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Abstract  Biological invasions pose a significant 
threat to local ecosystems and native species world-
wide. For macrophytes, the interaction of factors such 
as native species biomass loss and propagule pres-
sure of invasive species have important consequences 
for invasion success. How these factors are medi-
ated by below-ground processes is, however, poorly 
understood. Through a field survey and manipulative 
experiment, we simultaneously investigated the influ-
ences of native seagrass (Zostera muelleri) biomass, 
invasive propagule pressure and below-ground bac-
terial communities (evaluated through 16S amplicon 

sequencing) in mediating the establishment of the 
invasive green alga, Caulerpa taxifolia. Results from 
the field survey showed that rhizosphere bacterial 
communities and predicted metabolism were clearly 
distinct between Z. muelleri and C. taxifolia, but bulk 
sediment microbes and sediment characteristics (i.e. 
proportion of fine sediments and organic carbon) did 
not differ. Increasing seagrass or C. taxifolia biomass 
only affected rhizosphere bacterial richness, and this 
was apparent on specific bacterial groups involved 
in sulphur and nitrogen metabolism. Comparatively, 
the experimental manipulation showed that seagrass 
biomass significantly decreased C. taxifolia biomass, 
but this effect depended on invasive propagule levels. 
More specifically, C. taxifolia biomass was lower in 
treatments with higher Z. muelleri biomass although 
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the magnitude of this effect was stronger in  plots 
with high propagule pressure. Overall, increasing C. 
taxifolia propagule pressure may intensify negative 
interspecific competition among invading individuals, 
while higher seagrass biomass also reduces overall 
invasion success. These effects could potentially be 
mediated by root-associated microbial communities 
and directly influence invasion success.

Keywords  Caulerpa taxifolia · Microbial 
community · Plant-soil feedbacks · Seagrass · 
Sediment · Zostera muelleri

Introduction

Biological invasions continue to pose a threat to 
global biodiversity, adversely impacting recipient 
communities and causing both ecological (e.g. Grib-
ben et  al. 2013; Gallardo et  al. 2016; David et  al. 
2017) and economic harm (Ricciardi et  al. 2011). 
Understanding the mechanisms behind invasion suc-
cess is essential for conserving native biodiversity 
and ecosystems. Several theories addressing the suc-
cess of invasive species in their introduced range have 
received empirical support, including niche shifts 
(changes in niche use or tolerance by invaders), trait 
shifts that enhance invader fitness and facilitate range 
expansion and environmental matching by invad-
ers (reviewed in Gribben and Byers 2020). How-
ever, evidence for these theories is equivocal, differ-
ing amongst habitats and taxonomic groups (Jeschke 
et  al. 2012), and possibly because such theories are 
mostly tested in isolation. There is growing evidence 
that invasion success is dependent on a range of inter-
acting biological and environmental factors (Roma-
nuk and Kolasa 2005; Leung and Mandrak 2007; 
Clark and Johnston 2009). Understanding these inter-
actions may lead to better insight into the biological 
and/or environmental processes that promote invasion 
success and conversely provide biotic resistance to 
invasion.

Disturbance to native habitats and propagule pres-
sure have well-documented effects on invasion suc-
cess (Davis et  al. 2000; Lockwood et  al. 2013). For 
macrophytes, intact canopies formed by one or a few 
spatially dominant native foundation species can cre-
ate resistance to invasion by reducing local resource 
availability, increasing competition, and by utilizing 

their adaptation to local environmental conditions for 
more efficient resource use (Andrew and Viejo 1998; 
Scheibling and Gagnon 2006; Emery and Gross 2007; 
Salagado et al. 2022). Thus, a reduction in native spe-
cies biomass or cover can create windows of opportu-
nity driven by periodic fluctuations in resource avail-
ability (nutrients or space) or changes in community 
interactions, ultimately promoting a more favour-
able habitat for the establishment of invasive species 
(Davis et al. 2000; Lockwood et al. 2013). However, 
even at high canopy cover, resistance to invasion can 
be overwhelmed by high propagule pressure from the 
invader (Holle and Simberloff 2005; Hollebone and 
Hay 2007). Invasion success may also be facilitated 
at high levels of both disturbance (e.g. reduction of 
native species) and invader propagule supply (Clark 
and Johnston 2009). This suggests that interactions 
between disturbance and propagule pressure have 
important implications for invader success. To date, 
experimental manipulations of native foundation spe-
cies (sensu Dayton 1972) typically focus on scenarios 
of high levels of disturbance, comparing the out-
comes of complete loss or absence of native species 
with those of fully intact habitats (e.g. Prevéy et  al. 
2010; Guido and Pillar 2015). However, few studies 
have investigated how invasion success is determined 
across gradients of foundation species’ biomass or 
cover loss, and how this may interact with propagule 
pressure.

Competition for above-ground resources such 
as light and space have been considered key driv-
ers of plant invasion success both in terrestrial (e.g. 
Iponga et  al. 2008; Gioria and Osborne 2014) and 
marine systems (Valentine and Johnson 2003; Val-
entine and Johnson 2004; Glasby 2013; but see Bul-
leri et  al. 2018). Mounting evidence from terres-
trial ecosystems demonstrates soil processes under 
microbial control can also determine the outcome 
of interactions between native and invasive plants 
(Callaway et  al. 2004; van der Putten et  al. 2007; 
Cipollini et al. 2012) in ways that benefit either the 
native or invasive competitor. For example, plant 
detritus or root exudates can promote the develop-
ment of a soil microbial community that promotes 
nutrient cycling and chemical processes to sup-
port their own growth at expense of the competi-
tor (Kourtev et  al. 2003; Wolfe and Klironomos 
2005; Elgersma et  al. 2012). Disturbance to native 
plant soils can lead to changes in their microbial 
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community and shifts in soil nutrient cycling and 
chemical processes that benefit the establishment 
of the invader (Klironomos 2002; Fukano et  al. 
2013). While the role of below-ground processes 
in influencing invasive macrophyte success in soft-
sediment marine ecosystems has received much less 
attention, evidence suggests that they may be as 
important as above-ground processes (Gribben et al. 
2017, 2018; Bulleri et al. 2018, 2020).

Laboratory experiments show that active microbial 
communities in sediments from native seagrass Zos-
tera muelleri and the invasive green alga Caulerpa 
taxifolia inhibited and promoted fragment success of 
the invader, respectively (Gribben et al. 2017). Field 
experiments have shown that the establishment of 
invasive Caulerpa spp. is higher with the complete 
removal of seagrass (both above and below-ground 
biomass) compared with the removal of only the 
canopy. This indicates that both sediment character-
istics (e.g. organic matter content, Bulleri et al. 2018) 
and sediment biogeochemical processes, regulated 
by microbial communities, in native seagrass beds, 
play a crucial role in mediating invasion success 
(Gribben et  al. 2018; Bulleri et  al. 2020). Addition-
ally, the effects of seagrass disturbance can inter-
act with fragment morphological and physiological 
characteristics to determine establishment success 
(Bulleri et  al. 2020), although how native seagrass 
biomass interacts with the supply of C. taxifolia 
propagules is unknown. The sediment chemistry and 
bacteria associated with Caulerpa spp. are indicative 
of more anaerobic environments compared to sea-
grasses (Holmer et  al. 2009; McKinnon et  al. 2009; 
Gribben et al. 2017). Rhizoid exudates from C. taxi-
folia can stimulate bacterial fermentative processes 
in belowground bacterial communities that in turn 
change sediment chemistry to favour sulphate reduc-
ing microbes (Chisholm and Moulin 2003) and other 
heterotrophic bacterial groups involved in nutrient 
uptake (Rizzo et al., 2017). Moreover, there is a sig-
nificant negative correlation between C. taxifolia bio-
mass and sediment boundary-layer dissolved oxygen, 
sediment redox and the abundance of infaunal organ-
isms (Gribben et  al. 2013). This suggests that the 
biomass of native and/or invasive macrophytes may 
have important implications for associated sediment 
microbial communities, sediment functioning and the 
outcome of interactions between native and invasive 
macrophytes along biomass gradients.

