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as initially predicted. At individual plant level, there 
was similarity in soil conditions between mānuka 
and broom, and between red tussock and heather. 
The invasive N-fixer (broom) had positive effects on 
soil N availability, with higher N pool and lower C/N 
ratio in soil under this species. There were no consist-
ent differences in total soil fauna abundance between 
invasive and native plants. Broom and mānuka were 
associated with higher abundances of Collembola, 
Oligochaeta and Diplopoda; heather and red tussock 
had higher abundances of Hymenoptera and Hemip-
tera. Significantly more Oligochaeta and Collem-
bola under broom matched the prediction of invasive 
plants (and especially N-fixing invasives) being asso-
ciated with greater abundances of decomposers. How-
ever, another important decomposer group—oribatid 
mites—did not show the same tendency. These results 
evidence that simplified generalizations regarding 
the impacts of invasive plants are unlikely to be justi-
fied, since the ecological effects of plant invasions are 
complex and do not always follow the same pattern. 
Therefore, we need to take into consideration the eco-
logical context and the traits of individual plant spe-
cies and target organisms in an unbiased manner to 
fully understand the impacts of plant invasions.

Keywords  Biological invasions · Microarthropods · 
Mesofauna · Soil nutrients · N-fixing plants

Abstract  The impacts of invasive plants on arthro-
pod communities are often reported to be negative 
and have predominantly been explored aboveground, 
but there is a paucity of information regarding what 
happens belowground. To address this gap, we com-
pared soil properties and soil fauna communities 
associated with two native plant species (Leptosper-
mum scoparium—mānuka and Chionochloa rubra—
red tussock) and two invasive species (non-N-fixing 
Calluna vulgaris—European heather and N-fixing 
Cytisus scoparius—Scotch broom) in the Central Pla-
teau of New Zealand. We expected that (1) at indi-
vidual plant level soil properties would be different 
under invasive and native plant species, with higher 
soil nutrient concentrations under invasive species, 
especially N-fixing broom; (2) total abundance of soil 
fauna would be higher under invasive plant species, 
as generally positive impact of invasive plants on soil 
invertebrates is indicated in the literature; (3) invasive 
plants, and especially N-fixing broom, will be asso-
ciated with greater abundances of soil decomposer 
groups. We found that soil properties and soil fauna 
assemblages did not cluster by plant invasive status 
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Introduction

Invasive plants affect their invaded ecosystems in 
multiple ways, such as by altering plant community 
composition, aboveground and below-ground arthro-
pod composition, above and below-ground chemi-
cal environments, and soil properties (Levine et  al. 
2003; Litt et  al. 2014, 2024; Clavijo McCormick 
et al. 2023). Invasive plants can displace native plants 
through competition and by means of various abiotic 
and biotic mechanisms: these include chemical altera-
tions and physical disturbances to the soil, changes 
in soil microorganism composition and relationships, 
allelopathy, disruptions to pollinator interactions, and 
altered plant–herbivore dynamics (Levine et al. 2003; 
Vilà et al. 2011).

Over time, invasive species may become dominant 
in the invaded ecosystem. Therefore, it is not surpris-
ing that invaded systems are often associated with 
changes in aboveground arthropod abundance and 
richness when compared to similar uninvaded systems 
(Blayney 2012; Litt et al. 2014). A decline in above-
ground arthropods is often attributed to the decrease 
in plant biodiversity (Ebeling et al. 2018) and to the 
replacement of native plant resources by novel plant 
resources. However, invasive plants can also affect 
fauna communities by altering plant-arthropod link-
ages associated with pollination (Muñoz and Cavieres 
2008) or by providing new food sources or habitat 
features that can be utilized by native groups (Galap-
paththi et al. 2023).

The effect of invasive plants on above-ground 
arthropods can vary in size and direction depending 
on the specific invader and the recipient habitat, and 
which arthropod taxa are considered (Keesing 1995; 
Litt et al. 2014; Effah et al. 2020a). A recent review 
(Litt et al. 2024) has concluded that although pub-
lished papers often report invasive plants having a 
negative influence on arthropod populations, arthro-
pod responses to alien plants are far from uniform. 
While some functional groups with close asso-
ciation with native plants, such as specialist herbi-
vores, pollinators, and their specialist predators are 
often negatively affected by alien plant invasion; 
generalist arthropods may benefit from enhanced 
resource abundance (Galappaththi et  al. 2023; Litt 
et al. 2024). Our growing understanding of the com-
plexity of ecological interactions mediated by inva-
sive plants, suggests that generalising the effects of 

invasive plants as solely negative may be an over-
simplification, and urges the need to develop other 
theoretical frameworks that allow for better predic-
tive tools.

As well as above-ground, plants can alter below-
ground fauna assemblages since plants provide the 
main input into soil food webs, either through input 
and subsequent decomposition of leaf litter or through 
root material and the exudation of organic com-
pounds by the roots that alter soil properties (Wolfe 
and Klironomos 2005; Weidenhamer and Callaway 
2010; Potapov et al. 2019). Recent evidence suggests 
that root material and exudates, rather than leaf lit-
ter, supply the greatest proportion of this input (Pol-
lierer et al. 2007; Bluhm et al. 2017; Fu et al. 2017; 
Sprunger et al. 2019).

