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Abstract 

Questions: Large pteridophytes frequently co-occur with conifers and 

angiosperms in the understorey of temperate broadleaved-podocarp forests but 

interactions between them are poorly understood. We evaluated the impact of tree ferns 

on the regeneration niche of vascular woody species to determine whether tree ferns 

function as niche modifiers and influence seedling occurrence. We asked the following 

questions: (i) do understorey tree ferns influence the woody seedling bank, and (ii) which 

potential mechanisms drive any such influence? 

Location: Auckland and Waikato regions, northern New Zealand. 

Methods: We measured woody seedlings in 164 1m
2
 plots in northern New 

Zealand temperate broadleaved-podocarp forest and used multivariate analyses and 

modelling to assess the relative contributions of abiotic and biotic effects on community 

composition and seedling abundance. We manipulated the environments beneath 160 tree 

fern individuals by removing fronds and/or macro-litter in a balanced factorial design, and 

recorded the response of the seedling community over one year. We then assessed the 

relative influences of shading and litter-depth on the seedling community response. 

Results: Distance to the nearest tree fern was the best predictor of understorey 

seedling abundance; seedling abundance decreased beneath tree ferns. There was no 

strong evidence, however, that tree ferns influence seedling community composition; 

although the palm Rhopalostylis sapida, was consistently present away from tree fern 

micro-sites. Removal of tree fern shading and macro-litter both influenced the local 

seedling community; conifers responded positively, and most consistently to frond 
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removal. Frond-shading and deep litter reduced seedling species richness and seedling 

abundance. 

Conclusions: Tree ferns influence the woody seedling bank in temperate 

broadleaved-podocarp forest through increased shading and macro-litter accumulation, 

both of which reduce the abundance of angiosperm and conifer seedlings. A tree fern 

dominated understorey is likely to reduce conifer establishment and may limit direct 

competition among woody plants by reducing densities and regeneration opportunities 

immediately beneath tree fern canopies. 

 

Keywords: 

Biotic filter; vegetation dynamics; community assembly; Cyatheaceae; pteridophyte 

 

Running Head: 

Seedling response to tree fern understorey 

 

Introduction 

Abiotic and biotic factors interactively influence seedling establishment and define the 

regeneration niche that controls community assembly (Grubb 1977; Gillman et al. 2004; 

Poorter 2007; Cadotte & Tucker 2017). Species that establish early in community 

assembly can modify local niche conditions influencing the establishment success of 

subsequent arrivals (Lortie et al. 2004; Fukami 2015). Such biotic influences can reduce 

or expand the regeneration niche of many species including those from ecosystem 

engineer species in the canopy (Rigg et al. 2002; Wyse et al. 2013), or dense mono-

specific under/overstories (De La Cretaz & Kelty 2002; Turley et al. 2017). Overstorey 

shading and litter size, quality and quantity are significant filters of vascular seedling 

establishment (Gillman & Ogden 2001; Ibáñez et al. 2007; Valladares et al. 2016). These 
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biotic drivers are commonly considered under the dominant influence of canopy species, 

but understorey vegetation can also contribute to the forest regeneration niche (Takahashi 

1997; Farris-Lopez et al. 2004; Caccia et al. 2009; Weng et al. 2017). Demonstrating 

biotic influence on community assembly requires careful consideration of a suite of 

processes including dispersal limitations, environmental filters, and within-site 

heterogeneity (Kraft et al. 2015). 

Tree ferns are a common component of the understorey of temperate and tropical 

podocarp-hardwood forests in the Southern Hemisphere, establish early in community 

development and can dominate the understorey (represent up to 50% of stems > 2.5 cm 

diameter; Brock et al. 2016; Brock et al. 2018). Their abundance alone suggests that they 

may influence the availability of seedling establishment sites for some canopy and 

understorey species (Brock et al. 2016; Negrão et al. 2017; Brock et al. 2018). The effects 

of tree fern macro-litterfall have been evaluated as one potential mechanism influencing 

vascular species establishment (Gillman & Ogden 2001; Gillman et al. 2002; Gillman et 

al. 2004); these studies suggest that, via macro-litterfall, tree ferns can filter the 

regeneration niche in forests, independent of canopy composition. 

Canopy structure determines understorey irradiance levels, and shade influences seedling 

establishment through reduced photosynthetically active radiation (PAR), modified 

temperature, humidity and biotic interactions (Coomes et al. 2005; Valladares et al. 

