manently inhabited. The higher incidence of radiata 
pine invasion on islands with permanent human set-
tlement is likely to coincide with planting radiata 
pine for shelter, fuelwood, or timber, so that invasive 
radiata pines on many islands are most likely derived 
from local seed sources (e.g. Cameron and Davies 
2013) rather than long-distance dispersal from main-
land populations (see also Wyse and Hulme 2021b).

Potential distribution of radiata pine in New Zealand

The climatically suitable areas for radiata pine were in 
the warmer and drier regions of New Zealand, which 
is consistent with radiata pine’s native range in coastal 
southern California, with only the coldest and wettest 
climates of New Zealand predicted to be outside the 
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fundamental niche (Fig.  1b). The occurrence data 
conformed well to the Mahalanobis distance meth-
od’s assumption of multi-variate normality, and the 
results from the bootstrap resampling were highly 
consistent, indicating the fundamental niche model is 
reliable (Fig. 1b). Therefore, the potential distribution 
of radiata pine is likely to include most of New Zea-
land aside from relatively high elevation (> 1000 m) 
and high rainfall (> 2000 mm  year−1) regions of the 
centre and west, especially southwest, of the South 
Island (Fig. 1a). While confirmed presences of radiata 
pine in New Zealand are currently patchy and local-
ized, the total area that is climatically capable of sup-
porting populations is estimated as 76% of New Zea-
land’s land area (or 211,388 km2; Fig. 1a).

Ecosystems invaded by radiata pine in New Zealand

Of 101 relevé plots nationally that we were confi-
dent contained invasive radiata pine, 56 had been 
collected in a manner consistent with those support-
ing previous quantitative vegetation classifications. 
Of the 56 plots with suitable data, 31 (55%) could 
be classified to a previously defined vegetation type, 
whereas the composition of the remainder was not 
consistent with previously defined vegetation types. 
Instead, these were assigned to physiognomic types 
(Table  1). There were an equal number of plots in 
grasslands, fernland and herbfields versus succes-
sional shrublands in which radiata pine had invaded 
(21 plots in each of the groups, both 38% of the 

Fig. 1   Current invasive range and ecological niche modelling 
of the fundamental niche and potential distribution of non-
native Pinus radiata in New Zealand. a The national 25  km 
grid squares containing confirmed occurrences of invasive P. 
radiata; potential distribution of P. radiata (blue shading) is 
predicted by the species’ fundamental climatic niche. b The 
estimated fundamental niche (blue shading) of P. radiata cal-

culated from global native and non-native occurrence data 
using Mahalanobis niche modelling. For context, contours 
show the climate space containing 55, 75, and 95% percentiles 
for the current climatic conditions of New Zealand, and the 
histograms show the distribution of occurrences for each cli-
mate variable
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total) and fewer plots in forests were invaded (14 
plots, 25% of the total).

Naturally uncommon ecosystems

Radiata pine has invaded at least three classes of 
naturally uncommon ecosystems (Table  2; Fig.  2): 
(1) geothermal, (2) gumlands, and (3) inland cliffs, 
scarps, and tors. Geothermal ecosystems include 
heated ground (dry), hydrothermally altered ground 
(now cool), acid rain systems, fumeroles and geother-
mal streamsides. Vegetation structure ranges from 
nearly bare ground to moss and herbfields to shrub-
lands to forest. Radiata pine invades the woody veg-
etation (Burns 1997; Boothroyd 2009; Beadel et  al. 
2018), where it can become structurally dominant, 
occupying areas > 10 ha (Table 2). Increasing ground 
temperatures in these ecosystems can kill mature 

radiata pine trees; conversely, cooling substrate tem-
peratures can allow more radiata pine to establish. 
Radiata pine and Pinus pinaster are the principal 
invaders in geothermal areas (Burns 1997; Beadel 
et al. 2018).

Gumlands are mosaics of dry and wet heathlands 
in warm temperate northern New Zealand on infer-
tile, podzolized soils that formerly supported forests 
dominated by Agathis australis (Enright 1989), and 
are locally prone to waterlogging, often because of 
silica clay or ironstone pans (Clarkson et  al. 2011). 
These ecosystems are fire-prone, with fire distur-
bance likely to have increased through human igni-
tion (Clarkson et  al. 2011). Radiata pine invades 
gumlands throughout their range (Table 2; also Wil-
cox 2014), along with other non-native pyrogenic 
species such as Hakea sericea and Ulex europaeus. 
Radiata pine grows relatively rapidly and taller than 

Table 1   Summary of different vegetation types in New Zealand in which invasive P. radiata has been recorded as present in relevé 
plots

