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Methods  We used soils modified by experimental 
plant communities to test which aspects of plant com-
munity structure create legacies that affect the initial 
growth and mycorrhizal community of Pinus con-
torta, a common invasive pine species in the South-
ern Hemisphere. These plant communities varied in 
several factors including presence of Pinus species 
and the proportion of other non-native species, nitro-
gen-fixers, and grasses.
Results  Pinus contorta seedlings grew largest in 
soils that were previously conditioned by Pinus indi-
viduals and by soils conditioned by communities of 
other non-native plants, or grasses. Ectomycorrhizal 
fungal diversity on P. contorta roots was 19.7% less 
in soil with a Pinus legacy than in soil without Pinus 
legacy. Fungal communities were generally one of 
three types: dominated by Wilcoxina, or Inocybe, or 
without a dominant fungal taxon.
Conclusion  Our results demonstrate that legacy 
effects of plant communities on the diversity of mutu-
alistic fungi and soil abiotic conditions can change 
the growth of P. contorta seedlings. This suggests 
some restoration sites, and particularly those with a 
previous history of Pinus species or high percentage 
of grasses or other non-native species, could be more 
vulnerable to invasion or reinvasion by P. contorta.

Keywords  Soil legacies · Pinus contorta · 
Biological invasions · Non-native trees · Plant-soil 
feedback · Ectomycorrhizal

Abstract 
Background and aims  Individual plants and plant 
communities leave legacies in the soil that influence 
the future growth and success of subsequent plants 
grown in those soils However, direct tests of plant 
community legacies are rare. Understanding these 
is especially relevant for sites where invasion or re-
invasion of non-native plants threatens restoration 
success.
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Introduction

Understanding the drivers of invasion and re-inva-
sion is critical for optimal management of invasive 
species and successful restoration efforts. Plants 
leave legacies in soils that can influence the estab-
lishment and growth of plant species in subsequent 
communities (Jordan et  al. 2008; Reynolds et  al. 
2017; Van der Putten et  al. 2013). These soil lega-
cies often vary by species, but can be similar within 
functional groups, such as grasses or woody species 
(Teste et  al. 2017; Wang et  al. 2023). Provenance 
(native or non-native) can also influence the types 
of legacies created (Bowen et  al. 2017; Callaway 
et  al. 2008; Waller et  al. 2024). Soil legacies com-
prise both biological (e.g. through associated micro-
biota) and abiotic (e.g. via nutrient modification or 
pH changes) components. In some cases, biological 
legacies have a more persistent impact than abiotic 
legacies (Heinen et al. 2020), possibly due to the fact 
that many abiotic changes provoke lasting changes 
in the microbial community (Heinen et  al. 2020; 
Afzal et  al 2023). This is particularly relevant with 
invasions involving nitrogen-fixing species, where 
increases in nitrogen availability is compounded by 
associated shifts in microbial communities (Nsikani 
et  al. 2018). Non-native plants often associate with 
different below-ground fungal and bacterial commu-
nities than native plants (Bowen et al. 2017; Dickie 
et al. 2017; Zobel & Öpik 2014). Biological legacies 
created by non-native plants could therefore facili-
tate re-invasion of non-native species previously 
present in a community or the invasion of different 
non-natives, particularly if those legacies promote 
mutualists associated with the non-native plant 
(Callaway et  al. 2008; Dickie et  al. 2017; McLeod 
et al. 2016). Re-invasion could also be facilitated if a 
non-native plant has evolved resistance or tolerance 
to pathogens present in the legacy soil as through 
previous exposure (Jordan et  al. 2008; Day et  al 
2016). Though plant pathogens are often host-spe-
cific many are generalists and can infect a range of 
species. Non-native grasses have been noted to host 
a variety of pathogens potentially facilitating inva-
sion or co-invasion (Flory et al. 2011; Wilson et al. 
2014). This type of facilitation between species is 
often termed an invasional meltdown or secondary 
invasion (Richardson et al. 2000; Simberloff & Von 
Holle 1999; Pyšek et al. 2004).