2016). Shading can increase significantly where tree ferns are present in the understorey: 

just 10% of PAR reaches the forest floor under tree ferns in Hawai’ian forest (Burton & 

Mueller-Dombois 1984). However, no data are available that compare the shading effects 

of tree ferns to other understorey species or growth forms (e.g. palms). Where ferns 

provide dense ground cover, e.g. Blechnum discolor (Blechnaceae), Dennstaedtia 

punctilobula (Dennstaedtiaceae), shading may be sufficient to differentially influence 

seedling growth, inhibiting the establishment of shade-intolerant conifer seedlings and 

reducing their growth rates, resulting in angiosperm dominated forest communities (De 

La Cretaz & Kelty 2002; Coomes et al. 2005). 

In New Zealand, Cyathea dealbata is a widespread species of understorey tree fern, 

occurring in many shrub and forest habitats (Wiser et al. 2011). Light interception by C. 

dealbata is potentially important in the selective regeneration of the forest community 

(Brock et al. 2018). Tree ferns develop deep (up to 90 cm) litter layers, and the area 

beneath their canopy (tree fern micro-site) is subject to macro-litterfall as their approx. 3 

m long fronds senesce and abcise (Enright & Ogden 1987; Gillman & Ogden 2001). 

Experimental studies in northern New Zealand forests show that macro-litterfall is 
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responsible for up to 14% of seedling mortality (along 100 m forest transects), but the 

influence of understorey tree fern litter on seedling establishment is unknown (Gillman et 

al. 2004). Litter can reduce the availability of establishment surfaces through shading, 

mechanical impedance, biochemical effects and influencing micro-climatic variability 

with either facilitative or suppressive effects (Facelli & Pickett 1991; McAlpine & Drake 

2003). Tree fern trunks can provide an establishment surface for hemi-epiphytic canopy 

species, including species of Weinmannia (Coomes et al. 2005; Derroire et al. 2007; 

Gaxiola et al. 2008); however, such epiphytism will not be investigated in this study. 

Our aim was to identify the relative importance of the putative mechanisms (e.g. frond-

shading and macro-litter) by which tree ferns influence vascular plant establishment and 

therefore forest community assembly in New Zealand temperate forests. We test the 

hypothesis of Coomes et al. (2005) that indigenous conifers are suppressed in tree fern 

micro-sites through frond-shading effects, and establish the relative influences of 

increased litter depth and shading on woody vascular species establishment. To achieve 

this we conducted: i) a field study to assess whether C. dealbata in the understorey 

influences vascular plant seedling occurrence; and, ii) an experimental manipulation 

(frond and/or litter removal in a factorial design) to identify the mechanisms potentially 

explaining any patterns observed in local seedling communities. Although the concept of 

the filter in community assembly has been over-extended (Kraft et al. 2015, Cadotte & 

Tucker 2017), our experimental design ensures that we can unpack potentially 

confounding abiotic and biotic factors. 

The research was undertaken in northern New Zealand temperate broadleaved-podocarp 

forests where C. dealbata was present in varying densities. We ask two questions: 

1. Do understorey tree ferns influence the vascular species seedling bank? 

2. If such influence occurs, by what mechanisms? 

These overarching questions are broken down into eight sub-questions (Table 1) each of 

which consider seedling community characteristics in relation to micro-sites under tree 

ferns and how seedling communities respond to treatments where environmental 

variables, identified as influential on seedling banks in the field study, are manipulated. 

Italicised references [Q  .] are used to waypoint questions that the following paragraph 

relates to in Table 1. 
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Methods 

Field study – pattern identification [Q 1-5] 

We used both plot-based and plotless methods to sample the seedling community and 

potential predictors of the composition and structure of this community, and the presence 

of understorey tree ferns, specifically C. dealbata. We installed 164 one m
2
 plots at 10 m 

intervals along 17 × 100 m transects in temperate forest in the Waitākere Regional Park 

(Auckland) and Coromandel Peninsula (Waikato) through areas with C. dealbata 

common in the understorey (Fig. 1). Mean annual rainfall at the study sites is 1,280 ± 

196 mm year
-1

 with average temperatures ranging from 10.4 to 19.9 °C (NIWA 2018). 

The soils at the sites are volcanic sandy loams and granular clays (Hewitt 2010; Heron 

2014). The forests comprise mixed broadleaf canopies at 10–20 m with emergent conifers 

(supporting up to 27 tree species across 13 families) and an understorey of tree ferns, 

shrubs, palms, small trees and climbers (Table S1). 