Plots invaded were either assigned to non-woody (Wiser et al. 2016) or woody (Wiser and De Cáceres 2011, 2013) vegetation types 
(number of plots per type) or, where this was not possible, categorized into physiognomic classes, following Atkinson (1985)

Vegetation Plots (n)

Grassland, herbfield, fernland
Festuca novae-zelandiae–Poa colensoi–Anthoxanthum odoratum/Leucopogon fraseri tussockland 11
Indigenous grassland 6
Adventive grassland 1
Fernland 1
Herbfield 2
Shrubland
Kunzea ericoides/(Coprosma rhamnoides–Leptecophylla juniperina) shrubland 5
(K. ericoides)/C. rhamnoides/Dactylis glomerata–A. odoratum successional shrubland 4
K. ericoides–Cyathea dealbata–(Leptospermum scoparium)/Leucopogon fasciculatus (C. rhamnoides) forest and tall 

shrubland
4

L. scoparium shrubland 1
Discaria toumatou–Coprosma propinqua/A. odoratum–D. glomerata shrubland 1
Ulex europaeus–Cordyline australis shrubland 1
Indigenous shrubland (including subshrubs) 4
Adventive shrubland 1
Forest
Weinmannia racemosa–C. dealbata – Knightia excelsa (Beilschmiedia tawa)/L. fasciculatus forest 2
C. dealbata–Melicytus ramiflorus–Freycinetia baueriana–Ripogonum scandens forest 1
Nothofagus solandri–(Nothofagus fusca)/Coprosma microcarpa – L. fasciculatus forest 1
Indigenous Woodland 5
Indigenous Forest 1
Exotic Conifer Forest 2
Exotic Conifer Woodland 2
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the resident native woody gumland vegetation (c. 1 m 
tall or less; Esler and Rumball 1975; Clarkson et al. 
2011), becoming locally structurally dominant, and 
potentially hastening succession from short heaths to 
forest that occurs on some gumlands (Enright 1989).

Inland cliffs, scarps, and tors formed from bedrock 
of varying chemistry occur throughout New Zealand 
(Williams et  al. 2007). Radiata pine invades at least 
two of these kinds of ecosystems, on basalt and quartz 
sandstone (Table  2), usually as isolated individuals 

but, when established, attains far greater height and 
biomass than resident native plant species.

Primary successions

Radiata pine often invades with other Pinaceae spe-
cies during primary succession (Table  3). On vol-
canic substrates, it is more common than Pinus 
pinaster as an invader of lava and scoria on Ran-
gitoto (Brown and Wilcox 2007), and mainly 

Table 2   Naturally uncommon ecosystems in New Zealand in which radiata pine is invasive

Ecosystem Location Latitude/longitude Elevation Details of invasion References

Geothermal Waikato Region 38° 22ʹ S–38° 25ʹ S; 
176° 7ʹ E–176° 17ʹ E

240–1760 m Invasive in 34 of 49 
geothermal ecosys-
tems across 13 sites, 
from scattered trees 
to stands cover-
ing > 10 ha

Wildland Consultants 
(2014)

Bay of Plenty Region 38° 2ʹ S–38° 48ʹ S; 
176° 3ʹ E–176° 43ʹ E

40–500 m Invasive in 20 of 46 
geothermal ecosys-
tems across 13 sites

Wildland Consultants, 
unpublished data 
(2020)

Bay of Plenty Region 38° 2ʹ S–38° 48ʹ S; 
176° 3ʹ E–176° 43ʹ E

40–500 m Invasive in 3 of 166 
plots (4–100 m2) 
across 38 sites

Smale et al. (2018)

Te Kopia Scenic 
Reserve (95 ha)

38° 24ʹ S; 176° 13ʹ E 410 m Radiata pine or Pinus 
pinaster invaded 4 of 
10 plots (25 m2) in 
shrublands

Burns (1997)

Gumlands Northland Region 34° 24ʹ S–36° 4ʹ S; 
172° 43ʹ E–174° 
35ʹ E

10–340 m Invasive in 27 of 31 
gumlands–abun-
dant in one, sparse 
(< 1 ha−1) in 19, 
and confined to the 
margins of 7

L.J. Forester, unpub-
lished data (2017)

Northland Region 34° 28ʹ S–36° 54ʹ S; 
172° 47ʹ E –174° 
38ʹ E

10–310 m Invasive in 1 of 15 
gumlands, assessed 
in 100 m2 plots in 
each site

Clarkson et al. (2011)

Northland Region 35° 13ʹ S–35° 51ʹ S; 
173° 8ʹ E–173° 54ʹ E

20–310 m Invasive in 2 of 4 
gumlands, assessed 
in 400 m2 plots in 
each site

E.A. Arnst, unpublished 
data (2016)