Plant-soil feedback experiments provide an oppor-
tunity to understand how soil legacy effects can 
influence the success or failure of secondary plant 
invasions. These studies involve conditioning soil 
by growing plants for a period of time and then test-
ing how changes in the soil created by those plants 
affect the growth of subsequent plants. Most studies 
are pairwise in design and test the legacy effects of 
one species on another (Bartelt-Ryser et  al. 2005; 
Shannon et  al. 2012), or compare a series of pair-
wise legacies (Bezemer et al. 2018, 2023). While this 
approach provides valuable insights, single-species 
communities are rare in nature, suggesting that study-
ing the impact of plant community soil legacies could 
provide a more realistic assessment of the role of 
legacies in driving invasion or re-invasion. Plant com-
munity legacies have only been considered in a few 
recent studies (Baxendale et al. 2014, Bezemer 2020, 
Heinen et al. 2020, Kostenko & Bezemer 2020, Ren 
et al. 2023).

Pinus species are ideal model plants to test impacts 
of plant community legacies on the success of inva-
sion or re-invasion. Invasion of these trees is a major 
problem for many countries in the Southern Hemi-
sphere including Brazil (de Abreu & Durigan 2011), 
Argentina (Torres et  al. 2018), Chile (Langdon et al 
2010), South Africa (Holmes et  al. 2020), Australia 
(Calviño-Cancela & van Etten 2018) and New Zea-
land (Sapsford et al. 2020; Dickie et al.2022). In addi-
tion, Pinus species are ectomycorrhizal (ECM) and 
often do not associate with native ECM fungi (Poli-
celli et al. 2019). This suggests that legacies created 
via impacts on mutualists may be particularly rel-
evant for Pinus species. Large investments of time 
and money have been made in the removal of inva-
sive pines for native restoration and pastureland rec-
lamation (Peck et al. 2022). In many places, cleared 
areas do not return to the original pre-invasion state. 
For example, areas with a pine-invasion history are 
regularly re-invaded by pine or become dominated 
by other introduced plants (Dickie et al. 2014, 2022; 
Edwards et al. 2020; Sapsford & Dickie 2023). This 
outcome suggests that legacies created by invasive 
species could have long-lasting effects that promote 
re-invasion by the original invader or dominance 
of the community by other non-native plant spe-
cies, although these effects can vary across ecosys-
tems. Legacy effects could be a potential mechanism 
for much of invasive pine spread in New Zealand, 
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particularly given the high rates of re-invasion after 
control efforts (Peltzer 2018; Dickie et al 2022).

Here, we studied the impacts on variation in plant 
community soil legacies on the growth and mycor-
rhizal community of the invasive tree species Pinus 
contorta. We focus on P. contorta as it is one of the 
more problematic Pinus species (Langdon et al 2010; 
McAlpine & Howell 2024). The plant communities 
used to create different legacies varied in the presence 
of Pinus and other ectomycorrhizal (ECM) associated 
plants, and the proportion of nitrogen-fixing plants, 
non-native plants, and grasses. These plant commu-
nities were also associated with abiotic soil legacies 
that will created biological legacies such as changes 
in the fungal community. The growth response of the 
Pinus contorta seedlings was used as an indicator of 
potential invasion strength.

We hypothesized that:

1.	 Soil legacies of plant communities containing 
Pinus or other ECM plants (Alnus glutinosa and 
Leptospermum scoparium) or communities dom-
inated by non-native plants, nitrogen-fixers, or 
grasses, yield larger P. contorta seedlings.

2.	 Plant community soil legacy effects are mediated 
by both abiotic (e.g., nutrients) and biological 
changes (e.g. soil-borne mutualists and potential 
pathogens) changes to the soil.