In each one m
2
 plot we identified all spermatophyte seedlings (individuals with height < 

1.35 m; nomenclature following Ngā Tipu Aotearoa – New Zealand plants database: 

http://nzflora.landcareresearch.co.nz/; accessed on 18
th
 November 2017) to species-level 

and tallied by height class (height class 1: 0–15 cm; 2: 16–45 cm; 3: 46–75 cm; 4: 76–105 

cm; 5: 106–135 cm; Hurst & Allen 2007). From the centre of each seedling plot, using a 

point-centred quarter (PCQ) methodology (Mitchell 2015), we located the nearest four 

trees, with stem diameter at breast height (1.35 m high; DBH) > 5 cm, and nearest four 

tree ferns. We disregarded seedling plots where one of the nearest tree ferns was either 

Dicksonia squarrosa (Dicksoniaceae) or Cyathea smithii (Cyatheaceae), less abundant 

tree fern species that co-occur with C. dealbata. Additionally, plots where Rhopalostylis 

sapida (Arecaceae) was a closest tree were also disregarded as these palms produce 

macro-litter that might confound the study. We recorded the distance to each tree and tree 

fern from the plot centre, DBH for trees and tree ferns, height and maximum canopy 

width for tree ferns only, the declination (°) and aspect of the slope at the plot centre. 

Four measurements of litter depth were taken 50 cm from the trunk at the four cardinal 

directions around each tree fern. To estimate canopy cover as a proxy for PAR, we took 

sub-canopy photos at 0.75 m above ground level using a hemispheric fish-eye lens 

(Canon 450D, Sigma 4.5mm f/2.8 EX DC HSM), and processed using Gap Light 

Analyzer 2.0 (Frazer et al. 1999). A GPS co-ordinate was recorded for each plot with 

which to extract point data from LRIS (https://lris.scinfo.org.nz/) environmental layers 

using ArcMap 10.3.1 to provide data on modelled soil moisture deficit and topographic 
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index. We derived a topographic position index layer from elevation data using the raster 

package version 2.6-7 (Hijmans 2015) in R version 3.2.3 (R Core Team 2015). Aspect 

data for each seedling plot were converted into partitioned ‘northness’ and ‘eastness’ 

values (Zar 1999). 

 

Analysis - field study 

The seedling data were height-weighted, by multiplying each seedling by their height 

class, and the seedling plot data transformed (Hellinger transformation; Legendre & 

Gallagher 2001), and ordinated using classical multidimensional scaling (CMDS) using 

the Bray-Curtis dissimilarity (Clarke 1993). Permutational multivariate analysis of 

variance (PERMANOVA; Anderson 2001) was used to assess whether the seedling 

communities underneath and away from tree fern canopies were compositionally distinct. 

Finally, an indicator species value analysis for species combinations (De Caceres & 

Legendre 2009) was undertaken for communities under and outside tree fern canopies to 

identify any species that were faithful (irrespective of abundance) to either condition. 

Kruskal-Wallis tests were used to compare total seedling abundance and conifer seedling 

abundance inside and away from tree fern influenced micro-sites. The imbalance in the 

sample sizes (111 plots in tree fern micro-sites vs 53 away from tree ferns) reflects the 

relatively higher abundance of tree fern microsites in the forest understoreys sampled.  

The following fixed and random effects models (generalized linear mixed models, 

GLMMs) were used (fixed effects: biotic and abiotic variables recorded at each plot; 

random effects: transect location) to determine: 

1. Whether the recorded abiotic and biotic variables predict the presence / absence 

of tree fern micro-sites, using logistic regression. 

2. Which recorded abiotic and biotic variables best predict seedling abundance in a 

plot using Poisson regression. 

3. Which recorded abiotic and biotic variables best predict conifer seedling 

abundance in a plot using a negative binomial hurdle model (Bolker 2015). 
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Experimental manipulation [Q 6-8] 

Two 100 m transects were installed in a random direction through an area of relatively 

homogeneous forest with C. dealbata abundant in the understorey, at each of the 

University of Auckland’s Huapai and Oratia reserves (four transects in total, Fig. 1, Table 

S1). At 10 m intervals along each transect the four nearest C. dealbata in each quarter 

(PCQ methodology) were tagged, and their height (to base of crown) and canopy width 

were recorded. A one m
2
 seedling plot was installed under the north side of each tree fern 

with the southern point of the plot abutting the base of the trunk; all seedlings of woody 

plants were identified to species level and placed into height classes (Hurst & Allen 

2007). Litter depth (to firm ground) was measured 50 cm from the trunk at the four 

cardinal directions around each tree fern; and four soil moisture recordings were taken 

using a Hydrosense 2 (HSII) meter in the corners of each plot. The declination (°) and 

aspect of the slope were recorded for each tree fern. Overall, 160 seedling plots were 

established (80 per site), with 40 randomly allocated to each treatment (20 per site; 

described below). 