Inland cliffs, 
scarps, and 
tors

Banks Peninsula 43° 48ʹ S; 172° 51ʹ E 500–900 m Invasive in 3 of 7 plant 
communities on basic 
cliffs, scarps, and tors

Wiser and Buxton (2009)

Mount Ararat, Ōmihi 
(2 ha)

43° 3ʹ S; 172° 50ʹ E 250–310 m Invasive in species-
poor short-statured 
(ca. 3 m tall) woody 
communities and 
open sites on cliffs, 
scarps, and tors on 
quartz sandstone

Walls (2013)
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invades scoria at lower elevations on Mount Taraw-
era (Table  2). Much of New Zealand is mountain-
ous and landslides are common because of unstable 
underlying bedrock, tectonism, and high rainfall 
events and storms including cyclones (e.g., Marden 
and Rowan 1993). Radiata pine is often planted to 
reduce the likelihood of landslides in erosion-prone 
terrain, yet it can invade landslides that form within 
extensive areas of natural forest (> 2000  km2; 
Table  3). Radiata pine has been widely planted on 
mobile coastal sand dunes, initially to stabilize them 
to prevent sand movement into agriculture, and 
later, once pine growth rates were found to be rapid, 
as a timber crop (McKelvey 1999). Seedlings of 
radiata pine establish on stable sand, and this study 
supports Wardle’s (1991) prediction that, wherever 
there is a seed source in areas with 500–6000 mm 
annual rainfall, radiata pine will increasingly 

dominate primary succession on coastal sand dunes 
(Table 3).

Secondary successions

Radiata pine invasions are also widespread in sec-
ondary successions (Table  4), with radiata pines 
rapidly growing in height and becoming emergent 
over the resident successional communities. Invaded 
ecosystems are mostly low elevation grasslands and 
shrublands (< 400  m a.s.l., Table  4) including those 
dominated by native as well as by non-native species 
(Table 1). Secondary successions invaded by radiata 
pine are often in areas previously used for agriculture 
and then either abandoned or farmed less intensively 
(Standish et al. 2008; Wilson 2008). Widespread suc-
cessions through native Myrtaceae shrubs and trees 
(Lepospermum scoparium and Kunzea spp.; Wardle 

Fig. 2   Pinus radiata has 
invaded a wide range of 
ecosystems across New 
Zealand, including succes-
sional vegetation and natu-
rally rare ecosystems such 
as: a geothermal ecosys-
tems (Wairakei, Waikato, 
photo: Rowan Sprague); b 
inland basic cliff (Banks 
Peninsula, Canterbury, 
photo: Rowan Buxton); c 
abandoned marginal land 
undergoing secondary 
succession (Northland, 
photo: Peter Bellingham); d 
gumland heaths (Northland, 
photo: Ceres Sharp); e 
inland cliffs (Waikato river, 
photo: Rowan Sprague); f 
coastal dunes (Northland, 
photo: Ceres Sharp)
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1991) are also commonly invaded by shade-intolerant 
radiata pine (Tables 1, 4); the low leaf area of these 
Myrtaceae species (Whitehead et al. 2004) may per-
mit its establishment. Recurrent fire is likely to have 
promoted radiata pine invasions in some secondary 
successions by retarding succession, reducing leaf 
area, and presenting open sites favourable for the 
establishment of radiata pine (Druce 1957; Wassil-
ief 1982; Wardle 1991; Wyse et al. 2018). Enhanced 
propagule pressure after establishment of new radiata 
pine plantations near invaded successional vegetation, 
from the late 1970s onward, is a probable reason for 
ongoing invasion, e.g., in Abel Tasman National Park 
(https://​www.​jansz​oon.​org/​assets/​docum​ents/​Wildi​
ng%​20con​ifer%​20con​trol%​20.​pdf) and the Marlbor-
ough Sounds (Marlborough District Council 2015). 
When uncontrolled in secondary successions, radiata 
pine can dominate, forming tall, closed canopy for-
ests, e.g., c. 40 years after agriculture was abandoned 
on Kawau Island (Gardner 1993).