Invasive plants are often associated with greater 
soil pools of organic matter and increased rates of 
litter decomposition and nutrient cycling than native 
plant species (Liao et  al. 2008). This trend is often 
ascribed to the tendency in invasive plant taxa to pre-
sent higher values for performance-based plant traits, 
such as leaf nutrient concentrations and net primary 
productivity, which are linked to nutrient cycling 
rates (Stefanowicz et  al. 2018). For example, nitro-
gen-fixing plant species are disproportionately repre-
sented among invasive plants and are associated with 
higher rates of nitrogen (N) cycling than native or 
invasive plants lacking this trait (Ehrenfeld 2003; Vilà 
et al. 2011; Souza-Alonso et al. 2015).

The effect of invasive plants on soil properties is 
not consistent and the magnitude as well as the direc-
tion of the effect can depend on numerous invader-
related and ecosystem-related variables. For example, 
Dassonville et  al. (2008) found that invasive plants 
had positive effects on soil nutrient pools when the 
initial soil was nutrient-poor and negative effects 
when the initial soil was nutrient-rich. A meta-analy-
sis considering impacts of 113 invasive plant species 
across the world on N cycle (Castro-Díez et al. 2014) 
found that, overall, plant invasions increase soil N 
pools, even when excluding N-fixing plants. However, 
the impacts were heterogeneous and reflected differ-
ences in climate and other properties of the invaded 
sites, and phylogenetic and functional characteristics 
of the invading and native plants. The impact on soil 
N pools was greater in warm climates and when the 
invasive plants and the natives differed in N-fixation 
ability (Castro-Díez et al. 2014).
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The literature exploring the impacts of invasive 
plants on below-ground arthropod communities is 
still scarce but suggests variable impacts depending 
on the invasive plant identity and the recipient sys-
tem (Belnap and Phillips 2001; Kappes et  al. 2007; 
Tanner et al. 2013). Higher primary productivity and 
leaf nutrient concentrations, often associated with 
invasive plants, are expected to stimulate the below-
ground decomposer communities which are able 
to utilize a new resource. A meta-analysis (Meisner 
et  al. 2014) suggested that plant invasion generally 
enhanced C cycling and increased abundance of soil 
meso-invertebrates (unspecified taxa) and nematodes, 
while having variable effects on other soil biota and 
processes. Detritivores generally increase in response 
to higher litter input from alien plants but in some 
cases can also show decline due to unfavourable 
changes in litter quality and phenology (Litt et  al. 
2024). Wolkovich et al. (2009) found that in a semi-
arid system, extensively invaded by alien grasses, 
soil N and litter input have increased in areas of high 
grass invasion but most arthropod taxa in detritus-
based food web have declined. The lack of bottom-up 
effects was linked to changes in habitat structure and 
litter quality, altered microclimate, and disruption of 
trophic relationships (Wolkovich et  al. 2009). Simi-
larly, a review of effects of alien plant invasions in 
riparian zones (Castro-Díez and Alonso 2017) found 
either no effect or negative effect on abundance and 
diversity of soil micro- and macro-arthropods.

To address the paucity of information on the 
impacts of invasive plants on below-ground arthropod 
communities, we used a model system in the North 
Island Central Plateau (NICP) of New Zealand—
home to Tongariro National Park, a UNESCO dual 
cultural and natural World Heritage site—consisting 
of two invasive plants: heather Calluna vulgaris (L.) 
Hull and Scotch broom Cytisus scoparius (L.) Link 
(henceforth broom); and two native plants: mānuka 
Leptospermum scoparium (J.R. Forst et G. Forst.) 
and red tussock Chionochloa rubra (Zotov). The aim 
of the study was to investigate soil physicochemical 
properties and soil fauna assemblages associated with 
individual plants growing under natural conditions in 
the NICP. Based on existing literature data, we pre-
dicted that: (1) soil properties would cluster for inva-
sive and native plants, with separation between these 
two groups explained by higher soil nutrient concen-
trations under invasive plants, especially for broom, 

as it is a N-fixing species; (2) total abundance of soil 
fauna would be higher under invasive plant species, 
as generally positive impact of invasive plants on soil 
invertebrates is indicated in the literature; (3) invasive 
plants, and especially N-fixing broom, will be asso-
ciated with greater abundances of soil decomposer 
groups due to more labile leaf litter (lower C/N ratio).

Previous work exploring the impact of plant inva-
sions on arthropod communities in the Central Pla-
teau has mainly focused on above-ground effects 
(Keesing 1995; Effah et al. 2020a), but below-ground 
impacts remain poorly understood. This work adds 
to previous efforts to understand and mitigate the 
impacts of plant invasion on the NICP (e.g., Effah 
et al. 2020a, b, c, 2022a) and will help to unveil the 
association between soil fauna and invasive plants in 
this valuable ecosystem.