The experimental design was multi-factorial and multi-level (2×2); the two factors were 

light and litter, each had two levels – remove litter / fronds, or leave as found. Litter 

removal involved the removal of all tree fern derived macro-litter within the plot. Frond 

removal involved the removal of all fronds in a 180° arc centred on the north side of the 

tree fern using telescopic pruners. Each marked tree fern was randomly assigned one 

treatment: 

Treatment 1. Control (neither litter nor fronds removed; n = 40 plots) 

Treatment 2. Litter and frond removal (n = 40 plots) 

Treatment 3. Frond removal only (n = 40 plots) 

Treatment 4. Litter removal only (n = 40 plots) 

Where tree ferns had their fronds removed, pre- and post-removal PAR levels were 

recorded using a Field Scout Quantum Light Meter held at ground level to approximate 

tree fern light interception (it was not possible to sample the light environment at 160 

locations in comparable conditions). 

Soil samples were collected for nutrient assays to assess whether local soil conditions 

influenced seedling community assembly. A 60 g organic soil layer sample (upper 5 cm 

organo-mineral layer) was collected at a random location immediately adjacent to each 
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seedling plot. Soil samples were dried in the lab at 35 °C for 24 hours, root tissue 

removed, and the soil ground and passed through a 2 mm sieve. All soil samples were 

sent to Brookside Laboratories Inc, Ohio (USA) for analysis of pH (H20), organic matter 

(LOI), Bray I phosphorus, CEC (ammonium acetate extraction), available nitrogen (NO3
-
, 

NH4
+
), and Mehlich III Extractable P, Mn, Zn, B, Cu, Fe, Al, S, Ca, Mg, K and Na.  

Transects at the two sites were revisited every month over a 12-month period to monitor 

re-growth of fronds, which were removed as appropriate. Litter, where it accumulated, 

was removed as appropriate for the relevant treatments. Seedling plots were re-measured 

after one year. 

 

Analysis – experimental manipulation 

For ordination, a seedling height-abundance index per species per plot was derived by 

multiplying seedling density by height class (as above), then summing by species for the 

plot. Index values (per species per plot) for the pre- and post- treatment data were 

ordinated together using CMDS with Bray–Curtis dissimilarity. Biophysical and soil 

nutrient data were tested for collinearity using multiple pair-wise correlations; derived, or 

the less ecologically relevant of co-related variables that exceeded a threshold of r = |0.7| 

were excluded from further analysis (following Dormann et al. 2013). 

To ascertain whether dissimilarity in seedling community composition between sites was 

driven by biophysical characteristics or soil conditions (environmental), a principal 

components analysis (PCA) was undertaken on the standardised (covariance matrix) 

environmental data. Vectors representing components explaining more than 5% of 

variance were fitted to the post-treatment points in the complete CMDS ordination to 

determine whether local environmental conditions were correlated with seedling 

community composition. We used PERMANOVA to assess whether the two 

experimental sites (Oratia and Huapai) supported distinctive seedling communities. 

To compare responses in the seedling community to light and litter treatments we 

assessed whether any groups differed in their dispersion post-treatments, when compared 

to pre-treatment dispersion, using multivariate homogeneity of variance tests 

(PERMDISP2; Anderson 2006). Differences in dispersion values were calculated for each 

treatment community (pre- and post-treatment) to establish whether treatment 

communities were becoming more or less dissimilar in their composition. We took a 

multi-facetted approach to interpreting and summarising the data, as single analyses were 
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unable to adequately describe the responses in the plot-based seedling communities. To 

visually represent overall change in seedling community dissimilarity among treatments 

we calculated the change in position of plots in ordination space and summarised these 

per treatment. We achieved this by comparing the pre and post treatment location of each 

plot in ordination space. The distance between these points and the azimuth (°) of the 

second (post treatment) point in relation to the first (pre-treatment) were calculated. These 

data were then plotted in a circular histogram. 

To identify whether the seedling community response to treatment at either site was due 

to intra-site variation in environmental conditions, the pre and post-treatment seedling 

community data were ordinated per site using CMDS (Bray-Curtis dissimilarity). Site-

specific environmental data were then fitted to the post-treatment points in these 

ordinations. PERMANOVA was used to identify whether there were compositional 

differences in the seedling communities pre- and post-treatment. Finally, all 

environmental data were compared among treatments using pairwise t-tests with multiple 

p-value corrections (Hochberg adjustment). To further describe change in the seedling 

communities within each treatment, we calculated metrics related to plot level alpha-

diversity pre- and post-treatment: Shannon Wiener diversity index (SW), Simpson’s 

diversity index (SI), species richness (S), and community evenness (J) (Magurran 2004). 