In harbours and estuaries around Sydney and New 
South Wales (Australia) more generally, disturbances 
from boat propellors and anchors, and chains from 
swing moorings create spatial heterogeneity in bio-
mass in seagrass beds (Short and Wyllie-Echeverria 
1996; Glasby and West 2018). In this study, we first 
conducted field surveys to determine the relation-
ships between Z. muelleri and C. taxifolia biomass, 
sediment characteristics and bacterial communities 
in rhizospheres and bulk sediments. We predicted 
that the co-occurring native Z. muelleri and invasive 
C. taxifolia would differ in their associated bacte-
rial communities and predicted functional capacity, 
with C. taxifolia supporting specific microbial taxa 
and corresponding metabolic capacities (e.g. sul-
phate reducers and obligate anaerobes) compared to 
seagrasses. Similar studies have used spatial varia-
tion as a proxy of disturbances in seagrass meadows 
(Bulleri et al. 2020) but also in other coastal systems 
(e.g. Douglas et al. 2018; Gladstone-Gallagher et al. 
2019; Kraan et  al. 2020). Secondly, the influence of 
each macrophyte on predicted microbial communi-
ties would be stronger in the rhizosphere than the 
bulk sediments, but overall, both the abundance taxa 
and functional profiles would be determined by the 
biomass of each macrophyte. Leveraging the spatial 
variation in the biomass of Z. muelleri across a sea-
grass meadow, we also conducted a field experiment 
testing the effects of seagrass biomass and C. taxifo-
lia fragment propagule pressure on C. taxifolia suc-
cess. Here, we predicted that invasion success would 
increase as seagrass biomass decreased and would be 
dependent on propagule pressure.

Materials and methods

Study site and species

This study was performed at Careel Bay, Pittwa-
ter in New South Wales, Australia (33.61372222, 
151.32461111), a sheltered estuarine system located 
approximately 25 km north of central Sydney (Suppl. 
Figure 1). Pittwater estuary has an average depth of 
less than 5 m and a mean tidal range of 1.8 m mak-
ing it suitable for snorkel-based manipulation. Pitt-
water receives little freshwater input due to its loca-
tion near the estuary mouth, resulting in a salinity 
range of 30–35 ppt (Bell et al. 1988). C. taxifolia was 
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first described in the bay in December 2000 (Creese 
et  al. 2004), with evidence of its high invasive suc-
cess through asexual propagation via fragmentation, 
driven by both natural and human-derived factors 
(West et al. 2007, 2009). At the time of this study,the 
benthic community was characterised by areas of 
uninvaded Z. muelleri, uncolonized patches of sand 
and zones of intermingling Z. muelleri and C. taxi-
folia. The availability of uninvaded seagrass and the 
natural spatial variability in Z. muelleri biomass/cover 
(used as a proxy for disturbance) make Careel Bay an 
ideal model system for exploring in-situ mechanisms 
behind the establishment of C. taxifolia.

Field survey

Previous studies, including those at our study site 
(e.g., Bulleri et al. 2020), indicate that below-ground 
processes are stronger mediators of interactions 
between Caulerpa spp. and native seagrasses than 
above-ground processes (Gribben et  al. 2018). To 
determine the influence of Z. muelleri and C. taxifo-
lia on the below-ground sediment characteristics and 
bacterial communities, two distinct sediment frac-
tions were analysed in seagrass beds (i.e., bulk sedi-
ments and rhizosphere). Sampling of both sediment 
fractions was done in Careel Bay on 4th September 
2017 (Suppl. Figure  1). Samples were collected in 
a gradient design determined by percent covers of 
Z. muelleri and C. taxifolia. Seagrass cover in plots 
ranged from 0 to 90%, and C. taxifolia cover in plots 
ranged from 0 to 80%. To compare the potential inter-
active effects of Z. muelleri and C. taxifolia on sedi-
ment characteristics and bacterial communities, we 
sampled plots that had 0–90% cover of seagrass with-
out C. taxifolia present (n = 13 plots). We then sam-
pled across the same seagrass cover range but within 
plots with differing covers of C. taxifolia beneath the 
canopy (n = 15 plots). Using this design, we investi-
gated potential changes in sediment characteristics 
and below-ground bacterial communities in seagrass 
at differing biomass of C. taxifolia and across a bio-
mass gradient of Z. muelleri.

In each plot, 50 ml of bulk sediment was collected 
at a depth of 5  cm, as C. taxifolia rhizoids and Z. 
muelleri roots can penetrate sediments to this depth 
(Gribben et  al. 2017, 2018). Sediment samples used 
for grain size and organic content and were placed on 

ice immediately after collection. Additionally, 2 ml of 
the surficial sediment was collected for DNA extrac-
tion and placed in a dry-shipper with liquid nitrogen 
in  situ. Grain size analyses were performed on wet 
sediments using a Malvern laser particle size analyser 
(Mastersizer 2000, USA) and the percentage of silt 
content (% < 63 µm) was determined using the func-
tion granstat in the G2Sd R package (Fournier et al. 
2014). Organic content was measured by the loss on 
ignition (LOI) method, following a modified proto-
col used in previous studies (Gonzalez et  al. 2021; 
Walker et  al. 2024). Briefly, samples were initially 
dried at 105 °C for 12 h to remove moisture and then 
organic matter burned in the muffle furnace at 500 °C 
for 12 h (Wang et al. 2011). The percentages of LOI 
were then multiplied by 10 (1% = 10 mg/g) followed 
by the calculation of % organic carbon = 0.43 * % 
LOI—0.33 by Fourqurean et  al. (2012) to estimate 
the total organic carbon (TOC) in mg*g−1 (Hyland 
et al. 2005).

Rhizosphere samples from C. taxifolia and Z. 
muelleri individuals within each plot were collected 
by carefully pulling the plants from the sediment 
and gently shaking them in water in situ to remove 
loosely attached sediment. The rhizomes/roots 
were then placed into sterile cryogenic tubes  and 
subsequently stored in  situ in a dry-shipper filled 
with liquid nitrogen. All vegetation was then col-
lected from each plot with rhizospheres kept intact. 
Seagrass was separated from C. taxifolia and then 
washed carefully to remove all sediments. Roots 
and shoots were separated for dry weight analysis. 
Samples were weighed before and after drying in a 
drying oven at 50 °C for 24 h for an estimate of dry 
weight biomass of each compartment.