Methods

Site description

The North Island Central Plateau (NICP) is a high-
altitude volcanic region of the North Island, New 
Zealand. Exotic plant invasion is one of the main 
risks threatening the natural and cultural assets of 
this region (Department of Conservation 2006). The 
native vegetation in the area is dominated by red tus-
sock C. rubra grassland and by tussock shrubland 
with Dracophyllum spp. and mānuka L. scoparium, 
there are also local areas of disturbed ground and 
scoria slopes (Chapman and Bannister 1990; Effah 
et  al. 2020a, b, c). Two important invasive species 
of the area are European heather C. vulgaris, family 
Ericaceae, henceforth heather, and broom C. sco-
parius, family Fabaceae, both species originally from 
Europe. From 1912 to 1923, heather was deliberately 
planted and its spread otherwise facilitated to provide 
suitable habitat for exotic game fowl (Bagnall 1982). 
After planting ceased, heather continued to spread 
and is now the most widespread weed species of the 
area, covering more than 50,000 ha of the TNP and 
greater NICP (Effah et  al. 2020b) Broom was intro-
duced to the area in the 1960s, and while it is not 
as widespread as heather, its range has expanded in 
recent years. This species is able to fix nitrogen, and 
thus has the potential to alter soil nutrients and other 
soil properties (Landcare Research 2022).
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Red tussock is a native grass species common in 
the central North Island. It was selected for this study 
partly as a species of distinctive native character to 
the area, and partly because it is sensitive to displace-
ment by invasive plants. Red tussock grassland com-
munities are considered highly at risk due to heather 
invasion, which resulted in a large decline in red tus-
sock between 1960 and 1984 (Chapman and Bannis-
ter 1990). Mānuka is a widespread native New Zea-
land shrub; it is typically a mid-successional plant 
species but it persists in areas that do not support suc-
cession to climax forest, such as the NICP (Stephens 
et  al. 2005; Hayes et  al. 2013; Effah et  al. 2020c). 
This species is of economic interest due to the medic-
inal properties of its honey and it is a taonga (treas-
ured) species of cultural value to Māori (Effah et al. 
2022b; Morgan et al. 2019).

The field sites were located inside the Waiouru 
military training area: 39° 18′ 44.064″ S, 175° 44′ 
21.551″ E (site 1); 39° 18′ 34.091″ S, 175° 44′ 
20.184″ E (site 2); 39° 18′ 8.711″ S, 175° 44′ 41.927″ 
E (site 3). The region has a Kӧppen climate classi-
fication of “cfb” (temperate oceanic climate) (Kottek 
et al. 2006). The mean daily temperature ranges from 
5 to 15  °C (Chappell 2015), with an annual rainfall 
in excess of 1500 mm (DOC n.d). The region has 
low fertility tephric recent and orthic allophanic soils 
mostly formed from volcanic ash (Hewitt 2010)—
Andosols, in the World Soil Classification system. 
The sites were chosen based on the presence of 
healthy populations of heather, broom, mānuka and 
red tussock, as well as being reasonably distant from 
one another while located on the same soil type. At 
each of the three sites, five healthy individual plants 
of broom, heather, mānuka and red tussock were 
selected, making up 60 plants over the entire study. 
Individual plants were selected to have similar phe-
nology within each species. Plants were only selected 
if they were not in proximity (less than one meter) 
from any individuals of the other study species. Sam-
pling was conducted in late February/early March 
2021 (Southern Hemisphere summer).

Soil sampling

We sampled the soil adjacent to the bases of individ-
ual plants; the plants themselves were not lifted. At 
each individual sampling point, soil temperature and 
soil volumetric water content were recorded. A digital 

soil thermometer was used to collect three measure-
ments around the target plant which were then aver-
aged. A time domain reflectometry soil moisture 
meter (TDR Field Scout 100, Spectrum Technologies, 
Inc.) was used to collect three measurements of soil 
volumetric water content (VWC) around the target 
plant that were then averaged. Soil samples (5 cm 
length × 5 cm width × 8 cm depth) were taken close 
to the base of every plant in this study and kept on 
ice in the field. These soil cores were used to extract 
mesofauna as detailed below. Following mesofauna 
extraction air-dry soil cores were sent to Hill Labora-
tories in Hamilton, New Zealand for analysis, which 
included pH, Olsen phosphorous (Olsen P), anaero-
bically mineralisable nitrogen (AMN, measure of N 
mineralised in anaerobic incubation at 40  °C for 7 
days), total nitrogen (TN, measured using the Dumas 
combustion method), organic matter (OM, derived 
from total C measured by the Dumas combustion 
method), carbon/nitrogen ratio (C/N), potassium 
(K+), calcium (Ca2+), magnesium (Mg2+), sodium 
(Na+), cation exchange capacity (CEC), total base 
saturation (TBS), and volume weight (VW).