Materials and methods

Soil legacy establishment

We used soils from a large-scale mesocosm experi-
ment (Allen et al. 2021; Waller et al. 2020) comprised 
of 20 different plant communities, created from a 
mixture of native and non-native plant species (Sup-
plementary Table S1) that commonly occur in areas 
invaded by P. contorta in New Zealand. This experi-
ment provided soils conditioned by known plant com-
munities in two phases (see Fig. 1 for an experimen-
tal design schematic focusing, and Supplementary 
Figure S1 for photographs of the experiment). Full 
methods describing the mesocosm experiment can be 
found in Allen et al. (2021) and Waller et al. (2020), 
with the relevant details briefly described below.

For Phase 1, soils were created from a single-spe-
cies plant-soil feedback experiment in a glasshouse. 

These soils were conditioned by growing 39 plant 
species (19 native and 20 non-native, including P. 
contorta and P. radiata) in a common, field-col-
lected soil in individual pots. After growing for 
9–10 months, above ground plant material was dis-
carded, roots were coarsely cut and reincorporated 
into the soil and these soils were used in Phase 2.

For Phase 2,20 different plant communities, 
each consisting of eight species, were planted into 
160 mesocosms containing different combinations 
of eight Phase 1 soils. The soils used for Phase 2 
consisted of “home soils” (where the Phase 1 soils 
mixed together were the same as the plant spe-
cies planted in the Phase 2 community) and “away 
soils” (where the Phase 1 soils mixed together 
were different to the plant community used for 
Phase 2). The composition of Phase 2 plant com-
munities was designed to range from 0–100% non-
native species in five levels (0%, 25%, 50%, 75%, 
and 100%), (Waller et al. 2020). Pine species were 
present in seven of the 20 communities. Although 
not explicitly part of the experimental design, 
nitrogen-fixing plants comprised 0–50% of each 
plant community; one community at 50%, three at 
37.5%, three at 25%, eight at 12.5%, and five with 
no nitrogen-fixers. Depending on which soil com-
munity plants were grown in, this plant community 
legacy establishment period could range from a 
minimum of nine months if only in the first growth 
phase (i.e., home soils followed by away soils), or 
up to 23 months, if the community was the same for 
both phases (i.e., both home soils). This two-phase 
approach allowed us to test whether legacies left 
by different non-native plant species influenced the 
growth of subsequent plant species, and whether a 
previous legacy (Phase 1) could remain influential 
even after additional plants were grown in the soil 
(Phase 2). Each plant community was replicated 
eight times with a 2 × 2x2 factorial combination of 
the soil treatment (home/away, home meaning the 
same community was re-planted into a home soil), 
and the presence/absence of invertebrate herbivores, 
and Scotch broom (Cytisus scoparius) seedlings. 
Both herbivore treatment and broom seedling inva-
sion did not impact in soil legacies in our experi-
ment, so we excluded these variables from our anal-
yses for the sake of simplicity.

Soil samples for nutrient analysis were taken from 
each of the mesocosm pots at harvest and measured 
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by Hill Laboratories, Christchurch, New Zealand, 
using a Dumas type combustion with an Elementar 
Vario-Max CN Elemental Analyzer (Waller et  al. 

2020). Specific nutrients measured included avail-
able nitrogen, anaerobically mineralizable nitrogen, 
total nitrogen, organic matter, total carbon, carbon to 

Fig. 1   Schematic of the experimental design showing the pro-
cess to obtain data from one soil legacy establishment pot. The 
legacy establishment experiment is presented in the orange 
box; showing the soil conditioning for one mesocosm com-

munity. Plant community legacy factors that were manipulated 
in each phase are indicated in the grey box. For photos of the 
legacy establishment experiment see Supplementary Figure S1
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nitrogen ratio, and anaerobically mineralizable nitro-
gen to total nitrogen ratio (Waller et al. 2020).

Concurrent with soil sampling for nutrient analy-
sis, we harvested soils for our experiment. (apx 5 L 
per mesocosm pot) from the 160 mesocosms asepti-
cally using sterilised trowels. Soils were stored at 4˚C 
for less than a month and samples were selected in a 
random order for processing.