Inferring patterns of change solely from abundance-based dissimilarity may overlook 

differences in nestedness and turnover (Baselga 2013); for the questions we asked, 

patterns of species loss and replacement are highly relevant. Thus, we computed turnover 

(βsim) and nestedness (βsne) in the seedling community turnover; these metrics quantify 

temporal substitution of species (βsim) and the extent to which the post-treatment 

community is a subset of the pre-treatment (βsne) (Baselga 2010).  

PAR levels pre- and post-frond-removal (included in treatments 1 and 2) were compared. 

An indicator species analysis was undertaken of pre- and post-treatment communities to 

identify species faithful to the pre- and post-treatment communities across both sites. 

All analyses were conducted using R-3.2.3 (R Core Team 2015) and the vegan 2.3-2., 

indicspecies 1.7.5., betapart 1.4-1. (De Caceres & Legendre 2009; Hijmans 2015; 

Oksanen et al. 2015; Baselga et al. 2017; Magnusson et al. 2017) packages. 
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Results 

Field study 

[Q 1.] The seedling communities beneath and outside of tree fern canopies overlapped in 

ordination space (height-weighted seedling data; Fig. S1), and PERMANOVA confirmed 

that these seedling communities were not distinct (F1-162 = 1.116; P = 0.339). Indicator 

species analysis identified only Rhopalostylis sapida (associative statistic 0.256, p = 

0.001) as faithful to the seedling communities outside the tree fern micro-site. Five 

species present in the overstorey (9%) were not recorded in seedling plots in the field 

study. Of these species, one is not shade-tolerant (Leptospermum scoparium; Tables S1, 

S3); shade-tolerant species not recorded in the seedling plots represent 8% of species 

recorded in the overstorey. 

[Q 2.] Seedling abundance in plots underneath a tree fern canopy was significantly lower 

than in plots outside tree fern micro-sites (19.0 ± 16.0 vs. 39.2 ± 32.7 [mean ± SD]; H = 

17.965; p < 0.001). Furthermore, the mean abundance of conifer seedlings in a tree fern 

micro-site was 0.6 ± 1.9; plots outside a tree fern micro-site supported 0.9 ± 2.2 conifer 

seedlings (H = 9.0447; p = 0.003). Overall, total seedling abundance (up to 39 %) and 

conifer seedling abundance (up to 34 %) was reduced in tree fern micro-sites (Fig. S3). 

[Q 3-5] The key outcomes are of the models used to evaluate the biotic and abiotic data in 

relation to tree fern adjacency, total and conifer seedling abundance are (Table S2): 

[Q 3.] Logistic regression showed that litter depth best predicted (0.276 ± 0.081, 

p < 0.001) conditions in tree fern micro-site (5.6 ± 3.6 cm) and those elsewhere (3.6 ± 2.0 

cm); 

[Q 4.] Poisson regression showed that distance to nearest tree fern was the best 

predictor of seedling abundance (slope = 0.026 ± 0.012, p < 0.001); and, 

[Q 5.] Negative binomial hurdle modelling showed that distance to tree fern 

best predicted conifer seedling presence (0.362 ± 0.170, p = 0.033); the model component 

for abundance, where present, did not identify a suitable predictor from the fixed effects. 
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Experimental manipulation 

[Q 6.] The goodness of fit between distances in the dissimilarity matrix (61% of plots 

were ≥ 80% dissimilar to each other) and the distances in the ordination had an R
2
 of 

0.955. The first five components of the PCA explained 65% of the variance; components 

7-23 explained up to 5% of the variance individually and were excluded from further 

analysis. Only two PCA components (1 and 3) were significantly correlated (r = 0.1052, 

P < 0.001; r = 0.1162, P < 0.001 respectively) with the orientation of the post-treatment 

points, along Axis 1 of the ordination (Fig. 2a), components 2, 4 and 5 were therefore 

excluded from further analysis. Component 1 was interpreted as representing soil fertility 

(gradients of organic matter: 4 to 93%; ammonium NH4
+
: 2.1 to 74.4 ppm); Component 3 

was interpreted as representing biophysical conditions (slope steepness (3 to 30°) and 

aspect; Table S4). PERMANOVA showed that the seedling communities at the Huapai 

and Oratia sites were distinct in ordination space (F1,318 = 22.169; P < 0.001; Fig. 2a). 

Seven species (14%) present in the overstorey of both sites were not recorded in seedling 

plots  in the experimental plots. Of these species, five are not shade-tolerant (Tables S1, 

S3); shade-tolerant species that were not recorded in the seedling plots represent 4% of 

species recorded in the overstories. 