Soil fauna sampling

For this study, we sampled soil macrofauna (defined 
as any organism larger than 2 mm on its longest axis), 
plus the important mesofauna decomposers—oribatid 
mites (Acari: Oribatida) and springtails (Collembola) 
(Potapov et  al. 2022). One macrofauna soil sample 
(30 cm length, 20 cm width, 15 cm depth) was col-
lected with a shovel directly close to the base of each 
target plant; the plant itself was not removed. A total 
of 60 macrofauna samples were collected for this 
study. Samples were bagged and put on ice in the field 
and stored at 4 °C in the lab until sorting. Macrofauna 
were hand-sorted from the samples and stored in 70% 
ethanol until being identified to the order level.

Mesofauna were extracted from the soil analysis 
cores using a modified Berlese-Tullgren apparatus for 
10 days using a mesh size of ~ 2 mm. Mesofauna were 
extracted into 70% ethanol. Following mesofauna 
extraction, soil cores were resealed in their original 
zip-lock bags and sent to Hill Laboratories for soil 
analysis. Samples were sorted under a dissection 
microscope and the dominant decomposers—oribatid 
mites and springtails—were counted.



Plant invasion down under: exploring the below‑ground impact of invasive plant species on soil…

Vol.: (0123456789)

Data analysis

One soil sample was a suspected urine patch, indi-
cated by abnormally high nitrogen content; how-
ever, excluding this sample from analysis did not 
change the results, so the sample was left included. 
Soil property data were standardised to unit variance 
(subtracted the mean and divided by standard devia-
tion) prior to principal component analysis (PCA) 
using FactoMineR and factoextra packages in R (ver-
sion 4.1.3). The PCA biplot and corresponding table 
of variable contributions were then used to visualise 
differences in soil properties under different plant 
species (heather, broom, mānuka and red tussock). 
Permutational multivariate analysis (PERMANOVA) 
in PRIMER 7 (Clarke et al. 2014) in a nested model 
with site as a random factor was used to test for differ-
ences in the composition of soil properties under dif-
ferent plant species. When the main effect was signifi-
cant, multiple comparisons were performed between 
individual plant species. If clusters were identified 
from the PCA ordination, PERMANOVA was used to 
compare the soil properties between the clusters using 
a contrast statement.

Generalized linear models (GLMs) in R were used 
to test differences in specific soil properties between 
vegetation types. For each soil variable, a GLM with 
normal, gamma or inverse-gaussian distribution fam-
ily was generated, and the model with the best fit to 
the data (lowest AIC value) was used. The LRTest 
function from the lmtest package was used to assess 
the significance of the predictor variable for each of 
the chosen models. When the model was significant, 
Tukey’s honestly significant difference test (Tukey 
HSD) was performed for post-hoc pairwise analysis.

Total abundance and taxon richness for each sam-
ple were calculated. Simpson’s diversity and Shan-
non’s diversity indices (Morris et al. 2014) were cal-
culated using the vegan package in R. GLMs were 
used to compare soil fauna abundance and diversity 
under different plant species (heather, broom, mānuka 
and red tussock). For total abundance and taxon rich-
ness, GLMs with Poisson and negative-binomial dis-
tributions were generated, and the best fitting models 
were selected using AIC. For Simpson’s index and 
Shannon’s index, GLMs with normal, gamma or 
inverse-Gaussian distribution family were generated 
and the model with the best fit was selected using 
AIC. The LRTest was used to assess the significance 

of the predictor variable for each of the chosen mod-
els. When the model was significant, a Tukey’s HSD 
test was performed for post-hoc means analysis.

Linear discriminant analysis (LDA) was performed 
to visualise differences in soil fauna communities 
under the four plant species. For this analysis, counts 
of Diplura, Blattodea and Achatinoidea were com-
bined into “Other” to reduce the number of zeros in 
the  taxon matrix, taxa that were not present in more 
than two samples were omitted, and the dataset 
was square root-transformed. PERMANOVA with 
Bray–Curtis distance using nested model with site as 
a random factor was performed on this dataset to test 
if the composition of the soil fauna community var-
ied significantly among plant species. When signifi-
cant results were detected, multiple comparisons were 
performed using PERMANOVA with Bray–Cur-
tis distance. Individual groups were then compared 
between plant species using GLMs (selected by AIC 
from Poisson and negative binomial distributions) 
and a likelihood ratio test. When models were signifi-
cant, TukeyHSD were performed for post-hoc means 
comparison.

Results

Soil properties

The PCA ordination showed overlap between soil 
properties under mānuka and broom as well as 
between red tussock and heather, forming two distinc-
tive clusters, mānuka/broom and red tussock/heather 
(Fig.  1). The first and second principal components 
(PC1 and PC2) collectively explained 58.3% of the 
variation in soil properties between vegetation types. 
PCA ordination (Fig. 1) suggests that red tussock and 
heather were associated with acidic and nutrient-poor 
but wetter soils, whereas broom and mānuka were 
associated with soils with higher pH and higher soil 
nutrient availability. The soil properties contributing 
most to the dissimilarity between plant species were 
nitrogen (AMN, TN), Ca2+, Mg2+, TBS, pH, and car-
bon/nitrogen ratio (C/N). Despite being identified as 
contributors to dissimilarity, models for soil cation 
exchange capacity and organic matter between indi-
vidual plant species were not significant.