Discussion

The evidence we present challenges previous (Webb 
et  al. 1988) and current views that radiata pine is a 
minor invader in New Zealand (see also Wyse and 
Hulme 2021a, b). Rather, radiata pine is a nationally 
invasive tree (Fig.  1), which occurs across primary 
and secondary successions (Tables 3, 4) and naturally 
uncommon ecosystems dominated by low statured 
vegetation (Table 2). The discrepancy between Webb 
et  al.’s (1988) view and our findings could, in part, 
be a function of residence time: a major expansion 
of radiata pine plantation area in the 1970s–1980s 
including into new regions (Roche 1990) would 
scarcely have reached reproductive maturity or dis-
persed seed until our analyses > 30 years after Webb 
et  al’s (1988) findings. Additionally, previous work 
on invasion of non-native conifers in New Zealand 
has focussed on montane grasslands invaded primar-
ily by Pinus contorta, P. nigra and Pseudotsuga men-
ziesii (e.g., Ledgard 1994; 2006) whereas radiata pine 
invasions are most prevalent in lowland regions.

Several attributes or traits of radiata pine explain 
both its invasiveness and absolute abundance in the 
ecosystems it invades (Rejmánek and Richardson 
1996; McGregor et al. 2012; Wyse and Hulme 2021a, 
b). For example, rapid growth rates of radiata pine, 

in height and biomass, far outstrip any native woody 
species: plantations of radiata pine have annual dry-
matter production approximately double most native 
Nothofagaceae forests, tree radial diameter incre-
ments an order of magnitude greater than most native 
trees, and within 22  years have biomass equivalent 
to most old-growth native podocarp-broadleaf and 
Nothofagaceae forests (Wardle 1991; McGlone et al. 
2022). The effects of invasive radiata pine on ecosys-
tem productivity and function, whether measured by 
biomass (Grime 1998), litterfall, or asymmetric com-
petition resulting from its greater height and diameter 
growth, are likely to be large in the immediate neigh-
bourhood of any individual that establishes (Sapsford 
et al. 2020; see also Franzese et al. 2017). Moreover, 
radiata pine is functionally distinct from native- and 
many non-native-dominated communities it invades 
because of its novel ecotomycorrhizal associations 
(Dickie et al. 2010) and relatively high flammability 
(Perry et al. 2014; Gómez-González et al. 2022).

Invasion current range and potential

Our ecological niche modelling demonstrates that 
most climatic conditions across New Zealand occur 
within radiata pine’s estimated fundamental niche 
and are thus climatically suitable for its establish-
ment (Fig. 1). Relatively few observations of inva-
sive radiata pine were recorded for some colder or 
wetter regions, but absence of occurrence data is not 
strong evidence for climatic unsuitability because 
of observer biases (Atwater et  al. 2018); there-
fore, our results should be interpreted as minimum 
estimates of the fundamental and potential niche. 
Wide national distribution was also described by 
Howell (2019) based on herbarium records within 
broad ecological regions (McEwen 1987), where 
radiata pine occurred in 56 regions—more than 
twice as many as other invasive Pinaceae species 
that currently attract greater concern and manage-
ment (Pinus contorta and P. nigra, 23 regions each; 
Pseudotsuga menziesii, 26 regions; Larix decidua, 
17 regions). In addition, our estimates are based on 
current climate conditions but if New Zealand’s cli-
mate warms and dries, as future climate scenarios 
predict, then radiata pine’s potential distribution 
is likely to increase (Etherington et al. 2022). This 
example adds to a growing recognition internation-
ally that rates of naturalization and invasion are 

https://www.janszoon.org/assets/documents/Wilding%20conifer%20control%20.pdf
https://www.janszoon.org/assets/documents/Wilding%20conifer%20control%20.pdf
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dynamic, either dampening or accelerating under 
future climates, thus requiring better understand-
ing of how climate and invasions interact to predict 
future invasion risk (Caplat et al. 2013).

In addition to presence-only observational data 
used to estimate species distributions, we used both 
plot- and site-based data to better understand the 
scale and importance of radiata pine invasion. We 
observed relatively low incidence of radiata pine 
invasion from plot-based data at the 0.04  ha scale 
but much higher incidence for site-based data at 
the > 1 ha scale (Table 2). These differences between 
data sources reflect both different sampling objectives 
and ability to detect early invasions or any sparsely 
distributed population. For example, plot-based data 
typically quantify absences or the abundance of spe-
cies in communities, but are thus sensitive to replica-
tion, stratification by vegetation or land use type, spa-
tial bias and representativeness (e.g., Holdaway et al. 
2014). In contrast, site-based surveys typically gener-
ate presence-only qualitative data about species but 
have larger spatial grain and higher detection prob-
ability for populations compared with plot-based data 
but are uninformative for some processes such as hab-
itat suitability (Garrard et al. 2008). Both approaches 
can be combined to scale up low probability distribu-
tions or occurrence of plant populations (e.g., Peltzer 
et al 2008; see also Isaac et al. 2020), or alternatively, 
hierarchically nested plots can be used to evaluate the 
scale-dependence of observations (e.g., Stohlgren 
et al. 1995). Overall, a combination of plot- and site-
based data can be used in combination to understand 
current and future distributions of biological invad-
ers, and to better understand changes in invasion rates 
or ecological effects. This approach is generalisable 
across species and different regions (see also Wilson 
et al. 2018; Etherington et al. 2022).