Molecular analysis and bioinformatics

Total DNA was directly extracted from 0.25  g of 
sediment (bulk sediment samples) or obtained from 
sediment attached to macrophyte roots/rhizomes 
(Rhizosphere). Rhizomes were vortexed to obtain as 
much sediment as possible for DNA extraction. For 
both sediment fractions, total DNA was extracted by 
using the PowerSoil DNA extraction kit (QIAGEN, 
Carlsbad, CA, USA) according to the manufacturer’s 
protocol. DNA concentrations were quantified using 
a NanoDrop ND-2000 (NanoDrop Technologies, 
Wilmington, DE, USA). Sequencing was done on a 
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MiSeq Sequencing Platform (Illumina) following the 
manufacturer’s guidelines. Briefly, amplicons target-
ing the V1-V3 hypervariable region of the bacterial 
16S rRNA gene (27F, AGA​GTT​TGATCMTGG​CTC​
AG, and 519R, GWA​TTA​CCG​CGG​CKGCTG; Lane 
1991) were obtained (PCR, with conditions set to 
a pre-heating step of 95  °C for 3  min, 35 cycles at 
95 °C for 15 s, 55 °C for 1 min and 73 °C for 30 s) 
and consequently sequenced by Ramaciotti Centre for 
Genomics (UNSW, Australia).

The quality of demultiplexed paired-end raw 
sequences was visually assessed through qual-
ity profiles (package dada2, Callahan et  al. 2016) 
and filtering and trimming parameters set based 
on median Q score > 20 and maximum expected 
errors (maxEE = 2) across samples. Trimmed paired 
sequences were merged and an additional quality step 
was performed to remove dimer sequences. Unique 
sequences were dereplicated, denoised (-unoise3 
command, UNOISE algorithm) and potential chi-
meric sequences removed (-uchime2_ref command 
with chimera detection based on user-defined data-
base including both GTDB bac120 and GTDB arq53 
releases; Parks et al. 2021). A zero-radius Operational 
Taxonomic Units (zOTUs) table was constructed, and 
taxonomic classification determined. Taxonomic clas-
sification was initially done with SILVA v.138.1 to 
identify chloroplast and mitochondrial sequences. A 
second taxonomic classification was also performed 
with GTDB v214.1 to obtain higher taxonomic res-
olution. All steps of the bioinformatic pipeline after 
sequence filtering and trimming were conducted with 
the software package USEARCH (v.11.0.667, Edgar 
and Flyvbjerg 2015). All raw paired-end sequences 
and associated metadata used in this study, are pub-
licly available at the NCBI SRA repository under the 
BioProject ID PRJNA1128002.

Sequences assigned to chloroplast, mitochondrial 
plasmid DNA and non-bacterial taxa (i.e., Eukaryota, 
Archaea or unidentified Kingdom) were removed 
from the final zOTU table. Contaminating sequences 
were also removed based on control samples (i.e. 
prevalence method, R package decontam, Davis et al. 
2018). At this stage, the zOTU table was divided into 
two sub-datasets that corresponded to sampled com-
partments: (1) bulk sediments and (2) macrophyte 
rhizospheres. For each dataset, singleton, and low 
abundance sequences (< 0.001% relative abundance 
across all samples) were also filtered. To address 

inherent heterogeneity of library sizes and sparsity of 
the data, a scaling normalization using a median of 
ratios method was used independently in both data-
sets (package DESEQ2, Love et al. 2014).

Predicted functional profiles were also obtained 
for the rhizosphere dataset to determine potential dif-
ferences in the bacterial metabolic capacity between 
Z. muelleri and C. taxifolia rhizospheres, consider-
ing varying levels of biomass for both macrophytes. 
A whole-genome reconstruction was done using the 
available 16S rRNA gene amplicons, using the soft-
ware PICRUSt2 v.2.4.0 (ran through Python v.3.9; 
Douglas et  al. 2020). All zOTU unique sequences 
were aligned to a reference phylogenetic tree 
(HMMER, Wheeler and Eddy 2013; EPA-NG, Bar-
bera et  al. 2019; and GAPPA, Czech et  al. 2020) to 
predict the best reconstructed genome and determine 
the overall number of copies for each gene fam-
ily of each zOTU (Louca and Doebeli 2018). The 
enzyme commission numbering system (EC number, 
IUBMB) was used to predict gene families that were 
consequently grouped to inferred metabolic path-
ways (MetaCyc pathways, MinPath, Ye and Doak 
2009). Predicted gene copies for each gene family 
were normalized to account for varying abundance 
between zOTU across all samples. Nearest-sequenced 
taxon indices (NSTI) were calculated for each zOTU 
to evaluate the quality of the reconstructed genome 
(NSTI < 2: good quality of predictions according to 
Langille et al. (2013).

Statistical analysis

Linear relationships between sediment characteris-
tics (i.e., organic carbon and proportion of fine sedi-
ments) and macrophyte cover and biomass across 
experimental plots were evaluated through a Pearson 
correlation matrix (sig. p < 0.05, R package corrplot, 
Wei et  al. 2013). Alpha diversity indices (Richness, 
Shannon–Wiener diversity and Pielou Evenness 
index) were calculated for both sediment and rhizos-
phere datasets to determine the influence of sediment 
characteristics and macrophyte biomass gradients on 
these metrics (R package phyloseq, McMurdie and 
Holmes 2013). A Pearson linear regression matrix 
was constructed to compare alpha diversity metrics 
with sediment characteristics and macrophyte cover 
and biomass. In contrast, for rhizosphere data, general 
linear models for each alpha diversity metric were 
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constructed with ‘rhizosphere type’ as a fixed factor 
(2 levels: C. taxifolia and Z. muelleri rhizosphere), 
seagrass and C. taxifolia biomass as covariates and 
including all interaction terms. Model inferences 
were evaluated through an ANCOVA (type III, R 
package car, Fox and Weisberg 2018) and the model 
was validated for linearity, normality, and homoge-
neity of variance (R package performance, Lüdecke 
et al. 2021).

A multivariate analysis was conducted for bulk 
sediments and rhizosphere datasets to determine the 
influence of Z. muelleri and C. taxifolia biomass on 
bacterial community structure and composition. A 
Permutational Multivariate Analysis of Variance 
was done for each dataset (PERMANOVA, PER-
MANOVA + v.1.0.5 and Primer-e v.6.1.15; Clarke 
and Gorley 2006; Anderson et  al. 2008), based on 
a squared-root transformed Bray–Curtis similarity 
matrix (i.e., zOTU relative abundance) and a Jaccard 
resemblance matrix (i.e., zOTU presence/absence). 
For bulk sediments, Z. muelleri and C. taxifolia bio-
mass and their interaction, were included as the 
only covariates. In comparison, for the rhizosphere 
dataset, two separate analyses were conducted to (1) 
determine differences in bacterial community struc-
ture and composition between rhizospheres from Z. 
muelleri and C. taxifolia (fixed factor: ‘rhizosphere 
type’ with two levels, PERMANOVA as above) and 
(2) including Z. muelleri and C. taxifolia biomass 
as covariates potentially affecting bacterial com-
munity structure and composition in the rhizosphere 
(dbRDA, see description below). For the former 
analysis, experimental plot was added as a random 
factor to account for plots with the presence of both 
macrophytes. A Permutational Analysis of Disper-
sion (PERMDISP, PERMANOVA + v.1.0.5) was also 
included in this analysis to determine differences in 
structural and compositional dispersion from the cen-
troids between ‘rhizosphere type’. To visualize the 
multivariate results, a principal coordinate analysis 
was conducted and, when evaluating the effects of 
covariates (i.e., macrophyte biomass), a distance-
based redundancy analysis and a permutation test to 
determine significant marginal effects of covariates 
were conducted (dbRDA, R package vegan, Oksanen 
et  al. 2019). Ellipses representing the standard error 
of the weighted average distance from the centroid 
were also included for the factor, ‘rhizosphere type’, 
in these ordinations.