The overall composition of soil properties was 
significantly different among the plant species 
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(PERMANOVA; Pseudo-F3,48 = 3.32, P = 0.003). 
There was no significant difference in soil proper-
ties between manuka and broom, or between heather 
and red tussock, which clustered together in the PCA 
(Fig. 1). Soil properties composition was significantly 
different between heather/red tussock and broom/
mānuka clusters (Pseudo-F1,48 = 5.63, P = 0.010), 
as well as between broom and heather (P = 0.015), 
broom and red tussock (P = 0.029), mānuka and 
heather (P = 0.024), mānuka and red tussock 
(P = 0.019).

Table  1 summarizes the soil properties associ-
ated with the four tested plant species. The mean soil 
pH values were slightly acidic for all treatments but 
were significantly more acidic in the soil associated 
with heather and red tussock than with broom and 
mānuka. Total N and anaerobically mineralizable N 
were significantly higher under broom than under 
other plant species; C/N ratio was significantly lower 
under broom (Table 1). Among cations, K+ was high-
est under broom, but Ca2+, Mg2+ and Na+ were high-
est under mānuka.

Soil fauna

Hymenoptera (ants), Collembola and Oribatida 
were the most abundant taxa across all sites. LDA 

ordination showed some separation between soil 
fauna assemblages under the four vegetation types 
(Fig.  2). Broom and mānuka were associated with 
higher abundances of Collembola, Oligochaeta, 
Diplopoda and Amphipoda, and with lower abun-
dances of Hymenoptera and Hemiptera than heather 
and red tussock.

Soil fauna community composition significantly 
differed under plant species (PERMANOVA; 
Pseudo-F3,48 = 1.81, P = 0.036). However, signifi-
cant differences in overall community composition 
were detected only between heather and mānuka 
(P = 0.026), and between red tussock and mānuka 
(P = 0.001).

Total fauna abundance was significantly different 
among the four plant species (LRTest; χ2 = 13.02, 
P = 0.005) and was highest under broom (Fig.  3, 
Table 2). Among individual taxa, we found signifi-
cantly higher abundance of Collembola and Oli-
gochaeta under broom, and higher abundance of 
Hemiptera under heather and red tussock. Hyme-
noptera (ants) were most abundant under red tus-
sock (Fig.  3 and Table  2). Taxon richness, Simp-
son’s and Shannon’s indices for soil fauna showed 
no significant difference among the vegetation 
types.

Fig. 1   PCA biplot showing 
the soil properties under 
Scotch broom (Cytisus sco-
parius), European heather 
(Calluna vulgaris), mānuka 
(Leptospermum scoparium) 
and red tussock (Chiono-
chloa rubra), NZ Central 
Plateau, 2021. Large circles 
indicate the centroids of 
the respective groups. 
Abbreviations: volume 
weight (VW), volumetric 
water content (VWC), 
Olsen phosphorous (Olsen 
P), anaerobically mineraliz-
able nitrogen (AMN), total 
nitrogen (TN), organic mat-
ter (OM), carbon/nitrogen 
ratio (C.N), cation exchange 
capacity (CEC), total base 
saturation (TBS)
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Table 1   Soil properties under Scotch broom (Cytisus scoparius), European heather (Calluna vulgaris), mānuka (Leptospermum sco-
parium) and red tussock (Chionochloa rubra), NZ Central Plateau, 2021

Overall comparisons between plant species were performed using generalized linear models and likelihood ratio tests. Bold font indi-
cates significant overall effect. Different letters indicate significant differences of the means within each row (Tukey’s HSD, α = 0.05)
VW, volume weight; VWC, volumetric water content; AMN, anaerobically mineralizable nitrogen; TN, total nitrogen; OM, organic 
matter; C/N, carbon/nitrogen ratio; CEC, cation exchange capacity; TBS, total base saturation