Legacy testing experiment

To test the impact of these soil legacies on P. contorta 
growth and their root-associated fungal communi-
ties,160 pots (0.5 L) were sterilised with 10% bleach 
before each was filled with soil sampled from each 
pf the 160 mesocosm communities. Pinus contorta 
seeds were surface sterilised to remove any microbial 
contaminants and were then germinated in a ster-
ile perlite and vermiculite mixture (1:1). We planted 
two seedlings per pot to mitigate transplant mortality, 
and we randomly thinned each pot to a single seed-
ling after 1  month. Pot placement in the glasshouse 
was fully randomised. Pots were watered every other 
day and kept at 25–30 ℃. Plants were harvested after 
six months. Above ground biomass was dried at 65 
℃ until reaching a constant mass and weighed; the 
below-ground (roots) were dried in the same man-
ner after mycorrhizal scoring and sampling for DNA. 
Total biomass was used for the analyses.

Before root drying, percent mycorrhizal infection 
of each entire P. contorta root system was measured 
using the grid‐line intercept method (Giovannetti & 
Mosse 1980); scoring all roots that intersected the 
grid as either mycorrhizal or not.

After scoring all the roots, a single pooled root 
sample was taken from each seedling for DNA extrac-
tion to characterise mycorrhizal biodiversity. This 
sample included three separate 2 cm sections of fine 
root with at least 10 individual root tips of 1–3 cm 
length and 10 additional randomly selected root tip 
fragments of < 1 cm to ensure sampling of a variety 
of mycorrhizal morphotypes across various parts of 
the root system. These were stored at −80  °C until 
DNA extraction.

We extracted DNA from P. contorta root sam-
ples using the Extract-N-Amp™ Plant PCR Kit by 
Sigma-Aldrich. PCR amplification of the Internal 
Transcribed Spacer (ITS) region was performed using 
primers ITS1 F (Gardes & Bruns 1993) and ITS4 

(White et  al. 1990) modified with unique molecular 
identification (MID) tags and adapters to allow for 
multiplex sequencing downstream. PCR was per-
formed as follows: denaturation of 5  min at 94 °C, 
followed by 35 cycles of 30 s at 94 °C, 30 s at 57 °C 
and 30 s at 72 °C, with a final step at 72 °C for 7 min 
(and held at 4  °C). All PCRs were completed with 
positive and negative controls. To confirm amplifica-
tion, we performed agarose gel electrophoresis with 
the PCR product, using a 1% agarose gel stained with 
RedSafeTM (iNtRON). No PCR products were seen 
in negative controls and samples that showed poor 
amplification were rerun. After gel electrophoresis 
verification, products were cleaned using the QIAquik 
PCR Purification Kit by QIAGEN, then pooled and 
sent for Illumina MiSeq, 2 × 250 bp sequencing at the 
Otago Genomics Facility at the University of Otago.

Reads were merged using USEARCH v11.0.667 
(Edgar 2010). We removed sequences shorter than 
200 bp and those with more than one expected 
error using VSEARCH 2.10.4 (Rognes et  al. 2016). 
Sequences were clustered to a 95% similarity thresh-
old. OTUs were identified using BLAST v2.5.0 
+ (Altschul et al. 1997) and the UNITE public data-
base (Nilsson et  al. 2019). We removed OTUs that 
were not within the kingdom Fungi and all OTUs that 
had a < 200 bp match to any known species. Extrac-
tion buffer blanks, as well as positive and negative 
controls were sequenced and OTUs that were found 
within these controls (0.38% of OTUs) were also 
removed from further analysis.