To further explore the differences between rhizo-
sphere types and the influence of Z. muelleri and C. 
taxifolia biomass, a differential abundance analysis 
was conducted to identify specific bacterial zOTUs. 
Briefly, this analysis consisted of fitting the zOTU 
abundance data into a generalised linear model under 
a negative binomial distribution that includes the fac-
tors and covariates as above for each dataset (R pack-
age mvabund, Wang et al. 2012). Model inferences for 
each factor and covariates were evaluated through an 
analysis of deviance and, to detect significant changes 
in the abundance of specific zOTUs, univariate tests 
per each zOTU were obtained and corrected for mul-
tiple testing through a stepdown resampling method 
(Wang et al. 2012). A selection of the most abundant 
(> 0.2%) and prevalent zOTUs (present in > 80% of 
all samples) that differed across evaluated factors was 
conducted. General linear models as above were con-
ducted for these selected taxa to determine the effects 
of factors (i.e., rhizosphere type) and covariates (i.e., 
macrophyte biomass) on their total abundance.

A similar multivariate analysis approach as 
described above (i.e., PERMANOVA, PERMDISP 
and dbRDA) was performed to determine differences 
in predicted functional profiles between ‘rhizosphere 
type’ and biomass of Z. muelleri and C. taxifolia. This 
analysis used a similar approach for constrained ordi-
nations including a dbRDA, covariate fitting (envfit) 
and smooth response surfaces (ordisurf). Addition-
ally, filtering of pathways under the MetaCyc classes 
anaerobic respiration, nitrogen and of sulphur com-
pound metabolisms, and polysaccharide degradation, 
was conducted and analysed further. This included 
univariate linear models including ‘rhizosphere type’ 
as main factor, macrophyte biomass as covariates and 
all interactions therein. All statistical analysis were 
conducted in R v.4.3.1 and visualizations created in 
ggplot v3.4.2 (Wickham et al. 2016).

Manipulative field experiment

To determine the effects of Z. muelleri biomass and 
C. taxifolia propagule pressure on the establishment 
and growth of C. taxifolia fragments, a manipulative 
experiment was conducted in a 20 × 20 m uninvaded 
section of the seagrass bed (although C. taxifolia 
does occur in other sections of the bed) over a 5-week 
period from 28th March to 1st May 2018. The experi-
ment duration was based on similar studies showing 
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that 5  weeks is sufficient to determine treatment 
effects (Uyà et al. 2018; Gribben et al. 2018; Bulleri 
et al. 2020). Sixty-two plots (0.5 × 0.5 m) were set up 
across the full range of naturally occurring seagrass 
cover (ranging from 0 to 92% cover) and each plot 
was thoroughly examined to ensure complete absence 
of C. taxifolia prior to the experiment. All plots 
were positioned at least 3 m away from large unveg-
etated areas to avoid edge effects (Murcia 1995; Stat-
ton et  al. 2015). Similarly, neighbouring plots were 
positioned at least 2 m apart to ensure no interaction 
between treatments. Plots of differing cover were spa-
tially intermingled to minimise any other confound-
ing gradients in environmental conditions that may 
have influenced the results.

To create the propagule pressure treatments, 
C. taxifolia fragments were sourced from invaded 
areas of the seabed within Careel Bay (~ 100  m 
from the experimental area) and cut to 10  cm 
long fragments, each with three approximately 
equal sized fronds and four rhizoid clusters (Bul-
leri et  al. 2020). On the same day, fragments 
were transplanted into the centre of the plots and 
secured with two U-shaped metal pins per frag-
ment (Ceccherelli et  al. 2000; Piazzi et  al. 2005; 
Gribben et  al. 2018). Half of the plots received 
eight (high propagule pressure) fragments, and the 
remainder received four fragments (low propagule 
pressure; after Uyà et al. 2018; Bulleri et al. 2020). 
Propagule pressure treatments were established so 
that both treatments covered the spectrum of sea-
grass cover at the site. In addition, this experi-
mental setup minimized artefacts of stress from 
transplantation and manipulation while ensuring 
the survival and growth of fragments through-
out the experiment (e.g. as utilised in Wright and 
Davis 2006; Bulleri et al. 2020). After five weeks, 
all C. taxifolia fragments in each plot were col-
lected, placed in labelled plastic bags and stored 
(at -20  °C) before analysis. All pins were still in 
place at the end of the experiment although some 
fragments were no longer present. Following the 
removal of C. taxifolia fragments, we removed Z. 
muelleri from a 25 × 25 cm core placed at the cen-
tre of each plot.

In the laboratory, the seagrass samples were 
divided into above- (shoots and blades) and below-
ground (roots) biomass, allowing the characterisation 

of the relative contributions of each to overall sea-
grass biomass. Subsamples were dried (for 48  h 
at 60  °C) and weighed. C. taxifolia fragments from 
each plot were photographed (Suppl. Figure 2B) and 
examined for changes in morphology in response to 
seagrass biomass and propagule pressures. Fragment 
photographs were analysed with ImageJ1™ (v1.51j8, 
Schneider et al. 2012). For each plot, we determined 
the number of fronds, length of each frond, rhizoid 
number and stolon length. We then determined total 
fragment biomass in each plot by drying (at 60  °C 
for 48 h) and weighing all the C. taxifolia collected 
within each plot. We could not analyse individual 
fragments, or frond and rhizoid measures per frag-
ment as many fragments broke-up once placed in 
bags.

Statistical analysis

Linear models were used to determine the effects 
of total seagrass biomass, together with prop-
agule pressure, on C. taxifolia establishment. Each 
model included only Z. muelleri total biomass as 
a continuous covariate (i.e. total, root and shoot 
biomass), propagule pressure as a fixed factor (two 
levels: high and low) and interactions therein, with 
total C. taxifolia biomass per plot as the response 
variable. Total biomass was selected as the con-
tinuous covariate as initial models did not find 
any difference in the results obtained by analys-
ing solely above (shoots) or on belowground bio-
mass (roots) separately. Additionally, above- and 
below-ground seagrass biomass was correlated 
directly with total biomass, and this latter value 
was considered to be a better standardized and less 
variable measure of seagrass biomass. The same 
approach was used to determine the effect of Z. 
muelleri biomass and propagule pressure on other 
C. taxifolia morphometrics (i.e., frond number, 
frond length, rhizoid number and stolon length). 
All model inferences were evaluated through an 
ANCOVA (type III, R package car, Fox and Weis-
berg 2018) and assumptions were validated (R 
package performance, Lüdecke et  al. 2021). If 
model assumptions were not met, data was trans-
formed. All statistical analyses were performed 
using R version 3.4.3.
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Results

Sediment and microbial profiles across biomass 
gradients of Z. muelleri and C. taxifolia

A distinct seagrass biomass gradient (ranging 0–27 g 
dw) was effectively sampled in the surveyed area and 
was linearly correlated with the observed seagrass 
cover (Supp. Table  1, R = 0.84, p < 0.05). The larg-
est proportion of seagrass biomass occurred below 
ground (i.e., average root and rhizosphere biomass 
5.32 g dw ± 0.88 SE) compared to above ground tis-
sues (i.e., leaves, 1.53 g dw ± 0.26). C. taxifolia bio-
mass in the same plots (biomass range 0–4  g dw/
plot and average 1.21 g dw ± 0.25 SE) was compara-
tively lower than seagrass (biomass range 0–27 g dw/
plot and average 6.86 g dw ± 1.12 SE) and was also 
strongly correlated to their observed cover (Supp. 
Table  1, R = 0.89, p < 0.05). There was no relation-
ship between both macrophyte biomass gradients and 
organic carbon or proportion of fine sediments (Supp. 
Table 1).

