
INTRODUCTION
The term “shade tolerance” can be defined as the ability of 
a plant species to survive and develop in shade. Variation 
in shade tolerance among species is a key factor underlying 
plant community dynamics and is a primary mechanism 
driving forest succession following disturbance (Valladares 
& Niinemets 2008; Poorter et al. 2023).

For environmental weeds – invasive plants that have 
negative impacts in natural ecosystems – the degree of 
shade tolerance exhibited by seedlings plays a key role in 
determining which ecosystems they can invade and how 
long they can persist (Lugo 2004; Martin et al. 2009). Most 
environmental weeds are light-demanding and typically 

establish in disturbed, high-light environments (Martin 
et al. 2009; Funk 2013), but shade-tolerant invaders pose 
a greater threat to undisturbed ecosystems because they 
can potentially establish, survive, and persist under closed-
canopy conditions (Lugo 2004; Martin & Marks 2006; 
Martin et al. 2009) where light levels can be as low as 1% of 
full sun (Champion 1988; McDonald & Norton 1992; Davies-
Colley et al. 2000; Lusk et al. 2009). Some shade-tolerant 
environmental weeds can form ‘seedling banks’ in deep 
shade that remain suppressed for decades until canopy gaps 
appear (e.g. Acer platanoides, Norway maple; Martin & Marks 
2006). Shade-tolerant environmental weeds also have the 
potential to increase in abundance in the understorey, persist 
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with stable establishment but larger biomass declines between 97% and 99% shade. Actinidia chinensis and 
Acer negundo were less tolerant, showing greater biomass and establishment declines under deep shade. 
Pinus patula was least tolerant, with no seedlings surviving at 99% shade and the greatest biomass reduction 
between 53% and 93% shade. Maytenus boaria and Actinidia chinensis showed the greatest plasticity, with 
declining R:S and increasing SLA with shade. Prunus lusitanica was plastic in SLA but not R:S, while Acer 
negundo and Pinus patula showed minimal plasticity. Results indicate that all species except for Pinus patula 
have potential to establish in deep shade. Further research to determine their ability to invade intact native 
forests would be valuable.

Keywords Biomass allocation, invasive plant, leaf traits, light, seedling growth, shade tolerance



indefinitely (in the absence of disturbance) and have long-
term impacts on ecosystem functioning (Meyer & Florence 
1996; Martin 1999; Shouman et al. 2017; McAlpine et al. 
2021). Conversely, because shade-intolerant environmental 
weeds tend to die out when they are overtopped by shade-
tolerant plant species (whether native or non-native), their 
impacts can be short-lived. However, shade-intolerant 
environmental weeds can have persistent impacts when 
they invade lower-stature plant communities, such as when 
trees invade grasslands or wetlands (Griffiths & McAlpine 
2017; Peltzer 2018).

Phenotypic plasticity, or the ability of a given genotype 
to express different phenotypes in different environments 
can contribute to shade tolerance (Gratani 2014; Shouman 
et al. 2017) and be an important mechanism of plant 
invasion (Daehler 2003; Richardson & Pyšek 2006; Funk 
2008; Davidson et al. 2011; Gioria et al. 2023). According 
to optimal partitioning models, plant species with high 
phenotypic plasticity can optimise growth under different 
environmental conditions by shifting biomass allocation 
among tissue types (e.g. altering root to shoot (R:S) ratio) to 
maximise capture of limiting resources (e.g. water or light) 
(Tilman 1988). Plasticity within tissue types to maximise 
photosynthetic efficiency under different or changing light 
levels, may also be advantageous (Schieving & Poorter 
1999). For environmental weeds, phenotypic plasticity in 
traits such as R:S or specific leaf area (SLA) could confer an 
extra competitive advantage if, for example, that plasticity 
enabled survival in a wide range of habitat types, or greater 
agility in responding to environmental change (Pattison et 
al. 1998; Yamashita et al. 2003; Richards et al. 2006; Avalos 
2019; Poorter et al. 2023). However, plasticity comes at a 
cost; for example, adjusting to different environmental 
conditions requires energy that might otherwise be used for 
growth and reproduction (Valladares et al. 2007; Liu et al. 
2016; Schneider 2022).