[Q 7.] Different responses to the experimental treatments were observed in the dispersion 

(dissimilarity) of the seedling communities (Fig. S2). Multivariate homogeneity of 

dispersion analysis of the four treatment communities showed that the seedling 

communities in the frond and litter removal treatment; and the frond removal only 

treatment became more similar post-treatment (   ± SD dispersion; -0.04 ± 0.08; -0.04 ± 

0.10 respectively). The communities in the control and litter removal only treatments 

became more dissimilar (0.01 ± 0.09 and 0.05 ± 0.12 respectively; Fig. 2b).  

No significant intra-site environmental variability was observed as no PCA components 

were significantly correlated with the orientation of the post-treatment points of the 

seedling community ordinations for either Huapai or Oratia (Fig. 2c, d). In contrast, 

PERMANOVA showed that for both Huapai (F1-158 = 17.95, P < 0.001) and Oratia (F1-158 

= 4.030, P = 0.0011) the pre- and post-treatment seedling communities were 

compositionally different. Similarly, there was no significant intra-treatment 

environmental variability, with a comparison of the environmental data (Table S4) 

indicating that environmental variables were consistent across treatments.  

Post-treatment seedling species richness was significantly higher in the frond and litter 

removal treatment than the litter removal only treatment and the control treatment 
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(pairwise t-test with multiple p-value correction: t = -3.65, p = 0.002; Table S5). Seedling 

density was also significantly greater under the frond and litter removal treatment than in 

the control (t = -2.89, p = 0.02; Table S5). Turnover and nestedness did not differ between 

the treatments (Table S5).  

[Q 8.] Indicator species analysis identified no species faithful to any seedling treatment-

community before the experiment commenced. Post-treatment indicator species analysis 

for the two different sites combined showed that the conifers Podocarpus totara 

(Podocarpaceae; indicator value = 0.499, p = 0.001) and Phyllocladus trichomanoides 

(Podocarpaceae; 0.452, p = 0.001) were consistently present in plots with the frond and 

litter removal and frond removal only treatments. PAR levels at ground level (above loose 

litter) increased by 53.8 ± 30.4 % in both frond removal treatments (n = 40 and 40; pre: 

9.6 ± 9.9 μmol m
-2

 s
-1

, post: 30.4 ± 56.7 μmol m
-2

 s
-1

, t = 3.23, p = 0.001). 

 

Discussion 

Do understorey tree ferns influence the vascular species seedling bank? 

Tree fern micro-sites were characterised by reduced angiosperm and conifer seedling 

abundance when compared to sites outside of tree fern canopies (Fig. 3). There was no 

evidence of a strong shift in seedling composition in tree fern micro-sites compared to 

those away from tree ferns in the field study; however, the palm R. sapida occurred 

faithfully away from these locations, an observation that aligns with the suggestion that 

this otherwise shade-tolerant species experiences increased mortality under deep shade 

(Enright 1985). In comparison, a shift in community composition with a consistent 

positive response by shade-intolerant conifer species (an increase in abundance of up to 

330%) was shown in the experimental manipulation to frond and litter removal. The 

negative binomial hurdle model identified distance to tree fern as a robust predictor of 

conifer seedling presence. This result does not preclude the possibility of conifer 

seedlings establishing underneath tree ferns (0.5 ± 1.7 m
-2

), but indicates that as tree fern 

abundance increases the probability of conifer seedlings occurring declines (up to 34%; 

and see Carswell et al. 2007). Across the study and experimental locations (n = 6), 1 ± 0.5 

of the eight conifer species in the canopy were not recorded in the seedlings plots (the 

strongly shade-intolerant Agathis australis was absent from plots in three locations; 

Tables S1, S3) suggesting that none of the canopy conifers were limited by dispersal or 

environment. 
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Whether the reduction in seedling abundance of palm and conifer species in response to 

shading and litter recorded here is limited to tree fern micro-sites, or whether seedling 

establishment would respond similarly to shading and litter accumulation from other 

understorey plants cannot be discerned from our data. The patterns we observed of 

reduced seedling abundance and seedling richness are comparable to those observed 

under palms (Farris-Lopez et al. 2004; Wang & Augspurger 2006; Aguiar & Tabarelli 

2010; Zucaratto & dos Santos Pires 2014). Future research should, include other 

understorey species, to establish whether species with similar growth patterns (e.g. 

palms), as well as contrasting growth forms (such as understorey trees, shrubs), influence 

seedling establishments. Future work would also usefully include long-term monitoring 

of seedlings to establish whether the innate ephemerality of seedling communities 

influences the significance of these establishment patterns.  

 

What are the mechanisms by which tree ferns influence the vascular species seedling 

bank? 