There is little information on abundance of radiata 
pine in New Zealand, aside from plot-based assess-
ments within a few sites. Such information is required 
to confidently estimate impacts at larger spatial 
scales using, for example, EICAT or SEICAT sys-
tems (Blackburn et al. 2014; Bacher et al 2018). Even 
without this information, studies on invasive pines in 
New Zealand and internationally show that high eco-
logical impacts of radiata pine are likely, based on 
at least large range and high per-unit effects (Parker 
et  al. 1999; Sapsford et  al. 2020; Latombe et  al. 
2022). However, studies of the per-unit effects of 

radiata pine in New Zealand ecosystems are needed 
to inform programmes to manage its invasion.

Invasive radiata pine as a transformer of naturally 
uncommon ecosystems

Invasion by trees into largely treeless habitats is a 
global concern (Rundel et  al. 2014), and the spread 
of non-native radiata pine into naturally rare ecosys-
tems exemplifies this issue (Table  2). Radiata pine 
invasion in gumland heaths is analogous to its inva-
sion of mesic fynbos in South Africa (Richardson 
and Brown 1986); in both systems, initial invasion by 
radiata pines was closest to plantations. As in inva-
sions of fynbos, even young radiata pines grow rap-
idly in height to exceed the c. 1 m tall gumlands and 
achieve far greater biomass and height than the resi-
dent flora in < 10  years, and can positively feedback 
to increase fire frequency, thus maintaining low-stat-
ured and invasible vegetation (Clarkson et  al. 2011; 
Tepley et  al. 2018; Wyse et  al. 2018). Invasion by 
radiata pine on inland cliffs, scarps, and tors, likely 
pre-empts native woody plants from re-establishing 
following deforestation of these systems through a 
combination of relatively high propagule pressure, 
growth and occupancy of restricted habitat or micro-
sites for establishment (Wiser and Buxton 2009). We 
documented radiata pine invasion into three broad 
classes of naturally uncommon ecosystems but, since 
unpublished data shows it invades many other rare 
ecosystems (e.g., coastal cliffs, gravel beaches), data 
for the extent of radiata pine invasion and ecosystem 
effects throughout the invasive range of radiata pine 
worldwide is warranted to understand effects on rare 
ecosystems, and for prioritising management (e.g., by 
assessing its invasion against the IUCN Red List of 
rare ecosystems; Holdaway et al. 2012).

Invasive radiata pine in successions

Multiple lines of evidence point to increasing poten-
tial effects of radiata pine in successions. Its rapid 
accrual of biomass compared with co-occurring 
native and most other non-native species suggests 
that the per-individual effects of this species are high 
(Sapsford et  al. 2020), but population-level impacts 
are currently low because many sites are in the early 
stages of the invasion process. This suggests that 
for many sites or successions, early detection and 
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containment remain the most effective management 
strategies for radiata pine (Simberloff et  al. 2013; 
Hulme 2020).

Radiata pine may also fill a ‘functional gap’ in 
the New Zealand flora (Dansereau 1964; Wilson and 
Lee 2012), exerting relatively large potential impacts 
through functional dissimilarity (Wardle et al. 2011). 
This supports a view that deflected trajectories in pri-
mary succession can be driven by “pre-emptive inva-
sion of unusual species” that alter soil nutrient con-
centrations and microclimates (Walker and del Moral 
2003). For example, Pinus species colonize recent 
surfaces generated by volcanic eruptions globally 
(e.g., Tagawa 1964; del Moral and Wood 1993; Oht-
suka et  al. 2013) and, in New Zealand, radiata pine 
colonises lava flows (Brown and Wilcox 2007) and 
ejecta (Clarkson and Clarkson 1991) on which there 
is no functional analogue in the native flora. Poten-
tially indicative of its ecosystem effects, Pinus nigra 
planted on lava flows in Sicily caused weathering of 
primary minerals throughout the soil profile, deple-
tion of base cations, and release of aluminium in the 
topsoil (Certini et  al. 2001). Radiata pine invasions 
can also alter secondary successions through co-inva-
sions with mutualists; alteration of plant community 
composition; and feedbacks with fire regime (Tep-
ley et  al. 2018; Sapsford et  al. 2020). For example, 
radiata pine can exacerbate fire intensity on islands 
thus shifting secondary successions toward a subset 
of more fire-tolerant species than would otherwise 
occupy these islands (e.g., Kawau and Great Barrier 
(Aotea) Islands; Gardner 1993; Wyse et  al. 2018). 
Together, these observations suggest that invasive 
pines have strong potential to alter both primary and 
secondary successions, but empirical tests of these 
impacts both in New Zealand and more generally are 
scarce, suggesting that the mechanisms and magni-
tude of these effects warrant renewed investigation.