We conducted a shade-house experiment to quantify 
and compare seedling establishment and growth responses 
of eight environmental weed species grown in the low-
light levels typical of intact New Zealand forests. The 
eight species were chosen because they are considered 
emerging weeds by New Zealand weed experts; species 
that are not yet widespread but have the potential to 
become invasive and problematic in the future. These 
weeds are typically identified based on: their ability to 
spread rapidly; outcompete native vegetation; and cause 
significant ecological harm. Shade-tolerant species pose 
an additional risk because they have potential to invade 
intact (undisturbed) native forest, so this was an additional 
criterion used to select study species; seven of the eight 
study species are reported to be moderately to highly shade 
tolerant (Table 1). The eighth species (Pinus patula) is 
shade-intolerant (Niinemets et al. 2006), making it a useful 
control for comparison. We hypothesised that species with 
greater plasticity in root-to-shoot ratio (R:S) and specific 
leaf area (SLA) will show smaller reductions in growth (total 
biomass) with increasing shade. 

MATERIALS AND METHODS

Study species 
We chose eight emerging environmental weed species 
that are established, but not yet widespread, in New 
Zealand. All species have considerable potential for range 
expansion, including into native forests and other natural 
ecosystems. Seven of the eight study species are reported 
to be moderately to highly shade tolerant and the eighth 
species (Pinus patula) is reported to be shade-intolerant 
(Table 1). Taxonomy follows the Global Biodiversity 
Information Facility Taxonomic Backbone (GBIF Secretariat 
2024). All eight species were included on the 2024 list of 
environmental weeds in New Zealand (McAlpine & Howell 
2024).

Acer negundo L. (box elder) is a deciduous tree, native 
to North and Central America from Canada to Honduras. 
It is ranked among the 40 most invasive woody species of 
the world (Rejmánek & Richardson 1996) and has been 
recorded as introduced or invasive in 52 countries (ISSG 
2024). It is tolerant of shade, heat and water stress (Saccone 
et al. 2010a; Sikorska et al. 2019) and has become one of 
the most invasive plant species in riparian forests in Europe 
(Khapugin 2019; Sikorska et al. 2019). Seeds are dispersed 
by wind and water, so there is high potential for relatively 
rapid spread of this species, particularly in riparian 
communities.

Actinidia chinensis Planch. (kiwifruit) is a bird-dispersed 
woody vine, native to China and recorded as introduced or 
invasive in 14 countries (ISSG 2024). Kiwifruit has been 
described as light-demanding (Poorter et al. 2019) but 
also moderately shade tolerant (Sullivan & Williams 2002). 
Wild kiwifruit vines can form dense, heavy blankets that 
smother and collapse native vegetation and interfere with 
natural regeneration (Sullivan et al. 2006). Kiwifruit Vine 
Health (KVH), the national organisation that supports 
the New Zealand kiwifruit industry, recognises this and 
puts considerable resources into managing wild kiwifruit 
seedlings.

Archontophoenix cunninghamiana (H.Wendl.) H.Wendl. 
& Drude (Bangalow palm) is a cold-sensitive, shade- and 
drought-tolerant palm tree, native to the east coast of New 
South Wales and Queensland in Australia, and recorded as 
introduced or invasive in six countries (ISSG 2024). Seeds 
are dispersed by birds and water. Seedlings and juveniles 
can persist for years in the shady forest understorey (Bello 
et al. 2021) and can shade out and displace native species, 
including the native nikau palm (Rhopalostylis sapida) in 
New Zealand (Global Invasive Species Database 2024a).

Maytenus boaria Molina (maiten) is an evergreen large 
shrub or small tree, native to Chile and Argentina and 
recorded as introduced or invasive in New Zealand and the 
USA (ISSG 2024). Seeds are dispersed by birds, and this 
species also spreads aggressively by root suckers (Heenan 
et al. 1999). Hardy, shade tolerant and cold tolerant, this 
species has been described as a ‘ticking time-bomb’ with 
potential for explosive spread throughout New Zealand 
(Dawson 2016).
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Phoenix canariensis H.Wildpret (Phoenix palm) is a 
large palm tree, native to the Canary Islands and recorded 
as introduced or invasive in 20 countries (ISSG 2024). 
It tolerates a wide range of conditions (cold and warm, 
drought and floods, sun and shade, salt spray) and has been 
extensively cultivated in warm temperate regions around the 
world. Seeds are dispersed by birds and water. It is capable 
of invading native bush and displacing native species, and its 
long, sharp spines can cause injury to humans and animals.

Pinus patula Schiede ex Schltdl. & Cham. (Mexican 
weeping pine) is a large, wind-dispersed tree, native to 
eastern Mexico and recorded as introduced or invasive in 32 
countries (ISSG 2024). It has been a widely planted timber 
crop and is now one of the most widespread invasive pine 
species globally (Richardson 1998). Pinus patula is reported 
to be shade intolerant, as is the case with most Pinus species 
(Poorter et al. 2019).