We demonstrate that, through macro-litter accumulation and frond-shading, tree ferns 

contribute significantly to seedling microsite forest heterogeneity, precluding the 

establishment of a subset of vascular plant species (as Lortie 2004; Chávez & Macdonald 

2010; Chabrerie et al. 2013). Across varied environmental conditions, tree ferns act as a 

biotic filter reducing seedling abundance, and competitively excluding conifer seedlings. 

This filtering is achieved in two ways: deep litter layers build up underneath tree ferns, as 

a product of the size of shed fronds and their slow decay (Enright & Ogden 1987; 

Gillman et al. 2004), and the large living fronds contributing to lower light levels (Burton 

& Mueller-Dombois 1984; Forbes et al. 2016). Although stochastic in nature (see Fig. 

S2), the consistent response of the seedling community to these drivers evident in the 

patterns of decreasing community dispersion in ordination space in the frond and litter 

removal, and frond removal only treatments. The decrease in dispersion indicates that 

communities become more similar with increased light and decreasing litter 

accumulation. 

Although litter depth was identified in the field study as the strongest predictor 

differentiating seedling establishment conditions between areas outside and within a tree 

fern micro-site, its removal had less effect than did a reduction in tree fern frond-shading 

(Fig. 3). The positive response both in seedling density and species richness observed in 

the treatment with reduction in litter and frond-shadingwas not apparent in the litter 

removal only treatment suggesting that frond-shading has a stronger local influence than 
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litter depth. The lower importance of litter presence may be due to the high variability in 

litter levels and light environments across all plots in all treatments weakening any 

response (within-site heterogeneity; Kraft et al. 2015). Litter appears to reduce 

establishment viability in a non-species specific way, contrary to the findings of 

McAlpine and Drake (2003). The similar values for species turnover βsim and nestedness 

βsne across all treatments show that in terms of turnover and substitution, there was a 

relatively high turnover of individual seedlings, particularly those up to 45 cm tall. Any 

future similar studies should consider building up tree fern frond litter underneath 

canopies to maintain a constant litter depth to counter the changes in litter depth that 

occur naturally.  

The ecological importance of light interception by tree ferns is demonstrated by the 

significant increase (53.8 ± 30.4 %) in PAR observed after frond-removal, although 

similar increases in PAR might be expected if fronds / above-ground biomass were 

removed from other understorey taxa. The extent of the change in PAR levels is likely to 

vary between species; however, we suggest that only palms are likely to have a 

comparable effect on seedling establishment (Farris-Lopez et al. 2004). Light levels at 

ground level underneath tree ferns are difficult to quantify and using canopy cover may 

not capture the range and complexity of factors altered by the shading effect of fern frond 

structure. This limitation may explain the lack of explanatory power of this variable in the 

logistic model examining environmental data underneath and outside of tree fern 

canopies. 

No vascular species were faithful to the seedling plots pre-treatment indicating high 

variability in community composition beneath tree ferns; this mirrors the lack of faithful 

seedlings of any species in the tree fern micro-site seedling communities in the field 

study. Two species of podocarp (Podocarpus totara and Phyllocladus trichomanoides), 

both shade-intolerant conifers (Burns & Smale 1990; Ebbett & Ogden 1998; Forbes et al. 

2016), were faithful to the communities under the frond and litter removal and frond 

removal only treatments. The fidelity of these species to frond removal indicates a clear 

response to the treatment, and suggests that compositional sorting among the treatment-

communities is a response to the treatments overlain on naturally high levels of variability 

in the landscape (Table S4). These two conifers are present in the overstorey, are not 

dispersal limited and establish successfully in greater abundance and frequency in the 

absence of tree fern shading and litter accumulation; again, this suggests that there is an 

effect of biotic filtering on conifers in the regeneration niche by tree ferns (Kraft et al. 

2015). That both of these species were recorded as small (< 15 cm) seedlings underneath 

tree ferns shows that a seedling can establish, but ecologically the more important 
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question is: can they persist? Our data is temporally limited in this manner and we can 

provide no more concrete interpretation of tree fern competitive effect. 

While running an experiment such as this over a single year has limitations due to the 

stochastic nature of seedling communities, a signal of conifer suppression was clearly 

evident. Longer-term monitoring of seedling establishment under the experimental 

treatments may elicit a more taxa-specific response, as well as accounting for differing 

seed phenologies of species (such as the 8% of missing species in the seedling plots). Any 

future studies should ensure that the seedlings in the treatment plots are tagged to provide 

persistence data to provide more robust interpretations of competitive exclusion. 
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Appendix 1 – Figures and tables relating to article 

Figure S1. CMDS ordination of transformed, height-weighted field study seedling 

community plot data. 

Figure S2. Circular histograms of the relative direction and distance moved by seedling 

plots in ordination space during treatments. 