Statistical analysis

Fungal community sequences were examined via 
ordination with the function pcoa in the package"ape 
(v5.5)"(Paradis & Schliep 2019). Principal Coor-
dinate Analysis (PCoA) was chosen for analysing 
the complex, non-linear data with differences in 
the predictor format (two with presence/absence, 
three using proportions) and with the fungal DNA 
sequences (Legendre & Legendre 2012). To deter-
mine the functional groups of the fungal OTUs, we 
used the FUNGuild database (Nguyen et al. 2016) to 
match BLAST-identified OTUs to guilds. We then 
focused on potential pathogens and mutualists (con-
centrating on ectomycorrhizal fungi as these are obli-
gate mutualists for Pinus), analysing each separately 
from total community. We also verified FUNGuild’s 
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findings against the FungalTraits database (Põlme 
et al. 2020) erring on the side of inclusion, for exam-
ple if either database classified an OTU as a patho-
gen it was included in our pathogen analysis. We fur-
ther checked our final decisions on ectomycorrhizal 
(ECM) categorization based on species present in the 
published catalogue of known ECM species (Teder-
soo et al. 2010, 2014; Tedersoo & Smith 2013).

To quantify how the soil legacy effects on P. con-
torta seedling total biomass varied with plant com-
munity characteristics, we used linear mixed-effect 
models with the lmer function of the R package 
“lme4 (v1.121)” (Bates et al. 2014), accounting for 
the plant community identity (i.e. the 20 different 
plant communities) as a random effect within the 
model. Plant community characteristics included in 
the models as fixed effects were: presence of Pinus 
(in either Phase 1 or in Phase 2), % N-fixer, % non-
native, and % grass. Soil nutrients were included 
as continuous fixed effects. Due to correlations 
among soil nutrient data, we conducted a principal 

component analysis (PCA) using base R function 
prcomp and used the first two axes as predictors 
in the mixed-effect models. Combined, these axes 
explained 85% of observed variance (with axis one 
explaining 51.2%, and axis two explaining 33.9%) 
(Fig.  2; see further discussion in results section). 
Each effect was modelled independently as a single 
predictor of P. contorta biomass as well as being 
a predictor in a multiple-predictor mixed-effects 
model.

The fungal community of P. contorta seedling 
root tips was analysed using the R package “vegan 
(v2.5.7)” (Oksanen et  al. 2013). To test the effects 
of different plant community legacy factors (pine 
legacy, mesocosm plant community characteristics, 
and soil nutrients) on fungal community composition 
and seedling biomass, we used a permutational multi-
variate analysis of variance (PERMANOVA) with the 
adonis2 function and marginal sum of squares.

As most predictors were interrelated, we 
used mixed-effects models with stepwise model 

Fig. 2   Box and whisker 
plots showing A the relative 
abundance of ectomycor-
rhizal (ECM) fungal taxa 
and B Shannon diversity of 
the fungal community of 
root tips of Pinus contorta 
seedlings that were grown 
in soils with (teal) and with-
out (coral) a pine legacy. 
Triangle symbols indicate 
the mean. Boxes show the 
upper and lower quartiles 
with the bold line represent-
ing the median, whiskers 
indicate the range of the 
data points
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simplification (Crawley 2007) to find the best model 
between three major categories of predictors: 1.) 
plant community legacy factors from the original 
mesocosm study (Pinus presence, proportion of nitro-
gen fixers, proportion of non-native plants, propor-
tion of grass species, and presence of other non-Pinus 
ECM plants), 2.) soil nutrients from at harvest (PCA 
axes 1 and 2), and 3.) fungal community diversity in 
root tips (including Shannon diversity of the whole 
fungal community and the three major fungal com-
munity types as identified via DNA sequence analy-
sis including PCoA ordination and ECM identifica-
tion/analysis). Following Crawley (2007), third-order 
interactions (or higher) were considered significant 
when p < 0.01, while main effects and second-order 
interactions were considered significant at p < 0.05. 
P-values for mixed effects models were calculated via 
the “lmerTest” package (Kuznetsova et al. 2017).