Prunus lusitanica L. (Portuguese laurel) is a bird-
dispersed, medium-sized evergreen tree, native to the 
Iberian Peninsula, Morocco, the Macronesian archipelagos, 
and the French Basque Country. This species has been 
described as shade-tolerant in its native range (Arévalo 
& Fernández‐Palacios 1998; Pulido et al. 2008) but also 
intolerant of deep shade. It has been recorded as introduced 
or invasive in seven countries (ISSG 2024).

Trachycarpus fortunei (Hook.) H.Wendl. (Chinese 
windmill palm) is a bird-dispersed, cold- and shade-tolerant 
palm tree native to parts of China, Japan, Myanmar and 
India. It is one of the most invasive palms worldwide (Fehr 
et al. 2020) and has been recorded as introduced or invasive 
in 11 countries (ISSG 2024). Trachycarpus fortunei can form 
dense stands, with juveniles persisting for many years in the 
understorey, shading out native understorey species (Ishii & 
Iwasaki 2008).

Study site
This experiment was conducted in outdoor shade-houses 
at the Bioeconomy Science Institute AgResearch Group site 
at Ruakura, Hamilton, New Zealand (latitude -37.776745, 
longitude 175.308974, 45 m a.s.l.). Mean annual rainfall 
is 1142.1 mm and mean annual air temperature is 14.3 °C 
(mean daily max. 19.8 °C, mean daily min. 8.9 °C) (1991–
2024 data from Ruakura climate station1).

Shade-houses
Twelve shade-houses were constructed to create three 
replicates of four shade treatments. Each shade-house 
was made from four plastic crates fixed together to give 
overall dimensions of 408 cm wide × 100 cm deep ×  
83 cm high. Shade-houses were covered with a wooden 
frame made from 4 × 9 cm timber, measuring 440 cm wide × 
130 cm deep × 220 cm high. Frames were then covered with 
different combinations of low-, medium-, and high-density 
green polyethylene garden shade-cloth to create different 
shade levels. To determine which shade-cloth combinations 
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1 Data obtained 22 October 2024 from the National Institute of Water & 
Atmosphere’s (NIWA’s) National Climate Database using the CliFlo web tool 
http://cliflo.niwa.co.nz. The database is now accessible via Earth Sciences 
New Zealand’s DataHub https://data.niwa.co.nz/pages/clidb-on-datahubTa
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would achieve the desired shade levels, the amount of light 
reduced by each shade-cloth treatment was measured using 
a LI-COR® LI-1500 light sensor logger and a LI-COR® light 
sensor inside and outside each shade-house. Photosynthetic 
photon flux density (the amount of photosynthetically active 
photons reaching the light sensor) was measured once 
per second for five minutes per shade-house. The average 
percent shade created by each shade-cloth treatment was 
calculated by comparing the amount of light inside the 
shade-house with the amount of light outside the shade-
house (see below).

Our aim was to test seedling establishment and growth 
responses in deep shade at levels typically found under 
closed canopy native podocarp-broadleaf forest in New 
Zealand. Shade levels in this type of forest are generally 
above 90% shade, reaching up to 99% shade (McDonald & 
Norton 1992; Young & Mitchell 1994; Davies-Colley et al. 
2000; Coomes et al. 2005; Lusk et al. 2009). Accordingly, we 
chose to test seedling responses to three shade levels above 
90%, plus a control of approximately 50% shade. To create 
these four shade levels, we used a single layer of medium 
density shade-cloth (53.26% shade ± 0.59%, mean ± s.d.), 
low + high density shade-cloth (93.19% shade ± 0.67%), 
medium + high density shade-cloth (96.54% shade ± 0.39%) 
and high + high density shade-cloth (98.59% shade ± 
0.12%). We note that the low variability in light levels within 
the shade-houses might be due to the use of a single sensor 
for measurements, which may have prevented the capture 
of spatial variability. This unmeasured spatial variability 
could blur the boundaries between treatments, potentially 

making the differences between them not significant, so 
results should be interpreted with caution. Hereafter, these 
shade levels are rounded to 53%, 93%, 97%, and 99%. We 
chose to test these extreme shade levels because most of 
our study species are reported to be moderately to highly 
shade tolerant and we wanted to push them to their limits. 
While the differences in seedling responses between 93%, 
97%, and 99% shade are unlikely to be as pronounced as 
those between lower shade levels, they can still provide 
valuable insights into the shade tolerance and adaptability 
of different species. We selected 50% shade as the control 
to minimise potential confounding effects of reduced soil 
moisture, which are more likely to occur in full sun or light 
shade. This decision was based on a pilot study that tested 
seedling responses to 0%, 20%, and 50% shade and above 
(KGM, unpublished data). 