Both plot- and site-based data revealed that radiata 
pine rarely invades alone to generate monodomi-
nant vegetation, but often co-occurs with other non-
native species. What is largely unknown is how novel 
combinations of non-native species interact to either 
amplify or dampen their effects in communities or 
ecosystem processes. For example, co-invasion by 
radiata pine and nitrogen-fixing, woody non-native 
species such as Scotch broom (Cytisus scoparius) 
and gorse (Ulex europaeus) might have larger biogeo-
chemical impacts than either species alone because of 

complementary effects on P and N respectively. Simi-
larly, many invasive plant species in New Zealand that 
co-occur with pines can alter fire behaviour or may 
exacerbate fire behaviour (Taylor et al. 2017). Moreo-
ver, these same species may benefit from increased 
fire intensity or frequency through increased post-fire 
establishment (e.g., Hakea sericea in gumlands) or 
reductions in abundance of less fire-resistant native 
species. How radiata pine alters successions either 
directly, or through indirect effects including with 
co-invading species, is largely unknown. However, 
given both the global occurrence of pine invasions 
into successional systems, a greater understanding of 
the role that invasive pines like radiata pine have in 
ecosystems is required for shaping ecosystem restora-
tion and conservation efforts (e.g., Becerra & Mon-
tenegro 2013; Taylor et al. 2017; Nuñez et al. 2021). 
Greater emphases are needed on building the evi-
dence base for impacts however, including primary 
data for invader distribution and abundance (Wilson 
et al. 2018) and their impacts on social and ecological 
systems (Blackburn et  al. 2014; Bacher et  al 2018). 
Such evidence is required both for multiple purposes 
including prioritisation of landscape-scale manage-
ment and developing cost–benefit analyses for sup-
porting investment in invader management (e.g., van 
Wilgen et al. 2014, 2016; Nuñez et al 2021).

Dispersal and invasions of radiata pine

Despite international evidence of high potential inva-
sion risk by radiata pine (e.g., its z-score of Rejmánek 
& Richardson 1996; see also Grotkopp et  al. 2002; 
McGregor et  al. 2012), a commonly held view in 
New Zealand is that it mostly invades close to estab-
lished populations because it has poorer dispersal 
ability and slower maturity than some other inva-
sive pine species (Wyse and Hulme 2021a). Several 
lines of evidence suggest that radiata pine can invade 
further than previously expected. Observational 
data from known point sources to invasive popula-
tions suggest that long-distance dispersal is possible. 
For example, downwind colonisation of landslides 
throughout a large tract of native forest, Te Urewera, 
is most likely to originate from propagule sources 
at Kāingaroa > 20  km away (Shaw 1990); this may 
be due in part to sheer spatial mass effects, where 
the source plantation is ca. 190 000  ha. The role of 
birds or mammals in radiata pine seed dispersal in 
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New Zealand is unknown, but long-distance disper-
sal of radiata pine is mediated by parrots in Australia 
(Batianoff 2005) and pigs in Argentina (Nuñez et al. 
2013). Recent work on seed traits of radiata pine 
validated against empirical observations of dispersal 
from known sources demonstrates that some prop-
agules within individual trees have large wings that 
allow them to travel at least 1.5  km at wind speeds 
of only 2 m s−1 (Wyse and Hulme 2021b; Wyse et al. 
2022), and higher windspeeds are common in New 
Zealand, and cause long distance dispersal of radiata 
pine from plantations in the South Island (Hunter & 
Douglas 1984). Long-distance dispersal of radiata 
pine over several km should thus be anticipated rather 
than dispersal over a few hundred metres as is cur-
rently assumed and used by managers (e.g., in the 
‘wildings spread risk calculator’ to predict spread risk 
from plantations; see also Froude 2011; Strang et al. 
2015; Wyse and Hulme 2021a,b).