Figure S3. Differences in a) total vascular seedling and b) conifer seedling abundances in 

seedling plots outside of and in tree fern microsites. 

Table S1. Tree, shrub and tree fern species present in the forest surveyed. 

Table S2. Results of generalised linear mixed models of recorded biotic and abiotic 

variables. 

Table S3. Forest species frequency in experimental manipulation, seedling plots (both pre 

and post experiment) at the two experiment locations. 

 

Figure 1. Locations of field study (black stars) and experimental manipulation (white 

stars; 1: Huapai, 2: Oratia) across the Auckland and northern Waikato regions of New 

Zealand. Field sites extend from 36°47ʹ 48ʺ  S 174°29ʹ 23ʺ  E to 37°04ʹ 07ʺ  S 

175°40ʹ 14ʺ  E. 

 

Figure 2. CMDS ordinations of all pre- and post-treatment seedling data from the 

experimental manipulation. (a) the arrows indicate vector fits for the principal component 

factors associated with a gradient of biophysical and soil conditions (PCA Axis 1: soil 

fertility; PCA Axis 3: slope and aspect) that were significantly correlated (P < 0.05) with 

axis 1 of the ordination; (b) showing convex hulls of the treatment communities; (c) 
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Oratia data only, showing the shift in community dissimilarity and dispersion between 

treatments; (d) Huapai data only. Treatment 1) control, 2) frond and litter removal, 3) 

frond removal only, 4) litter removal only 

 

Figure 3. Summary of findings of the field study and experimental manipulation with 

question numbers [Q x.] waypointing throughout the text ([Q 6.] is not included as this 

pertains to environmental differences between the experimental manipulation studies and 

is not pertinent to this summary). 

 

 

 

 

Table 1. Questions asked in this study with details of statistical analyses used and key 

outcomes. 

 

Aims and questions Statistical approach Key 

outcomes 

Field study: Determine whether understorey tree ferns influence woody seedling banks 

1. Is there any evidence of differences in the 

seedling community in relation to tree fern 

micro-sites?  

Analysis of seedling community dissimilarity 

by 1) ordination, 2) PERMANOVA to 

evaluate whether communities inside and 

outside tree fern micro-sites are distinct or 

otherwise, and 3) indicator species analysis to 

identify faithful species to micro-sites or 

otherwise 

Figure S1 

(SI) 

2. Are total seedlings and conifer seedlings 

consistently less abundant in tree-fern 

micro-sites? 

Kruskal-Wallis tests comparing means of total 

and conifer seedling abundance in and out of 

tree-fern micro-sites 

Figure S3 

(SI) 

3. How do tree fern micro-sites differ from 

other areas of the forest? 

Logistic regression model with fixed and 

random effects (GLMM) evaluating recorded 

biotic and abiotic variables as predictors of 

TF micro-site conditions 

Table S2 

(SI) 

4. What recorded biotic and abiotic variables 

best predict seedling abundance in the plots? 

Poisson regression model with random and 

fixed effects evaluating recorded biotic and 

abiotic variables as predictors of seedling 

abundance 

Table S2 

(SI) 

5. What recorded biotic and abiotic variables 

best predict conifer seedling abundance in 

the plots? 

Negative binomial hurdle model with random 

and fixed effects evaluating recorded 

environmental variables as predictors of 

seedling abundance 

Table S2 

(SI) 
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Experimental manipulation: Determine the relative influences of shade and litter accumulation on vascular 

plant seedling establishment beneath tree ferns 

6. Managing experimental confounding 

factors: Are experiment location site effects 

influencing seedling communities present in 

study plots? 

Analysis of seedling community dissimilarity 

by 1) ordination, 2) PCA of environmental 

data, 3) fitting of PCA vectors to ordination to 

identify distinctions between sites, and 4) 

PERMANOVA to evaluate whether 

communities at different sites are distinct 

Figures 2a, 

and Table S4 

(SI) 

7. Does the vascular plant seedling 

community reflect shade or litter treatments 

around tree ferns? 

Comparisons of pre- and post-treatment 

communities by 1) multivariate homogeneity 

of dispersion analyses to evaluate how 

communities change in ordination space with 

treatment, and 2) summarise vectors (distance 

and angle) between pre- and post-treatment 

seedling plots in ordination space, 3) 

ordination of site-specific data, 4) compute α- 

and β-diversity indices for plots and compare 

between treatments  

Figures 2b, 

2c, 2d and 

S2, and 

Table S5 

(SI) 

8. Are there any indicator vascular species 

associated with the post-treatment 

communities? 

Indicator species analysis of treatment 

communities (pre- and post-treatment) 

See text 
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