A total of 11,267 bacterial zOTUs occurred in 
samples taken from bulk sediments. The predomi-
nant bacterial classes found across all experimen-
tal plots (relative abundance > 5%) included Gam-
maproteobacteria (28%, with 106 genera identified), 
Acidomicrobiia (8%, 9 genera), Bacteroidia (7%, 
72 genera), Alphaproteobacteria (5%, 133 genera), 
Desulfobacteria (5%, 13 genera) and Planctomy-
cetes (5%, 14 genera). Taxonomic assignment of 
approximately 29% of zOTUs sequences could not 
be resolved to class level (i.e., unidentified bacterial 
zOTUs). An overall summary of the most dominant 
bacterial classes across the bulk sediment samples 
is in Suppl. Figure  2. All bacterial alpha diversity 
metrics (diversity and evenness, Suppl. Table  1), 
and community structure (Bray–Curtis) and com-
position (Jaccard index, Suppl. Table 2), estimated 
from bulk sediment samples were unrelated to gra-
dients of seagrass or C. taxifolia biomass except for 
bacterial richness which decreased with increas-
ing seagrass biomass although the relationship was 
weak (Suppl. Table  1, R = − 0.39, p = 0.04). There 
were no significant relationships between bulk sedi-
ment bacterial alpha diversity metrics and other 
sediment properties (i.e., organic carbon or fine sed-
iments proportion, Suppl. Table 1). Seagrass and C. 
taxifolia biomass were unrelated to dissimilarities 

in bulk sediment bacterial community structure or 
composition (Suppl. Table 2, PERMANOVA).

A total of 390 metabolic pathways were 
inferred to construct an adequate prediction of 
the functional profile in bulk sediments (weighted 
NSTI = 0.46 ± 0.01, Langille et  al. 2013). Within 
these, most pathways (> 1% relative abundance 
across samples) were associated with aspects of cel-
lular maintenance including biosynthesis (63.7%) 
and generation of precursor metabolites and energy 
(11.93%), as well as compound degradation, utili-
zation, or assimilation (8.84%). From the latter cat-
egory, the main predicted metabolic pathways with 
high relative abundance across samples (> 0.5%) 
included CO2 fixation (2.05%), purine nucleotide 
degradation (1.12%), sugar degradation (0.93%), 
polysaccharide degradation (0.65%), fatty acid/ 
lipid degradation (0.62%), proteinogenic amino acid 
degradation (0.55%) and sulphur compound metab-
olism (0.60%).

For microbial samples taken directly from sea-
grass and C. taxifolia rhizospheres, a total of 10,124 
bacterial zOTUs were detected which corresponded 
to 66 classes across all samples (Suppl. Figure  3). 
Rhizospheres of C. taxifolia were dominated (rela-
tive abundance > 2%) by the classes Desulfobulbia 
(35% ± 2.04% SE), Desulfobacteria (20% ± 3.37% 
SE), Gammaproteobacteria (10% ± 0.75% SE), 
Bacteroidia (4% ± 0.41% SE), Alphaproteobacteria 
(4% ± 0.43% SE), Desulfuromonadia (2% ± 0.47% 
SE) and Acidimicrobiia (2% ± 0.21% SE). Z. muel-
leri rhizospheres were dominated by the classes 
Gammaproteobacteria (20% ± 1.23% SE), Des-
ulfobacteria (11% ± 0.67% SE), Bacteroidia 
(9% ± 0.47% SE), Alphaproteobacteria (7% ± 0.77% 
SE), Desulfobulbia (6% ± 0.63% SE), Campylobac-
teria (3% ± 0.25% SE), Acidimicrobiia (3% ± 0.29% 
SE) and Clostridia (2% ± 0.25% SE). Taxonomic 
assignment could not resolve the classification to 
a class level of 16% zOTUs in rhizospheres of C. 
taxifolia and 32% zOTUs in rhizospheres of Z. 
muelleri.

Bacterial alpha diversity and evenness was higher 
on seagrass rhizospheres compared to C. taxifolia 
rhizospheres (Fig.  1b,c and Suppl. Table  3; Diver-
sity: increase of 14.5%, F1,24 = 41.48, p < 0.001; 
and Evenness: increase of 13.5%, F1,24 = 30.65, 
p < 0.001). Bacterial richness was also higher in sea-
grass compared to C. taxifolia rhizospheres, although 
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richness of the seagrass rhizosphere decreased at 
higher C. taxifolia biomass (Fig. 1a, Suppl. Table 3, 
rhizosphere type x C. taxifolia biomass interac-
tion; F1,24 = 41.48, p = 0.017). Structural and com-
positional dissimilarities of bacterial communities 
differed between rhizospheres of seagrass and C. 
taxifolia (Fig.  2, Suppl. Table  4A, PERMANOVA, 

Bray–Curtis: pseudo-F1,31 = 11.38, p < 0.001; Jaccard: 
pseudo-F1,31 = 7.96, p < 0.001). Additionally, higher 
structural variability occurred on seagrass compared 
to C. taxifolia rhizospheres (Fig.  2a, PERMDISP, 
Bray–Curtis, F1,31 = 8.01, p = 0.01). When analysing 
the samples taken only from bacterial communities 
on seagrass rhizospheres, structure and composition 

Fig. 1   Bacterial alpha 
diversity indices (a) rich-
ness (number of zOTUs), 
(b) diversity (Shannon–
Wiener index) and (c) even-
ness (Pielou index) on the 
rhizospheres of Caulerpa 
taxifolia (n = 13) and the 
seagrass Zostera muellerii 
(n = 19). For (a), a linear 
regression was separately 
fitted between bacterial 
richness and the biomass 
(g dw) of each macrophyte. 
(b) and (c) describe the 
mean ± SE of each alpha 
diversity index between 
the two rhizosphere types. 
Significant differences in 
(b) and (c) are shown with 
an asterisk (*)
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was unrelated to either C. taxifolia or seagrass bio-
mass (Suppl. Table 4B, marginal effects dbRDA).