Parameter Broom Heather Mānuka Red tussock χ2 P value

Mean SE Mean SE Mean SE Mean SE

VW, g/mL 0.61 0.02 0.63 0.02 0.62 0.01 0.63 0.01 1.84 0.606
VWC, % 10.94 1.21 13.23 1.65 10.54 1.46 11.66 0.99 2.44 0.487
pH 5.71 0.07 a 5.39 0.05 b 5.63 0.04 a 5.40 0.07 b 19.33 < 0.001
Olsen P 4.33 0.23 a 3.60 0.16 b 3.87 0.27 ab 3.60 0.16 ab 8.57 0.036
AMN, μg/g 111.0 13.9 a 73.7 8.28 b 81.6 9.27 ab 78.6 8.17 ab 8.49 < 0.001
TN, % 0.51 0.02 a 0.37 0.01 b 0.39 0.03 b 0.41 0.02 b 18.67 < 0.001
OM, % 18.32 1.02 16.01 0.91 16.47 1.56 17.79 1.42 2.36 0.501
C/N 20.87 0.92 b 24.67 0.59 a 23.82 0.67 a 24.88 0.90 a 15.7 0.001
K+, % TBS 4.02 0.39 a 2.13 0.12 b 2.67 0.15 b 2.25 0.13 b 41.03 < 0.001
N+, % TBS 0.44 0.05 b 0.34 0.03 bc 0.61 0.03 a 0.31 0.02 c 34.48 < 0.001
Mg2+, % TBS 4.43 0.54 ab 3.20 0.21 bc 5.57 0.29 a 2.93 0.31 c 26.81 < 0.001
Ca2+, % TBS 17.67 2.07 ab 11.33 1.14 a 22.40 1.72 b 14.13 2.47 ab 15.79 0.001
CEC 18.87 1.14 17.27 0.90 19.87 1.32 16.53 0.91 6.44 0.092
TBS 26.67 2.69 ab 16.60 1.49 c 31.33 1.92 a 19.53 2.76 bc 22.89 < 0.001

Fig. 2   LDA biplot showing 
the soil fauna community 
composition under Scotch 
broom (Cytisus scoparius), 
European heather (Calluna 
vulgaris), mānuka (Lepto-
spermum scoparium) and 
red tussock (Chionochloa 
rubra), NZ Central Plateau, 
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Discussion

Invasive plants are becoming increasingly sig-
nificant modifiers of ecosystems alongside other 
anthropogenic stressors (e.g., IPBES 2023). Many 
reports (mainly above-ground) link invasive plants 
with negative impacts on arthropod communi-
ties, but a growing body of evidence suggests that 
arthropod responses to invasive plants are complex 
and can vary in magnitude and direction depend-
ing on the studied system (Litt et al. 2024). In this 
study, we explored the below-ground impacts of two 

invasive plants (one N-fixer and one non-N fixer) 
on the soil properties and arthropod fauna of an 
iconic New Zealand ecosystem, when compared to 
those properties under two native plants. We found 
(contrary to our initial prediction) that soil proper-
ties and soil fauna assemblages did not cluster by 
plant invasive status, highlighting the importance 
of understanding the context and traits of each inva-
sive plant species and the risk of hasty generalisa-
tion when predicting the ecological impacts of inva-
sive plants.

Fig. 3   Abundance of 
selected soil fauna taxa 
under Scotch broom (Cyt-
isus scoparius), European 
heather (Calluna vulgaris), 
mānuka (Leptospermum 
scoparium) and red tussock 
(Chionochloa rubra), NZ 
Central Plateau, 2021 (see 
Table 2 for the full list 
of taxa). Values are total 
counts. The median for each 
plant species is indicated 
by the line across the box. 
The mean is indicated by a 
diamond. Different letters 
indicate significant differ-
ences of the means (Tukey’s 
HSD, α = 0.05)
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Soil properties

Regarding soil properties, we found that native red 
tussock (C. rubra) clustered together with inva-
sive non N-fixer heather (C. vulgaris), while native 
mānuka (L. scoparium) and invasive N-fixer Scotch 
broom (C. scoparius), and that soil property composi-
tion significantly differed between these two clusters. 
Mānuka and broom were associated with less acidic, 
more nutrient-rich soils, whereas soils under heather 
and red tussock were more acidic and nutrient-poor. 
The soil properties contributing most to the dissimi-
larity between plant species were nitrogen, pH, potas-
sium, calcium, magnesium and C/N ratio. Liao et al. 
(2008) showed that woody N-fixing invasives have 
greater impacts on soil carbon and nitrogen cycling. 
N-fixing invasives are associated with greater impacts 
on soil nitrogen cycles than non-N-fixing invasives 

(Ehrenfeld 2003; Vilà et al. 2011). Indeed, we found 
that broom was associated with higher soil nutrient 
concentrations and had significantly higher soil total 
N and AMN, potassium, and lower soil C/N ratio 
than any other study plant species. Our findings for 
soil properties are not fully consistent with reports 
for other invasive plants, which suggest that invasives 
tend to have higher rates of nutrient cycling, presum-
ably due to higher values for performance-based plant 
traits relative to native plants (Rothstein et  al. 2004; 
Liao et  al. 2008; Stefanowicz et  al. 2018); in our 
study site (NICP) this was true for broom but not for 
heather.