Seed sowing substrate
Crates were filled with untreated topsoil to a depth of  
~50 cm. A 10-cm layer of potting mix was added on top to 
prevent unwanted weed seed emergence from the topsoil 
giving a total substrate depth of ~60 cm.

Seed collection and sowing
Seed collection locations and dates varied by species (Table 
2). Fruits were collected from a minimum of seven plants 
per species. Kiwifruit seeds were retrieved from twenty 
kiwifruits purchased at a supermarket. For fleshy-fruited 
species, fruit pulp was manually removed, then seeds were 
spread out to dry at room temperature. Seeds were sown 
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Species Seed collection 
areas/sources

Date seeds 
collected

Date seeds 
sown

Number of 
seeds sown 

per cell

Date 
seedlings 
harvested

Number 
of months 

between seed 
sowing and 

harvest
Acer negundo L. Christchurch, 

Thames, 
Hamilton, 
Gisborne

April 2021 May 2021 50 Feb 2022 9

Actinidia chinensis Planch. Wellington 
supermarket

May 2021 June 2021 100 Feb 2022 8

Archontophoenix cunninghamiana 
(H.Wendl.) H.Wendl. & Drude

Thames, 
Hamilton

April 2021 May 2021 50 Nov 2022 18

Maytenus boaria Molina Christchurch April 2021 May 2021 100 Feb 2022 9
Phoenix canariensis H.Wildpret Thames April 2021 May 2021 50 May 2022 12
Pinus patula Schiede ex Schltdl. & 
Cham.

Hotoritori May 2021 Feb 2022* 45 Nov 2022 9

Prunus lusitanica L. Christchurch, 
Blackball, 
Omakau

April 2021 May 2021 50 May 2022 12

Trachycarpus fortunei (Hook.) 
H.Wendl.

Christchurch, 
Thames, 
Hamilton

April 2021 May 2021 50 Nov 2022 18

Table 2. Seed collection, seed sowing and seedling harvesting information.

*Pinus patula seeds were stored at ~4° C for 9 months and sown when another species failed to germinate.



fresh (not stratified) as soon as practical, to replicate the 
timing of naturally dispersed seeds in the field. However, the 
lack of stratification may have resulted in low and delayed 
or uneven germination rates.

To divide the shade-house soil surface into seed-sowing 
‘cells’, each of the four crates within each shade-house 
was divided into quarters. This gave a total of sixteen 50 ×  
58 cm cells per shade-house laid out on an 8 × 2 cell grid. 
Each species was randomly  allocated two cells, one per 
side, within each shade-house, giving a total of 24 cells per 
species. The number of seeds sown per species varied due 
to seed size and availability at time of collection (Table 2).

Cells were kept uniformly moist by supplementing rainfall 
with overhead sprinklers and hand-watering. Slug bait was 
applied as needed.

Seedling growth and harvest
Emerging seedlings were thinned (removed) or transplanted 
when necessary, so that seedlings were evenly spaced 
throughout the cell with a minimum of 2 cm between 
seedlings. Thinning was only required for Actinidia chinensis 
(mean 4.5 ± 5.9 seedlings removed per cell) and M. boaria 
(mean 57.8 ± 6.7 seedlings removed per cell). Thinned 
seedlings were removed from seedling establishment 
calculations: a/(b-c) where a = number of seedlings present 
at time of harvest, b = number of seeds sown, and c = number 
of seedlings thinned. Note that this calculation assumes all 
seeds were viable, which is unlikely. Consequently, percent 
seedling establishment may be under-estimated, as the 
number of seeds sown (b) would be lower if unviable seeds 
were excluded. Cells were weeded periodically to remove 
seedlings of unwanted species that emerged.

The length of time between seed sowing and seedling 
harvest varied by species (Table 2). The decision to harvest 
a species was made when at least some seedlings were:  
(a) becoming tall or wide enough to impinge on neighbouring 
cells; or (b) growth appeared to have stalled (i.e. plant height 
and width did not appear to have changed much in several 
months). At time of harvest, all remaining seedlings were 
counted and then harvested. 

The ten largest plants from each cell – or all plants, if less 
than ten survived to the end – were used for growth metrics 
(Figure 1). Note that this sampling methodology may have 
introduced biases in the results, as it does not account for the 
role of density dependence in shaping seedling responses 
across shade treatments (Weiner et al. 2001). For instance, 
less-crowded seedlings, which grow with fewer constraints, 
may exhibit more homogeneity in size. Conversely, more 
crowded seedlings could experience greater competition, 
potentially resulting in increased size variability. On the 
other hand, selecting the largest plants ensures the data 
represents the most successful growth outcomes and helps 
to minimise the impact of outliers and extreme variations.