Differential abundance analyses showed 1309 
zOTUs were related to rhizosphere type and macro-
phyte biomass, although only 7 zOTU were highly 
abundant (relative abundance > 0.2%) and prevalent 
(frequency > 80%) across all samples (Suppl. Table 6). 
Individual univariate tests on these abundant zOTUs, 

showed that overall, 4 genera differed between the 
macrophyte rhizospheres and changed with macro-
phyte biomass. The genera Desulfobacula (zOTU 70, 
with average abundance of 367.42 ± 117.4 SE reads) 
and Thiodiazotropha (zOTU 1816 with of 616 ± 116 
reads, zOTU7614 and zOTU 319 with 516 ± 90.7 SE) 
had higher abundances in seagrass compared to C. 
taxifolia rhizospheres (< 2.3 reads across all genera, 

Fig. 2   Principal coordinate analysis ordinations showing the 
differences in structure (Bray–Curtis, a,c) and composition 
(Jaccard index, b,d) of bacterial communities (a,b) and associ-
ated predicted functional profiles (c,d) between samples taken 

from Z. muelleri and C. taxifolia rhizospheres. Ellipses repre-
sent the standard error of the points from the centroid of each 
group. Functional profiles were predicted from reconstructed 
genomes (Picrust2)
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Suppl. Table 6). Thiodiazotropha (a sulphide-oxidiz-
ing chemoautotrophic Gammaproteobacteria; Martin 
et  al. 2020a, b) abundance on seagrass rhizospheres 
also appeared to decrease at increasing levels of sea-
grass biomass when C. taxifolia presented biomass 
of 3 g dw (Suppl. Table 6). In comparison, the genus 
Desulfatitalea (zOTU4 and zOTU12) had higher 
abundance in C. taxifolia compared to seagrass rhizo-
spheres (abundance ~ 98% higher), although abun-
dances were dependent on the biomass of both mac-
rophytes (Suppl. Table 6). On seagrass rhizospheres, 
the abundance of Desulfatitalea decreased with 
increasing biomass of C. taxifolia and decreasing bio-
mass of seagrass. On C. taxifolia rhizospheres, the 
abundance of Desulfatitalea decreased with decreas-
ing C. taxifolia biomass and was unrelated to seagrass 
biomass present.

Predictability for genome reconstruction used to 
infer bacterial functional profiles was adequate for 
the rhizosphere dataset (i.e., based on 400 inferred 
pathways, weighted NSTI = 0.03 ± 0.01, Langille 
et  al. 2013). Composition of these predicted func-
tional metabolic profiles differed between rhizos-
phere type (Fig. 2c,d, Suppl. Table 5A, Bray Curtis: 
PERMANOVA, pseudo-F1,31 = 16.32, p < 0.001; 
Jaccard: PERMANOVA, pseudo-F1,3 = 14.28, 
p < 0.001) and with no differences in composi-
tional intragroup variability (Fig.  2c,d, PERMDISP, 
Bray–Curtis: F1,31 = 0.68, p = 0.8043; Jaccard: 
F1,31 = 0.68, p = 0.8043). Predicted functional profiles 
on samples exclusively from Z. muelleri rhizospheres 
were unrelated to seagrass or C. taxifolia biomass 
(Suppl. Table 5B, marginal effects).

Four metabolic pathway categories based on 
MetCyc data were selected from the complete 
profiles to be explore further: (i) anaerobic respi-
ration, (ii) nitrogen compound metabolism, (iii) 
sulphur compound metabolism and (iv) polysac-
charide degradation. Across all these categories, 
only 8 metabolic pathways differed between rhizo-
sphere types (F1,27 > 5.8 and p < 0.05 across all 8 
pathways) and were unrelated to the biomass of 
either macrophyte. Higher abundance of bacterial 
gene copies occurred on seagrass compared to C. 
taxifolia rhizospheres including for starch degra-
dation (i.e. 25.73% higher, F1,27 = 7.39, p = 0.011), 
nitrogen reduction (i.e. denitrification 84.63% 
higher, denitrification: F1,27 = 79.14, p = 0.023; 
and assimilatory 64.96% higher: F1,27 = 16.06, 

p < 0.001), sulphate reduction (28.93% higher, 
F1,27 = 23.81, p < 0.001) and sulphate assimila-
tion (15.96% higher, F1,27 = 6.48, p = − 0.017). 
By contrast, bacterial gene copies were higher in 
C. taxifolia rhizospheres compared to seagrass 
rhizospheres in pathways such as homolactic fer-
mentation (32.25% higher, F1,27 = 5.80, p = 0.023), 
urea cycling (53.28% higher, F1,27 = 79.37, 
p < 0.001) and sulphide oxidation (61.67% higher, 
F1,27 = 31.34, p < 0.001).

Effect of seagrass biomass and propagule pressure 
on C. taxifolia establishment success

The total dry biomass of seagrass and propagule pres-
sure had interactive effects on total C. taxifolia dry 
biomass in plots at the end of the experiment (Fig. 3a, 
F = 6.4, p = 0.015). C. taxifolia dry biomass decreased 
with increasing seagrass biomass at high levels of 
propagule pressure (i.e., 8 fragments/plot). At lower 
levels of propagule pressure (i.e., 4 fragments/plot) 
C. taxifolia biomass also decreased with increas-
ing seagrass biomass, but at a lower magnitude of 
change. Similar results occurred for most C. taxifolia 
morphometric measurements including stolon length 
(Fig. 3b, F = 6.16, p = 0.016) and number of rhizoids 
(Fig. 3d, F = 6.77, p = 0.012). Number of C. taxifolia 
fronds also decreased in plots with higher biomass of 
Z. muelleri but this was independent of the propagule 
pressure treatment (Fig. 3c, F = 14.25, p < 0.001). C. 
taxifolia frond length did not vary with propagule 
pressure or seagrass biomass (see full model results 
in Table 1).

Discussion

Although several theories underpinning invasion 
success have received empirical support, the inter-
action between different mechanisms controlling 
the establishment of invasive species is less well-
explored. Here we show through a field survey, that 
bacterial taxonomic structure and potential metab-
olism differed between the native seagrass (Zostera 
muelleri) and the invasive alga Caulerpa taxifo-
lia. Our results also indicate that invasion success 
appeared mostly unrelated to measured sediment 
characteristics. However, we observed shifts in 
the abundance of some key rhizosphere-associated 
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bacteria (e.g., Thiodiazotropha and Desulfatitalea) 
across biomass gradients of both macrophytes 
suggesting invasion success may be mediated by 
interactions between root-associated microbes that 
intensify with increasing seagrass and C. taxifolia 
biomass. In addition, the manipulative experiment 
showed that native plant biomass and propagule 
pressure have interactive effects on the final bio-
mass of C. taxifolia. As expected, final biomass of 
C. taxifolia decreased with increasing native sea-
grass biomass, however, these negative effects were 
stronger at higher propagule pressure.