Results

Ectomycorrhizal infection rates on P. contorta roots 
were not significantly influenced by any legacy pre-
dictors (all p > 0.05), as all P. contorta seedlings 
showed high rates of infection, ranging from 56–98% 
of total root tips (Supplementary Figure S2). How-
ever, a higher proportion of ectomycorrhizal fungal 
DNA sequences (PERMANOVA: p = 0.008 R2 = 
0.03) and 30% fewer fungal OTUs (PERMANOVA: 

p = 0.001 R2 = 0.05) were identified from root tips of 
P. contorta grown in soils with a pine legacy, relative 
to those without a pine legacy (Fig.  3, see Supple-
mentary Table S2 for the 50 most abundant OTUs).

Fungal communities belonged to one of three 
major groupings (Figs.  3 and 4): dominated by Wil-
coxina (> 50% of community was Wilcoxina), domi-
nated by Inocbye (> 50% of community was Inocbye), 
or a diverse community with no single dominant 
taxon. There were no significant differences in the 
abundance or diversity of potential pathogens on P. 
contorta roots grown with or without a pine legacy. 
There did appear to be a weak relationship between 
soil nutrients and Wilcoxina (Supplementary Figure 
S3), though it was not significant in any models.

The PCA of the soil nutrient data indicated that 
axis 1 was associated with soil nutrient concentra-
tions, such as organic matter, total carbon and nitro-
gen, and the C:N ratio (Fig. 5). Axis 2 was indicative 
of nutrient quality, as it was most strongly associated 
with the ratio of available mineralizable nitrogen to 
total nitrogen and other measures of available nitro-
gen (Fig. 5).

Pinus contorta seedling biomass was negatively 
related with fungal Shannon diversity (F1,153 = 5.69, 
P = 0.012) and positively related with the propor-
tion of non-native plants (F1,18 = 5.35, P = 0.033) and 
soil nutrient PCA axis 2 (F1,152 = 5.11, P = 0.025) 
(Table  1, Fig.  6, Supplementary Figure S4). Shan-
non diversity, was 20% lower for seedlings grown 

Fig. 3   Ordination plot 
showing the results of 
a Principal Coordinate 
Analysis (PCoA) of thefun-
gal community data from 
Pinus contorta root tips. 
Points represent individual 
seedling samples and the 
closer they are in ordina-
tion space, the more similar 
their fungal community 
composition. Two major 
groups were dominated 
by Wilcoxina and Inocybe 
respectively, and the third 
group represents diverse 
fungal communities with no 
single dominant taxon
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with a pine legacy (F1,148 = 12.22, P = 0.0006), and 
was also influenced by both a two-way interaction 
between nitrogen-fixers and grasses (F1,148 = 4.55, 
P = 0.0346), and a three-way interaction between 
legacy effects created by pines, grasses, and non-
native species (F1,148 = 17.47, P = 4,975e−5) (Fig. 2, 
Table  1, Fig.  6). Non-native legacies when grass 
proportions were high were associated with a posi-
tive effect (F1,148 = 5.29, P = 0.013) on Shannon 
diversity when pines were absent, but non-native 
plants showed a strong negative effect when pines 

were present (F1,148 = 13.34, P = 0.0004). When the 
proportion of grass was low, the effect of non-native 
legacies showed the opposite patterns between when 
pine legacies were present, and when pine legacies 
were absent. Soil PCA axis 2 was negatively corre-
lated with the proportion of nitrogen-fixing plants 
(Figs. 3 and 6, Supplementary Figure S5). Wilcoxina 
and Inocybe dominated fungal communities were 
not associated with P. contorta seedling biomass but 
were influenced by interactions among plant commu-
nity factors and soil nutrient axis PC1 respectively.