Soil was carefully washed off the roots of the ten largest 
plants, then each plant was separated into above-ground 
(shoot) and below-ground (root) biomass by cutting stems 
at soil surface level (determined during harvest). Shoot 
length was measured to the top of the newest developing 
leaf whorl, and root length was measured to the bottom of 
the main root branch. To calculate SLA (leaf area per unit 

leaf mass), one fully expanded leaf (or part of a leaf) was 
removed from the five biggest plants in each cell. Leaf area 
was then measured using a LI-COR LI-3100C leaf-area meter. 
All plant material was placed in paper bags and oven-dried 
at 80°C for approximately 48 hours, or up to 96 hours for 
very large plants. After drying, plant material was weighed 
and SLA and root:shoot ratio (R:S) calculated. 

Statistical analyses 
We analysed the effect of shade on seedling establishment, 
seedling biomass, root:shoot ratio and SLA separately for 
each species. Seedling establishment was modelled using 
generalised linear mixed-effects models (GLMMs) with 
a binomial response variable of successes (the number 
of seedlings harvested per cell) and failures (the number 
of seeds sown minus the number of seedlings thinned 
per cell), shade as a categorical fixed effect (with four 
levels), and shade-house as a random effect. To account 
for overdispersion, we compared the binomial model to an 
observation-level random effect binomial model and a beta-
binomial model (Harrison 2015), using: Akaike Information 
Criterion corrected for small sample size (AICc); AICc 
weights (probability of the model being the best in this set 
of candidate models); and inspection of residual plots to 
select the best model (Akaike 1974; Hurvich & Tsai 1989; 
Burnham & Anderson 2002). The binomial model was the 
best model for all species, except for Actinidia chinensis 
where the beta-binomial model was the best model. We 
inspected residual plots of the best models to assess 
whether model assumptions were met, and there were no 
concerning patterns.

We modelled total biomass, R:S and SLA using gamma 
GLMMs with a log link function to ensure model estimates 
were always positive (Zuur & Ieno 2016). All models 
had shade as a categorical fixed effect and cell nested 
within shade-house as random effects, except for Phoenix 
canariensis SLA where including shade-house as a random 
effect resulted in model convergence issues, so only cell was 
included as a random effect. We inspected residual plots and 
ran model diagnostic tests for all models to assess whether 
model assumptions were met. For Actinidia chinensis, one 
extremely small seedling caused models to fit poorly, so was 
removed from the data. For several models, residuals varied 
among levels of shade. To account for heteroscedasticity 
in these models, we added a dispersion parameter that 
modelled residual variance as a function of shade (Brooks 
et al. 2017). For some models, there were patterns in the 
residuals even after adding the dispersion parameter 
(total biomass: Acer negundo and Actinidia chinensis;  
SLA: Acer negundo, Archontophoenix cunninghamiana and  
T. fortunei), significant deviance (SLA: T. fortunei), or outliers 
(R:S: M. boaria; SLA: Archontophoenix cunninghamiana and 
Prunus lusitanica), although variance among residuals was 
reduced (except for Actinidia chinensis biomass, where the 
dispersion parameter was removed from the final model) 
and model predictions were still a good fit to the data.

Models were fitted using the glmmTMB package (Brooks 
et al. 2017) in R 4.3.3 (R Core Team 2024). We used the 
DHARMa package (Hartig 2022) to create scaled residual 
plots using a simulation approach and to run model 
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Figure 1. Harvested seedling bunches tied with coloured ribbon arranged from left to right by increasing shade level: 53%, 
93%, 97%, and 99%. In lieu of a scale to indicate relative seedling sizes, the above-ground height of the tallest seedling 
recorded for each species is as follows: Acer negundo 140 cm; Actinidia chinensis 166 cm; Archontophoenix cunninghamiana 
28 cm, Maytenus boaria 95 cm; Phoenix canariensis 56 cm, Pinus patula 31 cm; Prunus lusitanica 58 cm; Trachycarpus fortunei 
31 cm.



diagnostic tests. The AICc values and AICc weights were 
calculated using the MuMIn package (Barton 2022). For 
each model, pairwise contrasts were used to compare all 
shade levels using estimated marginal means derived from 
the fitted model, with Tukey adjusted P-values for multiple 
comparisons, using the emmeans package (Lenth 2022). We 
plotted model-based estimates for all response variables (on 
the response scale) for each shade level using predictions 
calculated in the ggeffects package (Lüdecke 2018). 