The effect of Z. muelleri biomass on C. taxifolia 
invasion success

Increasing Z. muelleri biomass was significantly cor-
related with a reduction in C. taxifolia biomass in the 
experimental manipulation (total biomass, stolon, 
fronds and rhizoids). These results show that, like 
other plant communities (e.g., Davis 2000; Holle and 
Simberloff 2005), an increase in biomass or cover of 
the native seagrass Z. muelleri can enhance resistance 
to biological invasions of non-native macrophytes. 
This highlights the strong resistance of seagrass beds 

Fig. 3   Linear relationships between (a) total C. taxifolia bio-
mass and three morphometric measurements (b): stolon length, 
(c): number of fronds and (d): number of rhizoids); and the 
total of dry Z. muelleri biomass (n = 62). In (c), the black line 

represents pooled data from propagule pressure treatments due 
to the absence of a significant interaction. Significant correla-
tions are indicated by regression lines (p < 0.05)
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Table 1   Summary of ANCOVA evaluating the effect of Z. 
muelleri total biomass (covariate), two propagule pressure 
treatments (fixed factor, low and high) and interactions therein, 

on C. taxifolia biomass and four morphometric measurements 
(stolon length, number of fronds, frond length and number of 
rhizoids)

Significant effects are shown in bold and highlighted in grey
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to the establishment of C. taxifolia regardless of prop-
agule pressure, with C. taxifolia largely restricted to 
establishing in highly disturbed plots. Inter-specific 
competition for light and space (Bernardeau-Esteller 
et al. 2015) and production of phenolics (Firth et al. 
2024) are possible explanations for the effects of sea-
grass biomass on C. taxifolia fragments. Effects of 
competition were observed through the effects on C. 
taxifolia morphological traits (i.e. stolon length, num-
ber of fronds, and number of rhizoids) all of which 
were reduced at higher seagrass biomass, except for 
frond length. Reductions in morphological traits of 
fragments could also present an adaptive response to 
increased competition for light where resource allo-
cation is focused on maintaining frond length rather 
than frond number (Ceccherelli and Cinelli 1998; 
Bulleri et  al. 2020). Since Z. muelleri at the experi-
mental site grows in a relatively shallow subtidal 
habitat with low turbidity and reaches short lengths 
(approx. 10  cm), and we have previously demon-
strated C. taxifolia fragments grow similarly in the 
presence/absence of a Z. muelleri canopy at this 
location (Bulleri et al. 2020), competition for above-
ground resources such as light seems unlikely. It is 
also possible that other environmental factors varied 
across the different plots, including unmeasured local 
sediment characteristics (e.g. nutrients such as N or P, 
redox potential and sulphur concentrations) or long-
term legacy effects of disturbances (Kominoski et al. 
2020) which may act as potential confounding factors 
in this study. However, the macrophyte biomass gradi-
ent in the field was composed of multiple interspersed 
plots that showed very little variability in measured 
sediment characteristics (i.e. average organic carbon 
across plots: 0.12  g TOC/g sediment ± 0.019 SE; 
and % of fine sediments: 3.5 ± 0.32% SE). This sug-
gests that the influence of these unmeasured factors 
is likely limited compared to the evaluated variables.

A second possibility for resource competition 
between macrophytes is for below-ground nutrients. 
However, our field survey showed that C. taxifolia 
biomass was not correlated to sediment characteris-
tics such as total organic carbon and the proportion 
of fine sediments. While unmeasured nutrients such 
as nitrogen or phosphorous could be limited in this 
system, nutrients sourced from microbially-mediated 
processes seem unlikely due to the limited differences 
found in bulk sediment bacterial communities. Bulk 
sediment bacterial communities in the field survey 

were homogenous across all plots and characterised 
by zOTUs that are included within common bacterial 
groups found in marine sediments (e.g., members of 
the families UBA5794 and SZUA-442, Lopez-Sanchez 
et al. 2024; or the genera Tenacibaculum or Kriegella; 
Habib et al. 2014, Bowman 2006) and include likely 
drivers of local nutrient cycling (e.g. genus Thioh-
alomonas in denitrification pathways; Sorokin et  al. 
2007; or Desulfotalea in sulphate reduction, Song 
et  al. 2021). Overall, bulk sediment bacterial com-
munities were not strongly influenced by gradients of 
macrophyte biomass apart from a weak linear trend in 
bacterial richness in plots with higher seagrass bio-
mass. This suggests that the negative effects of sea-
grass biomass on C. taxifolia invasion success seen 
in the propagule experiment are likely not driven by 
belowground microbial communities in bulk sedi-
ments. Instead, root-associated microbial commu-
nities from both macrophytes may play a more sig-
nificant role, either by actively altering sediment 
conditions (e.g. shifts in redox state or sulphide pro-
duction) or by enhancing interspecific interactions.

Results from the field study reinforce evidence 
from other studies that both C. taxifolia and Z. muel-
leri actively influence microbial communities to cre-
ate unique below-ground environments that largely 
differ in their metabolic capacities (Holmer et  al. 
2009; Aires et  al. 2015; Korlevic et  al. 2021; Grib-
ben et  al. 2017; Aldeguer-Riquelme 2022). Through 
their rhizoids, Caulerpa species have been observed 
to alter the surrounding bacterial communities (Grib-
ben et  al. 2017), promoting anaerobic metabolic 
pathways, such as nitrogen fixation, that enhance 
sediment N availability even within seagrass mead-
ows (Chisholm and Moulin 2003). Broadly in this 
study, the C. taxifolia rhizosphere favoured sulphate-
reducing bacterial taxa from the dominant classes 
Desulfobulbia, Desulfobacteria and Desulfomona-
dia, the latter being at higher abundances in this alga 
compared to seagrasses. Some of these classes have 
been characterized on other Caulerpa species (Aires 
et al. 2015; Korlevic et al. 2021; Aldeguer-Riquelme 
2022) and are likely to be an active component that 
enables C. taxifolia to develop in anaerobic condi-
tions. Anoxic sediment microenvironments created 
by C. taxifolia can facilitate fermentative processes 
of anaerobic bacterial groups (Chisholm and Mou-
lin 2003) and this is clearly observed in the predic-
tive functional profiles obtained in this study (e.g., 
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homolactic fermentation and the urea cycle). Small-
scale partitioning in C. taxifolia rhizosphere possibly 
also exist, permitting small oxic areas to form (as 
seen in other macrophytes, Thomas et al. 2014) ena-
bling both sulphate reduction and sulphide oxidation 
to take place. This adaptation in C. taxifolia may also 
enable other metabolic processes such as nitrogen fix-
ation and denitrification (Eyre et al. 2011) to dynami-
cally occur even under highly anoxic conditions. 
Comparatively, these bacterial groups and functional 
capacities are significantly reduced in the rhizosphere 
of Z. muelleri, where other groups and metabolic 
pathways become dominant, posing a direct challenge 
for C. taxifolia to develop.

The production of oxygen in the seagrass rhizos-
phere tightly regulates microbial communities and 
their metabolic pathways (e.g., sulphide oxidation, 
reduction, nitrification and denitrification, Seymour 
et al. 2018). This tight relationship between seagrass 
and belowground microbial communities provides 
a difficult environment for C. taxifolia to establish 
and thrive (Gribben et al. 2017). This effect has been 
observed in similar experimental manipulations, 
where C. taxifolia fragment success was substantially 
reduced when exposed to bulk sediments collected 
from Z. muelleri beds (Gribben et  al. 2017). The 
experimental manipulation in the present study pro-
duced similar results, C. taxifolia biomass decreasing 
as Z. muelleri biomass increased. However, the field 
survey identified only two bacterial taxa that changed 
with increasing seagrass biomass. The bacterial genus 
Desulfatitalea which is known to be a dominant sul-
phate reducing genus (Korlevic et al. 2021) and pre-
sent in Caulerpa epiphytic communities (Aires et al. 
2015), decreased with increasing seagrass biomass. 
Shifts to a more aerobic micro-environment at higher 
seagrass biomass possibly affected bacterial members 
of this genus associated with C. taxifolia, while pro-
viding better conditions for other groups. This may 
explain increases in abundance of the diazotroph, 
Thiodiazotropha at higher seagrass biomass. This 
genus appears almost exclusively in seagrass samples 
and represents a dominant group, colonizing seagrass 
root systems worldwide (Martin 2020a). Thiodiazo-
tropha plays an important role in facilitating symbi-
otic nitrogen fixation in conjunction with bioturbating 
macrofauna (i.e., Lucinids, Lim et al. 2019) and alle-
viates toxic effects of sulphides (i.e. sulphide oxida-
tion, Martin et  al. 2020b; Ling et  al. 2021). Greater 