Different plant species can have varying effects 
on soil properties, and pre-existing soil conditions 
can influence the germination and success of these 
species in distinct ways (van der Putten et al. 2013). 
Therefore, the relationship observed between the 

Table 2   Soil macrofauna abundances under Scotch broom (Cytisus scoparius), European heather (Calluna vulgaris), mānuka 
(Leptospermum scoparium) and red tussock (Chionochloa rubra), NZ Central Plateau, 2021

Values are counts per sample (sample area 0.0025 m2 for Collembola and Oribatida, 0.06 m2 for all other taxa). Overall comparisons 
between plant species were performed using generalized linear models and likelihood ratio tests. Bold font indicates significant over-
all effect. Different letters indicate significant differences of the means within each row (Tukey’s HSD, α = 0.05)

Taxa Broom Heather Mānuka Red tussock χ2 P-value

Mean SE Mean SE Mean SE Mean SE

Diptera 2.27 0.48 2 0.47 1.73 0.45 1.6 0.35 1.36 0.716
Lepidoptera 0.87 0.48 0.87 0.31 0.6 0.19 0.73 0.35 0.47 0.926
Oligochaeta 4.53 0.77 a 1.73 0.40 bc 3.60 0.77 ab 1.20 0.38 c 17.69 < 0.001
Coleoptera 3.0 0.91 3.47 0.73 3.0 0.74 6.0 1.46 5.42 0.144
Amphipoda 1.67 1.15 0.07 0.07 0.13 0.09 0.13 0.13 6.12 0.106
Chilopoda 2.67 0.72 1.8 0.37 3.8 1.12 1.53 0.39 7.06 0.070
Diplopoda 0.87 0.35 a 0.13 0.09 a 0.93 0.49 a 0.07 0.07 a 9.91 0.019
Symphyla 1.13 0.63 0 0 0.13 0.09 0.07 0.07 0.42 0.515
Araneae 0.4 0.19 0.53 0.24 0.07 0.07 0.6 0.27 5.20 0.158
Opiliones 1.4 1.08 0.13 0.09 0.13 0.09 0.07 0.07 6.79 0.079
Hymenoptera 17.73 7.87 ab 19.80 9.84 a 2.93 2.65 c 42.27 14.97 a 9.93 0.019
Achatinoidea 0.4 0.34 0.07 0.07 0.33 0.16 0.2 0.2 1.95 0.583
Blattodea 0 0 0.07 0.07 0 0 0.2 0.11 6.59 0.086
Hemiptera 1.60 0.41 b 4.80 1.58 a 0.13 0.09 c 3.53 1.17 ab 31.52 < 0.001
Diplura 0.07 0.07 0 0 0.27 0.21 0.07 0.07 3.89 0.274
Collembola 98.13 42.57 a 12.0 3.14 c 30.87 12.5 b 16.64 4.64 bc 30.22 < 0.001
Oribatida 55.33 11.87 45.4 5.77 50.6 8.06 48.64 10.39 0.66 0.882
Total abundance 192.07 50.41 a 92.87 10.68 b 99.27 16.74 b 121.21 18.38 ab 13.02 0.005
Taxon richness 8.67 0.53 8.13 0.5 7.2 0.37 8 0.38 5.75 0.125
Shannon’s index 1.23 0.09 1.21 0.08 1.15 0.08 1.23 0.07 0.55 0.908
Simpson’s index 0.58 0.04 0.56 0.04 0.56 0.04 0.58 0.04 0.4 0.941
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plant species studied and soil properties may reflect 
the individual species ability to thrive under specific 
soil conditions, rather than their ability to modify 
them (van der Putten et  al. 2013). Plant species are 
adapted to different soil habitats, and certain species 
may have competitive advantages under specific soil 
conditions. Our findings indicate that heather and red 
tussock are associated with lower soil nutrient levels 
compared to mānuka and broom. Heather, an early 
successional species, typically establishes in nutri-
ent-poor soils in its native range (Keesing 1995). Its 
adaptations for low-nutrient habitats could enable it 
to thrive in nutrient-poor areas, such as those in the 
NICP. In contrast, mānuka is associated with rela-
tively nutrient-rich soils. As a mid-successional spe-
cies, mānuka is adapted to disturbed sites and those 
with soil conditions that impede forest succession 
(Stephens et al. 2005). Mid-successional species typi-
cally colonize areas with moderate soil nutrient lev-
els, suggesting that mānuka may preferentially estab-
lish in nutrient-rich patches. Given the observational 
nature of this study, it is challenging to determine 
whether plant species influence soil properties or vice 
versa, or if both processes are occurring concurrently. 
Consequently, caution is warranted when interpreting 
higher soil nitrogen concentrations under broom as a 
response to broom invasion rather than a driver.

Soil fauna

Regarding soil fauna abundance, soil macrofauna 
assemblages did not cluster by invasive status as was 
predicted. In fact, our results showed no consistent 
differences in total soil fauna abundance between 
invasive and native plants. Instead, we found that 
the mean total abundance of fauna under invasive 
N-fixing plant (broom) was similar to a native plant 
on low-fertility soil (red tussock) but was significantly 
higher when compared to another native species 
(mānuka). We found significantly more Oligochaeta 
and Collembola under broom, which matched our 
predictions of invasive plants (and especially N-fixing 
invasives) being associated with greater abundances 
of decomposers. However, another important decom-
poser group—oribatid mites—did not show the same 
tendency. Collembola are opportunistic, generalist 
consumers which feed on variety of decomposing 
organic materials and microorganisms in the soil; 
their abundance reflects the food supply available in 

the soil food web (Potapov et al. 2016). Oribatids, on 
the other hand, are known to have highly specific hab-
itat preferences and may be responding to other envi-
ronmental drivers (Schatz and Behan-Pelletier 2007).