RESULTS
No seedlings of Pinus patula survived at 99% shade, so 
total biomass, R:S and SLA data were analysed for 53%, 
93% and 97% shade levels only. For most species, seedling 
establishment did not differ among shade levels (Figure 
2). However, fewer Acer negundo seedlings established at 
99% shade than at 53%, and Actinidia chinensis seedling 
establishment was lower at 99% shade than at all other 
shade levels.
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Figure 2. Effect of shade on observed (points) and predicted (boxes, backtransformed mean ± 95% model prediction 
intervals) seedling establishment for eight environmental weed species. Letters indicate statistically significant differences. 
See Table 1 for species abbreviations.



For all species, total biomass was higher for seedlings 
grown at 53% shade than at all the deep shade levels (93%, 
97% and 99%; Figures 1 and 3). Total biomass also differed 
among all the deep shade levels, with seedlings becoming 
progressively smaller at deeper shade (93% > 97% > 99% for 
all species; Figures 1 and 3). Differences in seedling biomass 
were greater among deep shade levels than between 53% 
and 93% for all species except for Pinus patula, but especially 
so for Acer negundo, Actinidia chinensis and M. boaria (and 
Prunus lusitanica to a lesser extent), where there was a large 
decline in biomass between 97% and 99% shade (Figure 

3). For Pinus patula, differences in seedling biomass were 
greater between 53% and 93% shade than 93% and 97%.

For all species except Pinus patula and Prunus lusitanica, 
seedling R:S was greater at 53% shade than at all the deep 
shade levels (Figure 4). In deep shade, M. boaria was the only 
species that also had consistently greater R:S at less shady 
levels than in deeper shade (93% > 97% > 99%) (Figure 
4). Actinidia chinensis R:S was also higher at 93% than 
99% shade, but there was no difference detected between 
93% and 97%, or 97% and 99% shade (Figure 4). For 
Archontophoenix cunninghamiana and Phoenix canariensis, 

Figure 3. Effect of shade on observed (points) and predicted (boxes, backtransformed mean ± 95% model prediction interval) 
seedling total biomass for eight environmental weed species. Note the y-axis is on a log scale. Letters indicate statistically 
significant differences. See Table 1 for species abbreviations.
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R:S was greater at the deepest shade level (99%) than at 
93% and 97% shade (Figure 4). For Acer negundo and 
T. fortunei, R:S did not differ among deeper shade levels 
(Figure 4). Pinus patula R:S was greater at 93% than 97% 
shade (Figure 4). Prunus lusitanica R:S mostly did not differ 
among shade levels, except for a lower ratio at 93% shade 
than at 53% or 97% (Figure 4).

For all species except Pinus patula, SLA was lower at 53% 
shade than at all deeper shade levels (Figure 5). For Actinidia 
chinensis, Archontophoenix cunninghamiana and M. boaria, 

SLA also increased between each of the deepest shade levels 
(93% < 97% < 99%) (Figure 5). A similar pattern was seen 
for Phoenix canariensis and Prunus lusitanica, although there 
was no difference in SLA between 93% and 97% shade for 
either species (Figure 5). Acer negundo SLA was lower at 
99% shade than at 97% (Figure 5). Trachycarpus fortunei 
SLA did not differ among any of the deeper shade levels, and 
there was no difference in SLA among any of the shade levels 
for Pinus patula seedlings (Figure 5).

Figure 4. Effect of shade on observed (points) and predicted (boxes, backtransformed mean ± 95% model prediction interval) 
seedling root:shoot ratio for eight environmental weed species. Letters indicate statistically significant differences. See Table 
1 for species abbreviations.
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DISCUSSION
This study provides insight into the shade tolerance and 
phenotypic plasticity of eight environmental weeds, 
contributing to our understanding of their potential to invade 
intact native forest in New Zealand where light levels can be 
as low as 1-5% of full sun (McDonald & Norton 1992; Young 
& Mitchell 1994; Davies-Colley et al. 2000; Coomes et al. 
2005; Lusk et al. 2009). Significant differences in all metrics, 
depending on species, confirm that a mere 2% reduction 
in available light from 97% shade to 99% shade can have a 
major effect on seedling growth and establishment. 