Fig. 4   Heat map of all ectomycorrhizal (ECM) fungal taxa 
from root tip samples from each Pinus contorta seedling, 
ranked from most (top) to least (bottom) abundant taxa in 
the experiment. Individual root samples are shown along the 
x-axis (using hierarchical clustering with complete linkage and 

Euclidean distance) with the identity match to each OTU on 
the y-axis. Darker colours indicate greater relative abundance 
in each sample. This figure was created using the base R func-
tion heatmap 
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Discussion

Our research shows that even a short-term invasion 
can leave a legacy that affects the growth of future 
plants. Specifically, Pinus contorta growth was 
enhanced by soils previously conditioned by plant 
communities containing pines and by soils condi-
tioned by non-native plant communities regardless of 
previous pine presence. This strong feedback could 
facilitate current Pinus invasions and potentially lead 

to an invasional meltdown as non-native plants also 
increased P. contorta growth.

The expectation that established plant legacies 
would alter the potential symbiotic interactions of 
invading pine seedlings was partially supported in 
that specific community factors such as Pinus legacy 
and proportions of grass, non-native plants and nitro-
gen-fixers impacted fungal Shannon diversity. The 
three-way interaction (pine: non-native: grass) found 
in the model, indicated that pine presence along with 

Fig. 5   Results of the prin-
cipal components analysis 
(PCA) for soil nutrient 
samples, each represented 
by an individual data point: 
vectors are associated with 
soil nitrogen (available 
mineralizable nitrogen, 
AMN; available nitrogen, 
AN; total nitrogen, tN; and 
the ratio, AMN:tN), carbon 
(total Carbon, tC; and 
organic matter, OM), and 
the ratio tC:tN. The amount 
of variation explained by 
each axis is presented with 
the axis label

Table 1.   Standardised Coefficients from Pinus contorta seedling mixed-effects models with legacy factors, soil nutrient PCA axes, 
and fungal community measurements as predictors

Significance of p-values are indicated by symbols: *** < 0.001, ** < 0.01 and * < 0.05, ⋄ < 0.1, ○ indicates a non-significant term 
(p ≥0.1), [] filled cells indicate predictors that were not relevant for the respective response variable as either inter-related (diversity 
& fungal dominance) or were based on legacy soil measurements taken before legacy testing thus were only used to predict plant 
response and not root-associated fungal responses. Predictors with no significant p-values and not involved in higher interactions 
were dropped from the model. Only values for coefficients of highest-level interactions are shown here, significance still indicated for 
terms involved in interactions when significant. Terms with no significant values were omitted from the table



2470	 Plant Soil (2025) 514:2461–2474

Vol:. (1234567890)

a greater proportion of non-native and grass legacy 
leads to lowered mycorrhizal diversity (Table 1, Sup-
plementary Figure S5). Pine legacies alone reduced 
the Shannon diversity of root tip fungi, as seen in sin-
gle predictor models, causing a simplification of the 
fungal community. This trend may partially reflect 
the increased dominance of a specific few ectomyc-
orrhizal fungi (like Inocybe and Wilcoxina) on some 
root tips. This finding is also consistent with a strong 
decline in fungal diversity in soils observed in pine 
invasions into grasslands (Sapsford & Dickie 2023) 
as well as a high background abundance of these 
specific taxa within New Zealand pine plantations 
and invasions (Walbert et  al. 2010; Policelli et  al. 
2019; Sapsford & Dickie 2023). This could increase 
the probability of future pine invasions, if the fungal 
community post-removal could remain dominated by 
pine-associated fungi while supressing the diversity 
of other fungi.

Wilcoxina and Inocybe did not appear to positively 
influence P. contorta seedling biomass, despite these 
ECM fungi being commonly associated with pine 
trees (Hayward et  al. 2015; Policelli et  al. 2019). 
Wilcoxina has previously been found to be positively 
associated with invasive pine in New Zealand (Saps-
ford & Dickie 2023; Walbert et  al 2010) and to be 
common in Pseudotsuga menziesii invasions (Wood 
et  al. 2015), while Inocybe has only been reported 
on pines in plantations in New Zealand (Walbert 
et al. 2010). Overall, our results suggest that a loss of 

fungal diversity rather than shifts in specific ectomy-
corrhizal community species, could be the main driv-
ers of P. contorta re-invasion after removal.