Managing invasions of an economically important 
tree

A major consideration of managing some invasive 
plant species is that, depending on the site consid-
ered, the same species can be an environmental 
weed in one situation and economically beneficial 
in another (Dickie et  al. 2014b; Nuñez et  al. 2021). 
This is exemplified by goals within New Zealand’s 
national strategies of “the right tree in the right place” 
(MPI 2014, national wilding conifer control strategy) 
and “right tree, right place, right purpose” (One Bil-
lion Trees afforestation initiative: https://​www.​mpi.​
govt.​nz/​fores​try/​fundi​ng-​tree-​plant​ing-​resea​rch/​one-​
billi​on-​trees-​progr​amme/​about-​the-​one-​billi​on-​trees-​
progr​amme/). More generally, because non-native 
species can be viewed as either beneficial or harmful 
depending on environmental and social context, this 
can generate conflicting views on their management 
(Dickie et al. 2014b; Edwards et al. 2020; Yletyinen 
et al. 2021). As such, the costs and benefits of inva-
sive species’ impacts or their management require 
information on both ecological effects alongside 
information on social and economic values.

Rigorous cost–benefit analyses demonstrate accel-
erating costs of managing species as invasion pro-
ceeds, and some benefits of species for economic 
activities or carbon sequestration that are readily 
quantified (e.g., Wise et  al. 2012; Wyatt 2018; see 

also Castro-Díez et  al. 2019). However, the value 
of some processes, services or impacts of invasive 
species cannot easily be quantified, or have com-
plex responses to invader abundance (e.g., Mason 
et  al. 2017; Panetta and Gooden 2017; Bartz and 
Kowarik 2019). For example, a cost–benefit analy-
sis for non-native Pinaceae in New Zealand demon-
strated a 38:1 benefit:cost (Wyatt 2018). However, 
this analysis was highly conservative because it only 
considered costs to primary industry through inva-
sions, water availability, fire risk, and future savings 
to management costs over 50  years, and it did not 
include costs to biodiversity or carbon because of dif-
ficulties in valuing damage and uncertainties around 
markets respectively. Economic justifications for 
invader management have been well developed else-
where, for example, for non-native tree invasions in 
South Africa (see de Wit et al 2001; Wise et al 2012). 
Cost–benefit analyses could be more widely applied 
both to understand the net ecological, social and eco-
nomic effects of invasions and their management, but 
also aid to understand how short-term management or 
investments can have longer-term benefits (van Wil-
gen et al. 2014).

National cost–benefit analyses are likely to over-
simplify the complex nature of effective management 
at regional or site scales. For example, many invasive 
plant management efforts either fail to meet their 
stated management goals or do not carry out rigor-
ous evaluations of success (e.g., Wilson et al. 2014) 
including the wider values or benefits beyond invader 
removal that typically occur at the site scale (Reid 
et al. 2009). Implicit goals of invasive pine manage-
ment can range from conservation of sites and native 
species to sustained water yield in catchments and 
maintenance of landscape values (MPI 2014; Gawith 
et al. 2020; Edwards et al. 2020). As a consequence, 
there are opportunities to more closely link ecologi-
cal knowledge with management to avoid or miti-
gate the impacts of major biological invaders such as 
radiata pine include resolving: (1) when do low-den-
sity invasions matter? Eradication is rarely feasible 
and ongoing invasion requires knowledge of abun-
dance–impact relationships to avoid negative effects 
or legacies of invasions (Sofaer et al. 2018; Sapsford 
et al. 2020). Similarly, evidence is essential to deter-
mine how much control is needed relative to the 
distribution and abundance of the invader, and how 
much it would cost to meet management goals (e.g., 

https://www.mpi.govt.nz/forestry/funding-tree-planting-research/one-billion-trees-programme/about-the-one-billion-trees-programme/
https://www.mpi.govt.nz/forestry/funding-tree-planting-research/one-billion-trees-programme/about-the-one-billion-trees-programme/
https://www.mpi.govt.nz/forestry/funding-tree-planting-research/one-billion-trees-programme/about-the-one-billion-trees-programme/
https://www.mpi.govt.nz/forestry/funding-tree-planting-research/one-billion-trees-programme/about-the-one-billion-trees-programme/
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van Wilgen et al. 2016); (2) what evidence is required 
to evaluate management success? Internationally 
there is a move to collect a minimum set of core data 
to better understand and manage tree invasions (Wil-
son et  al. 2014, 2018; Brundu et  al. 2020). Because 
the outcomes of invasive species removal are variable 
(Kettenring and Adams 2011), it is also essential to 
evaluate the performance of different management 
strategies (Funk et al. 2020); and (3) understand the 
potential future risks of invasion. Given predicted 
changes to climate, land use, and disturbance regimes, 
we should anticipate that invasion risk is dynamic 
over decades and planning land use or management 
strategies should consider this dynamism (Caplat 
et  al. 2013; Macinnis-Ng et  al. 2021; Etherington 
et al. 2022). As an example, management of ‘wilding 
conifers’ in New Zealand has a clearly stated national 
goal of stopping or containing invasion by non-native 
conifers by 2030, estimated to cost > $110 million 
USD (Wyatt 2018) and, in some areas (e.g. Northland 
Region and coastal parts of Marlborough District), 
most of these costs focus on controlling invasive 
radiata pine. Actual costs of controlling radiata pine 
invasions are currently hard to determine because 
agencies often concentrate on multiple species of 
Pinaceae, amongst which radiata pine is sometimes 
the most abundant invader. More explicit costs of its 
management will be needed, including costs result-
ing from re-invasions, both from incomplete manage-
ment, and ongoing propagule pressure from existing 
and new plantations. How long-term management of 
invasive pines in New Zealand is unresolved. Under-
standing the costs and benefits associated with inva-
sions and their management over the longer-term is 
essential to developing approaches to both value and 
invest in such large-scale and long-term efforts (see 
also Graham et al. 2019; Peltzer et al. 2019).