Highly shade-tolerant environmental weeds, such as 
the three palm species (Archontophoenix cunninghamiana, 
Phoenix canariensis, and Trachycarpus fortunei), are 
particularly concerning due to their potential ability to 
invade intact, closed canopy native forest and persist in the 
understorey for decades or longer (Valladares et al. 2016). 
The three palm species had similar growth patterns, with 
minimal variation in seedling establishment and relatively 
small reductions in biomass between the two highest 
shade levels. These results indicate a strong ability to 
tolerate deep shade, although this does not appear to be 

Figure 5. Effect of shade on observed (points) and predicted (boxes, backtransformed mean ± 95% model prediction interval) 
seedling specific leaf area (SLA) for eight environmental weed species. Note the y-axis is on a log scale. Letters indicate 
statistically significant differences. See Table 1 for species abbreviations.
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due to plasticity in biomass allocation. Phoenix canariensis 
exhibited the highest seedling establishment rates, ranging 
from 46–62% across shade levels, indicating its capacity for 
widespread invasion. Conversely, T. fortunei had the lowest 
establishment rates (5–8%), potentially due to lower seed 
viability or other suboptimal conditions, such as the need 
for cold stratification to germinate.

Conversely, Pinus patula was the least shade-tolerant 
species (as expected), with minimal phenotypic plasticity 
and no seedlings surviving under 99% shade. While such 
shade-intolerant environmental weeds may dominate 
disturbed, high-light environments, they are likely to be 
outcompeted by shade-tolerant species in naturally forested 
ecosystems as succession proceeds. However, light is not 
the only factor that can affect successional processes; other 
site-specific factors such as climate, allelopathy or the 
presence of grazing animals can play a major role (Connell 
& Slatyer 1977; Poorter et al. 2023). In New Zealand, shade-
tolerant native species often colonise the understorey of 
closed-canopy Pinus spp. forests (including Pinus patula,  
KGM pers. obs.) and it has been suggested that in the 
absence of disturbance, native species may replace the pines 
completely at these sites (Brockerhoff et al. 2003; McAlpine 
et al. 2018; McAlpine et al. 2021).

Acer negundo, Actinidia chinensis, M. boaria and Prunus 
lusitanica demonstrated moderate shade tolerance. For both 
Acer negundo and Actinidia chinensis, biomass declined with 
increasing shade, particularly between 97% and 99%, and 
seedling establishment was reduced at 99% shade. Also, 
the reversal of trend in SLA for Acer negundo at 99% shade 
suggests that seedlings were struggling under extreme 
shade and may not have survived if the experiment had run 
for longer. Similarly, Prunus lusitanica exhibited declining 
biomass and increasing SLA with shade but showed little 
plasticity in R:S ratio, indicating a relatively fixed biomass 
allocation strategy among tissue types. Maytenus boaria 
and Actinidia chinensis displayed the highest degree 
of phenotypic plasticity, as evidenced by a consistent 
decline in root-to-shoot ratio (R:S) and an increase in SLA 
across all shade levels, which suggests that these species 
may be capable of acclimating to a range of habitats and 
light environments. Although Actinidia chinensis is only 
moderately shade tolerant, its rapid growth and climbing 
ability may enable it to invade relatively intact forests by 
quickly escaping the low-light conditions of the forest floor 
and reaching the canopy.

Our findings mostly align with previous studies on the 
shade tolerance of the eight species we studied (Table 1). 
However, we cannot be sure that seedlings of these species 
will respond to shade in the same way in the field, because 
the homogenous, relatively benign conditions in the shade-
houses were likely very different to the heterogenous, 
variable conditions that seedlings experience in the field, 
particularly at the seedling scale (McAlpine & Drake 2002). 
Stressors such as pests and pathogens, drought, wind, 
mechanical damage, and competition with other plant 
species that would typically reduce seedling establishment 
in the field were mostly controlled in the shade-houses, so 
greatly reduced stress on seedlings perhaps led to greater 
establishment in deep shade than would be possible in the 

field. Despite these favourable conditions, for all species 
except the three palms, seedlings growing in 99% shade 
were extremely small and likely would not have survived 
much longer. Clarifying how long seedlings of the study 
species can survive under different (or changing) shade 
levels in the field would be a useful focus of future research.

When exposed to shade, most plant species will optimise 
light capture and utilisation by increasing SLA to some 
extent (Evans & Poorter 2001), so it was not surprising that 
SLA of most study species was higher at 99% shade than at 
53% shade. More interesting was the fact that three species 
(Actinidia chinensis, Archontophoenix cunninghamiana 
and M. boaria) had an increase in SLA as shade increased 
across all shade levels, including the tiny 2% increase in 
shade between 97% and 99% shade, indicating a very 
sensitive response mechanism to low light. However, the 
ability to compensate for low light by increasing SLA doesn’t 
necessarily translate into a growth or survival advantage. 
For example, large, thin leaves (i.e. with a high SLA) can 
be sensitive to mechanical stress and herbivory, which can 
have negative consequences for plant survival in shade 
(Augspurger 1984; Gamage 2011). SLA is a complex trait, 
often related to plant size and leaf longevity, and is part 
of a broader network of traits within the leaf economics 
spectrum, which collectively influence a plant’s strategy for 
growth and survival (Reich 2014; Onoda et al. 2017; Fajardo 
& Siefert 2018).