In plant-soil feedback studies, negative conspecific 
feedback is common and often attributed to patho-
gens specific to those plant species (Kulmatiski et al. 
2008; Van der Putten et al. 2013). In this experiment 
there was no relationship between OTUs identified as 
potentially pathogenic and final pine seedling biomass 
(Supplementary Table S2). The soil legacy establish-
ment experiment (Waller et al. 2020, 2024) did indi-
cate an increase in potentially pathogenic OTUs on 
non-native plants, although this was not apparent in 
the pine root fungal communities of our experiment.

The effect of pine legacies on subsequent pine 
seedling growth appeared to be mediated primarily by 
biological factors rather than abiotic ones. Although 
seedling biomass increases were associated with the 
soil nutrient PCA axis 2, the proportion of nitrogen-
fixing plants negatively associated with soil nutrient 
axis 2, both interactions were at low levels of signifi-
cance (Table 1, Fig. 6).

The residence time required for plants to create a 
soil legacy is still unknown for most plant species. 
One single biological introduction event has been 
shown to have impacts on plant communities lasting 
decades (Wubs et al. 2019), though long-term legacies 
can have arguably greater impacts (Ke et  al. 2021). 
In this experiment, pine presence affected fungal 
diversity, even if pine legacy was only from Phase 1, 

Fig. 6   Summary figure showing significant effects in the lin-
ear mixed-effects models (Table 1). Red dashed lines indicate 
negative coefficients, and black solid lines indicate positive 

coefficients; arrow thickness is scaled to the R.2 value of each 
single variable linear mixed-effects model. Branched arrows 
indicate interactions, as listed in Table 1
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suggesting that even short-term plant community soil 
conditioning can shape future microbial communi-
ties, and that their legacy can persist through time and 
through multiple different plant communities. This 
is particularly relevant as many pine seedlings did 
not survive until the end of the legacy establishment 
experiment (Waller et  al. 2020). Pine success in the 
Phase 2 communities was not predicted by plant-soil 
feedbacks/soil legacies, as many of these pines failed 
regardless of whether soil was conditioned with pine 
or not in Phase 1 (Waller et  al. 2020). However, in 
our legacy testing, in the absence of competition, pine 
benefited from any pine legacy soil, including those 
soils previously conditioned by pine either in Phase 1 
or Phase 2 (Supplementary Figure S6), with the appar-
ent impact showing no significant differences between 
Phase 2 pine legacy with pines that survived versus a 
legacy with pines that died within Phase 2 (Supple-
mentary Figure S7) regardless of Phase 1.

Plant community legacies depend on a variety 
of factors including the traits of the invasive plant, 
resident community, and on abiotic site conditions. 
We found this legacy is mediated, and sometimes 
obscured by, both abiotic and biological effects. While 
Pinus legacies drive plant successional trajectories to 
exotic grass dominance and Pinus reinvasion in New 
Zealand (Dickie et al. 2014), the experience in South 
Africa suggests legacies modify but do not limit native 
succession following Pinus removal there (Holmes 
et al. 2020; Baard et al. 2024). Conversely, nitrogen-
fixing shrubs follow the opposite pattern, with Ulex 
modifying but not preventing native succession in 
New Zealand (Sullivan et  al. 2007) while Acacia in 
South Africa is considered highly problematic for 
native plant recovery (Holmes et al. 2020; Baard et al. 
2024). Thus, species- and region-specific assessment 
of how soil legacies may affect future invasion poten-
tial should be considered in assessing ecological threat 
and restoration effort (Corbin and D’Antonio 2012; 
Corbin 2025). The presence of plant competitors 
(regardless of provenance) is also pivotal, as biotic 
resistance may reduce the risk of reinvasion. In some 
cases, herbicides or other weed eradication tools may 
actually hinder long-term remediation success follow-
ing invasive plant removal. Awareness of plant com-
munity legacies, particularly biotic factors such as past 
pine history and non-native and grass presence along 
with associated fungal community dynamics, will 
inform restoration efforts in pine invasion sites.
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