In light of our findings, we recommend the follow-
ing changes to afforestation and biosecurity policies 
and legislation in New Zealand: (1) a levy on new 
non-native conifer forests; and (2) stricter afforesta-
tion regulations, incorporating recommended changes 
and addressing gaps recently identified (Wyse et  al. 
2021a, 2021b). The levy could be used for surveil-
lance and clearance of new invasions, and stricter 
afforestation regulations should mitigate the risk of 
future conifer spread including into areas that cli-
mate change renders more suitable for colonization 
(Etherington et  al. 2022). Since radiata pine is the 

most likely species to be planted in new areas and 
has the largest propagule pressure, these changes to 
policies will be critical to curb ongoing invasion. A 
more detailed assessment of current investments in 
management, both direct and in-kind, is needed to 
determine whether such a levy alongside other invest-
ments, is sufficient to achieve the national goal of 
stopping or containing invasions. Similar approaches 
have also been proposed in South Africa to offset the 
impacts of plantations on water availability, but were 
unsuccessful because the levy was insufficient to 
compensate for the negative impact on water or ongo-
ing invasion (Tewari 2005).

Recent syntheses demostrate the growing direct 
and indirect economic costs of invasive species glob-
ally (e.g., Diagne et al. 2021; Welsh et al. 2021; Zenni 
et al. 2021). However, the costs and benefits of non-
native species vary among locations, and along the 
invasion pathway. For example, economic costs of 
invader management are often borne later, and in dif-
ferent locations, from original sources (Lovett et  al. 
2016). Here we provide an example to help overcome 
this issue for invasive conifers, which are economi-
cally valuable species but also major invaders glob-
ally (Richardson and Rejmánek 2004; Nuñez et  al. 
2017). In New Zealand, most costs of managing 
invasive conifers are currently met by by short-term 
central government funding and long-term stable 
mechanisms to fund management are lacking (Hulme 
2020). Levies would address the large commercial 
plantations that provide propagule pressure but other 
measures will also be needed to fund long-term man-
agement. Propagule pressure from invasive trees, 
including radiata pine, derives from widespread non-
commercial plantings for soil conservation, amenity 
and shelter, thus management requires multiple incen-
tives, regulatory or economic tools for their manage-
ment (e.g., Hulme 2020; Yletyinen et al. 2021). The 
findings and solutions presented here are globally 
relevant and provide critical information to improve 
management in other countries at earlier stages of 
managing these invaders (Nuñez et al. 2017; see also 
Brundu et al. 2020).

Conclusion

We used plot- and site-based data and ecological 
niche models to demonstrate that invasive radiata 
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pine occurs far more widely across New Zealand 
than previously appreciated. Niche modelling based 
on climatic suitability suggests that its distribution 
could be much wider than current plot or observa-
tional data indicate. The wide distribution of inva-
sive radiata pine is partly explained by its wide 
introduction as a plantation and amenity species, 
but also reflects far greater spread risk than previ-
ously assumed because of long-distance (at least 
1.5 km) seed dispersal. Radiata pine has potentially 
large, but largely undocumented, effects in many 
primary and secondary successions and across mul-
tiple naturally uncommon ecosystems. Although 
management of invasive radiata pine is already 
widespread in New Zealand and other southern 
hemisphere countries, more proactive planning 
is needed given ongoing large-scale afforestation 
efforts and potential future increases in invasion. A 
levy on economic uses of invasive species to offset 
costs of managing invasions alongside stricter regu-
lations to protect vulnerable ecosystems could thus 
be more widely adopted to prevent or avert future 
negative impacts.
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