Many soil fauna groups are sensitive to soil phys-
ico-chemical properties (Hopkin and Read 1992; 
Birkhofer et  al. 2012; Hoeffner et  al. 2021; Singh 
et  al. 2020). For example, Oligochaeta are linked to 
numerous soil properties, including soil organic mat-
ter, pH and moisture (Baker et  al. 1998; Baker and 
Whitby 2003; De Wandeler et  al. 2016; Hoeffner 
et al. 2021; Jiménez et al. 2011; Perreault and Whalen 
2006; Singh et  al. 2020). De Wandeler et  al. (2016) 
showed that Oligochaeta abundance increased with 
pH as it moved from acidic to neutral. Diplopoda 
have been linked to soil concentrations of calcium 
and magnesium, as they require these elements for 
development of their exoskeletons (Hopkin and Read 
1992). We found that mānuka and broom were asso-
ciated with higher abundances of Oligochaeta and 
Diplopoda than red tussock and heather, and soil anal-
ysis showed that mānuka and broom were associated 
with higher pH (closer to neutral) and greater Mg2+ 
and Ca2+ concentrations. As pH, Mg2+ and Ca2+ have 
been linked to the distribution of Oligochaeta and 
Diplopoda, the soil properties may be driving the soil 
fauna community compositions.

Our findings for soil fauna communities are only 
partially consistent with the literature, which suggests 
that decomposer groups could be stimulated by inva-
sive plants relative to native plants due to their higher 
performance-based traits (Meisner et  al. 2014;  Wil-
liamson and Fitter 1996). In our study, we found this 
to be true for broom but not for heather. However, our 
findings are consistent with conclusions from a previ-
ous study by Effah et al. (2020a), who suggested that 
individual plant identity, rather than invasive status, 
was important in predicting an invasive plants effect 
on the above-ground arthropod community in the 
Central Plateau. Below-ground, this appears to be 
true of both soil properties and soil fauna.

Conclusion

Our findings highlight the need to consider plant spe-
cies, rather than simply the invasive status when pre-
dicting the impact of plant invasion on the soil biotic 
and abiotic factors. As Scotch broom is associated 
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with high soil nutrients and is likely engineering 
these conditions through its N-fixing ability (Liao 
et al. 2008), it may have a greater impact on the native 
habitat of the NICP area relative to European heather, 
which is associated with low soil fertility, as is native 
red tussock. By increasing the nutrient richness of 
the soil, broom may facilitate secondary invasion by 
disproportionately benefitting other non-native plants 
suited to nutrient-rich soils and reducing the advan-
tage of the native plants of the area which are adapted 
to very low nutrient soils. As well as secondary inva-
sion, this could accelerate the rate of succession in 
the Central Plateau tussock grassland ecosystems.

The relatively low nutrient soils associated with 
heather in our study could imply a relatively tame 
impact upon the soil ecosystem. Since heather favors 
a similar composition of soil properties as red tus-
sock, we can predict that the removal of this invasive 
plant could be followed by revegetation by red tus-
sock and other native plants that are adapted to the 
naturally low soil fertility of the area. The similarity 
in the soil properties under broom and mānuka could, 
however, bode well for the revegetation by mānuka 
following broom removal, especially if management 
encourages such establishment. On the other hand, 
habitat heterogeneity is an important aspect of the 
Central Plateau plant communities, so the preserva-
tion of low nutrient soil habitats may be threatened by 
the spread of broom.

The impacts of invasive plants on soil fauna are 
complex and can depend on multiple drivers such as 
the feeding guild, diet breadth (generalist vs. special-
ist), and sensitivity to environmental factors (such 
as soil pH and nutrients) of the target organism. For 
instance, we observed that generalist detritivores such 
as collembola to benefit from the environment N-fix-
ing invasive plant (presumably due to higher food 
supply), and found a link between soil pH, Mg2+ and 
Ca2+ and the distribution of Oligochaeta and Diplop-
oda. Thus, a higher taxonomic resolution for fauna 
(and corresponding information on their biology and 
ecology) would allow better interpretation of the driv-
ers of changes.

Altogether, the findings of this study highlight the 
need for future research into a variety of plant spe-
cies and target arthropod feeding guilds, taxa, or 
species. Although we did not observe a separation 
of soil properties and fauna based on invasive and 
native plant species, this does not disprove the trends 

of invasive and native plants in literature, but rather 
highlights the limitations in using these trends alone 
in predicting the traits of an invasive and native sub-
set. Instead, there may be a good cause to investigate 
the species-specific traits of important invasive plants 
and of native plants susceptible to displacement. To 
better quantify the magnitude of the effect invasive 
plants can have on the soil system, longitudinal stud-
ies should be conducted to include the pre-invasion 
soil properties, as well as measurements of the soil 
over the plants life cycle and the changes throughout 
various control measures. An ecosystem approach 
involving multiple trophic levels is highly encouraged 
for future studies.
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