bacterial capacity for denitrification and nitrogen 
reduction in seagrasses supports this shift in sedi-
ment microenvironment conditions at higher seagrass 
biomass and aligns with a higher abundance of these 
diazotrophic bacteria (McGlathery et  al. 1998). The 
high abundance of other bacterial groups such as the 
class Campylobacter and the genus Desulfobacula, 
which are involved in nitrogen fixation (de Wit 2008) 
and sulphide oxidation (Miranda et  al. 2022), along 
with indications of high starch degradation capacity 
(i.e., predicted aerobic metabolic pathway) further 
supports that the rhizosphere in Z. muelleri favours 
an aerobic environment. These microbial taxa may 
provide seagrasses with a competitive advantage and 
resistance towards invasive species like C. taxifolia.

Recent experiments, including those at our study 
site, showed that C. taxifolia fragment success was 
promoted only when seagrass beds were disturbed, 
and not when seagrass beds remained intact or when 
seagrass canopies were removed but sediments were 
left intact (Gribben et  al. 2018; Bulleri et  al. 2020). 
Additionally, experimental removal of rhizosphere 
microbial communities of Z. muelleri suggests these 
communities might play a minor role in its growth 
unless they are subject to stressful conditions (e.g., 
nutrient enrichment, Fuggle et al. 2023). In our field 
survey, the only dominant bacterial taxon in the C. 
taxifolia microbial community that remained unaf-
fected by increasing seagrass biomass was the epi-
phytic sulphate-reducing genus Desulfitalea. It is 
likely that at high biomass, C. taxifolia creates a 
resilient anaerobic community where vital sulphur-
reducing groups such as Desulfitalea can thrive, even 
within a neighbouring aerobic environment created 
by seagrass roots (Gribben et  al. 2018). Under the 
evaluated conditions, these bacterial groups from C. 
taxifolia may remain isolated in this anaerobic envi-
ronment or coexist to some extent with the seagrass 
microbial community. Since many natural and anthro-
pogenic stressors (e.g., ocean acidification, thermal 
stress, propeller scarring and wasting disease) result 
in the loss or degradation of seagrass biomass (Hast-
ings et  al. 1995; Short and Wyllie-Echeverria 1996; 
West et al. 2012; Ravaglioli et al. 2024) and alter their 
rhizosphere systems (Martins et  al. 2020a), seagrass 
beds that are already disturbed may be disproportion-
ately vulnerable to invasions by C. taxifolia compared 
to healthy beds, as observed elsewhere (Ceccherelli 
et  al. 2014). This emphasises the importance of 
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maintaining healthy and intact seagrass biomass and 
rhizosphere sediments to preserve their natural resist-
ance to invasions.

The effect of propagule pressure and seagrass 
biomass on invasion success

Total C. taxifolia biomass recovered from plots with 
low seagrass biomass was twice as high in the high 
propagule treatment compared to the low propagule 
treatment, suggestive of additive effects of prop-
agule supply on invasion success. However, increas-
ing seagrass biomass had stronger negative effects 
on the high propagule pressure compared to the low 
propagule pressure treatments, such that both treat-
ments had similar C. taxifolia biomass at the end of 
the experiment. Although weak linear relationships 
and high variability in fragment biomass responses 
were detected, these trends remained significant and 
align with previous studies reporting similar results. 
For example, Uya et al. (2018) found increasing cover 
of the native seagrass Posidonia oceanica reduced the 
establishment of C. cylindracea and individual frag-
ment biomass was reduced at higher compared to 
lower propagule pressures. This contrasts with stud-
ies demonstrating that high propagule pressure can 
play an important role in non-native species overcom-
ing increased levels of biotic resistance provided by 
native species (e.g., Holle and Simberloff 2005; or 
Clark and Johnson 2009).

One explanation is that at higher seagrass bio-
mass, increasing propagule pressure strengthens 
intra-specific interactions such as competition for 
resources among Caulerpa spp. fragments. For 
another invasive seaweed, germlings of the invasive 
alga, Sargassum muticum, were strongly impacted 
by intra-specific competition for nutrients (Steen 
2003). In our field study, it is possible that unmeas-
ured nutrients (e.g., N and P) became increasingly 
limited as higher carbon sources from Z. muelleri 
became more abundant at higher seagrass bio-
mass. However, it is unlikely that light or nutrients 
were limiting at the experimental site as explained 
above. One alternative hypothesis is that under low 
C. taxifolia fragment biomass, natural mutualistic 
microbes in the sediment may provide indirect feed-
backs for C. taxifolia (van der Putten et  al. 2016) 
that would either offer protection or cause nega-
tive effects such as increased toxicity of bacterial 

derived compounds (e.g. increasing sulphate pro-
duction by bacterial reducers). It is also possible, 
albeit still speculative that at these biomass levels, 
C. taxifolia may also influence the accumulation of 
pathogens that could significantly disturb Z. muel-
leri (e.g. in terrestrial plants, Mangla and Callaway, 
2008). However, at higher fragment abundances, 
intra-specific interactions may also shift, leading to 
increased negative effects. These could be driven 
by a higher concentration of secondary metabolites 
produced by the fragments (i.e. toxic or as a defense 
response as in other exotic species, Callaway and 
Ridenour 2004), a shift of microbial taxa, from pre-
viously beneficial role to a pathogenic identity (e.g., 
facultative pathogens, Saha and Weinberger 2019), 
or increased susceptibility to external pathogens 
(Jiang et al. 2020). Coupled with inter-specific com-
petition for resources, pathogen spillover and a pre-
dominantly aerobic sediment environment created 
by Z. muelleri, C. taxifolia fragments likely had a 
very low defense against multiple negative feed-
backs. Similarly  in terrestrial systems, native-plant 
sediment microbial communities play a crucial 
role in the establishment of early successional non-
invasive and invasive plant species (van der Putten 
et  al. 1993; Jiang et  al. 2020). Thus, by increasing 
the biomass of the invasive algae C. taxifolia in this 
experiment, propagules may have been subjected 
to an increasingly negative environment created by 
both intra- and interspecific interactions, ultimately 
affecting their performance.

Conclusion

Here we showed that two factors—native species bio-
mass and invasive propagule pressure—had impor-
tant interactive effects on establishment success of the 
invasive alga C. taxifolia. Increasing native biomass 
reduced fragment success and increasing invasive 
propagule pressure could not overcome this effect. 
In fact, high propagule pressure further decreased 
invasion success at high native species biomass. This 
suggests that invasion success may be determined by 
the interplay between inter- and intra-specific inter-
actions. The absence of differences in bulk sediment 
physical characteristics and microbes, but changes in 
some key microbial taxa in the rhizosphere associated 
with increasing biomass of both species, suggests that 
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increasing native species biomass may restrict inva-
sion success through more frequent root-microbe 
interactions. We suggest that investigating the effects 
of root microbes on invasion success is an important 
avenue for future research.
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