Our results do not support our hypothesis that species 
with greater plasticity in root-to-shoot ratio (R:S) and 
specific leaf area (SLA) will show smaller reductions in 
growth (total biomass) with increasing shade. In fact, the two 
most phenotypically plastic species (M. boaria and Actinidia 
chinensis) showed relatively large declines in biomass with 
increasing shade compared to species lacking phenotypic 
plasticity in R:S and SLA. This suggests that plasticity does 
not prevent declines in biomass with increasing shade – at 
least for these two species. It may also be indicative of other 
underlying factors influencing growth responses to shade 
that are not accounted for by plasticity in R:S and SLA (Xu et 
al. 2021; Sellaro et al. 2025).

Artificial experiments such as ours do not capture the 
broader role that plasticity might play in the establishment, 
distribution and persistence of environmental weeds in the 
wild (Hulme 2008). Patterns of biomass allocation – and even 
shade tolerance itself – can be affected by environmental 
conditions, so the minimum light availability tolerated by 
any given species may vary in different ecosystems or sites 
(Valladares & Niinemets 2008; Poorter 2009). Additionally, 
shade tolerance and trait plasticity can change as plants 
age (Fetcher et al. 1994; McConnaughay & Coleman 1999; 
Lusk et al. 2008). Nevertheless, our results extend current 
knowledge regarding the shade tolerance of these significant 
environmental weeds. 

Management implications
Seedling shade tolerance is an important consideration when 
determining environmental weed management priorities. 
Shade-tolerant environmental weeds such as the three 
palm species may be able to invade intact (undisturbed) 
native forest communities, which means they can have 
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severe negative impacts at sites with high biodiversity 
values. Trachycarpus fortunei is unusually cold-tolerant 
compared to other palm tree species (Reichgelt et al. 2018), 
so likely poses a greater invasion risk in colder areas of 
New Zealand than Phoenix canariensis and Archontophoenix 
cunninghamiana. Warming temperatures will likely 
allow all three palm species to spread south, with studies 
predicting considerable expansion of suitable habitat under 
climate change for both Archontophoenix cunninghamiana 
(Sheppard 2013) and T. fortunei (Aguilar et al. 2017).

Environmental weeds with shade-tolerant seedlings may 
also be able to regenerate under their own canopy, replacing 
adult plants as they die and thereby potentially persisting 
in perpetuity (McAlpine et al. 2021). Shade tolerant 
environmental weeds should be a priority for management 
and control in native forest, particularly where seed sources 
are present, and managers should be on the alert for seedling 
establishment of these species in otherwise minimally 
disturbed forest.

Conversely, in areas that support native forest, shade-
intolerant environmental weeds such as Pinus patula tend 
to die out as succession proceeds because they are unable to 
regenerate in the increasingly shady understorey (Williams 
2011; McAlpine et al. 2021). This means that their impacts 
can be shorter lived and less severe than shade-tolerant 
environmental weeds, and they typically pose less of a threat 
to established forest ecosystems. However, shade-intolerant 
environmental weeds can still have major impacts where 
they invade following disturbance, dominating invaded 
sites for the life of adult plants, which may be decades or 
even centuries for long-lived species such as Pinus patula 
and other wilding conifers. Furthermore, when woody 
environmental weeds invade naturally treeless ecosystems 
such as wetlands, grasslands and alpine habitats impacts 
can be severe and irreversible (Rundle et al. 2014), 
regardless of seedling shade tolerance. In New Zealand, 
invasions of wilding conifers into grasslands and willows 
into low-stature wetlands are pertinent examples of such 
transformative effects (Griffiths & McAlpine 2017; Peltzer 
2018).

CONCLUSIONS
The range of shade tolerance and plasticity displayed by 
the eight study species underscores the need for tailored 
management approaches to mitigate the ecological impacts 
of environmental weeds. Effective management strategies 
should prioritise control of shade-tolerant environmental 
weeds in minimally disturbed forests while also managing 
shade-intolerant environmental weeds in open or edge 
habitats. Future research of the study species should focus 
on the long-term survival and ecological interactions under 
field conditions to inform conservation efforts.
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