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Abstract
Non-native species have invaded coastal systems worldwide, altering community structures and ecosystem functioning. One 
of the most widely distributed marine invaders is the kelp Undaria pinnatifida. In Australasia, Undaria is a large annual 
kelp that typically has a unimodal growth pattern characterized by high cover during late-winter and spring. It is possible 
that Undaria co-occurs with mussels and impacts the biodiversity of mussel assemblages on rocky reefs, especially given 
its presence on mussel farms. Here, we tested whether Undaria and mussels co-occurred on rocky reefs at different temporal 
and spatial scales, and whether Undaria affects the diversity of mussel-associated small mobile invertebrates. Analyses of 
survey data showed that individuals of Undaria are often attached to, or interspersed around, mussel aggregations in the low 
intertidal zone where Undaria was found at similar abundances in its typical winter growth and summer senescence seasons. 
We hypothesize that this unexpected pattern is caused by overlapping generations coupled with longer growing seasons, 
potentially triggered by localized higher wave action, rather than individual plants persisting for an entire year. Analyses of 
Undaria holdfasts and non-living mimics of Undaria holdfasts, showed that live and large holdfasts, in particular, alter and 
increase small-scale diversity of mobile invertebrates where Undaria co-occurs with mussels. We conclude that Undaria 
has a longer temporal presence where it co-occurs with mussels and that Undaria alter mussel-associated communities of 
small mobile invertebrates.

Introduction

Biological invasions are a threat to marine biodiversity and 
associated ecosystem services (Lowe et al. 2000; Molnar 
et al. 2008). The rate of marine invasions has increased 
throughout the world and many high-profile invaders have 
been implicated in structural and functional changes in 
recipient ecosystems (Crooks 2002; Thomsen et al. 2009; 

Maggi et al. 2015). Over many decades, many invasive 
seaweed species have become conspicuous components of 
coastal ecosystems, where they can have a range of impacts 
(Williams and Smith 2007; Bulleri et al. 2010; Maggi et al. 
2015; Tamburello et al. 2015; Thomsen et al. 2016b). One of 
the most successful invaders is the laminarian kelp Undaria 
pinnatifida (Harvey) Suringar (Lowe et al. 2000; Gallardo 
2014; Pereyra et al. 2014; James et al. 2015; Epstein and 
Smale 2017; South et al. 2017). Undaria is native to Pacific 
Russia, Japan, China and Korea where it is a commercial 
species, prized as a food and for its use in pharmaceuticals 
(Saito 1975). As a result, the life-history, genetics, chemical 
composition, growth rates and substrate affinities of Undaria 
have been widely studied (Saito 1975; Morita et al. 2003; 
Uwai et al. 2006; James and Shears 2016b; Na et al. 2016; 
Peteiro et al. 2016; Epstein and Smale 2017; South et al. 
2017).

Today, Undaria is one of the most widely distributed 
invasive marine seaweed worldwide, having invaded coast-
lines in the NE Atlantic, NE Pacific, SE Pacific, SW Pacific 
and the Mediterranean and North Seas. Undaria has an 
annual, heteromorphic life-cycle characterised by alternating 
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macroscopic sporophytes and microscopic gametophytes 
and sporelings (Saito 1975). In Australasia, initial pulses of 
autumn recruitment are derived from microscopic sporelings 
or gametophytes that have survived over summer (Thompson 
2004; Schiel and Thompson 2012; Morelissen et al. 2013). 
Under favourable conditions, Undaria can grow 15 mm per 
day, allowing it to occupy space quickly, and become repro-
ductive within a few months (Schaffelke et al. 2005; Primo 
et al. 2010; Schiel and Thompson 2012). Undaria is typi-
cally characterized as an annual species in both its native 
and invasive range, with a hiatus occurring in late-summer 
when its macroscopic form is largely absent causing dra-
matic differences in abundance and cover in its growth vs. 
senescence/hiatus seasons (Hay and Villouta 1993; Morita 
et al. 2003; Thompson and Schiel 2012; James et al. 2015; 
James and Shears 2016b; South et  al. 2016; South and 
Thomsen 2016). This ‘transient’ phenology, with distinct 
periods of high and low cover, may at least partially explain 
why past studies have found relatively low impacts on native 
species (Forrest and Taylor 2002; South et al. 2016; South 
and Thomsen 2016). Importantly, most of these studies have 
been done in shallow (< 4 m) rocky reefs dominated by sea-
weed and have, therefore, focused on effects of Undaria on 
native algae. The relatively few studies of Undaria-animal 
interactions have mainly tested whether Undaria provides a 
trophic resource for large grazers (Teso et al. 2009; Jiménez 
et al. 2015). However, in addition to providing a trophic 
resource, Undaria can also provide habitat to small mobile 
invertebrates, as seen for both native and invasive canopy-
forming algae (Anderson et al. 1997; Wernberg et al. 2004; 
Buschbaum et al. 2006; Nyberg et al. 2009; Arnold et al. 
2016; Thomsen et al. 2016a; Suárez-Jiménez et al. 2017). 
Still, in comparison to other high-profile invasive algae 
(Wernberg et al. 2004; Buschbaum et al. 2006; Nyberg et al. 
2009; Ramus et al. 2017), little is known about the small 
mobile animals that use Undaria as a biogenic habitat.

Recent research has also suggested that Undaria can be 
closely associated with sessile invertebrates (Pereyra et al. 
2017) and in New Zealand, Undaria has become a pest spe-
cies on and around mussel farms (Hay 1990; Forrest and 
Blakemore 2006; James and Shears 2016b). It follows that 
Undaria could invade mussel beds in a natural setting, but 
the occurrence and effects of Undaria on and among mus-
sels in natural rocky reef situations have not been quantified.

To address these research-gaps we aimed to (1) deter-
mine patterns of co-occurrence between mussels and Unda-
ria and (2) assess how Undaria might affect small mobile 
invertebrates where it is associated with mussels. To achieve 
the first aim, we assessed whether Undaria and mussels co-
occur on rocky reefs at large spatial scales (surveying 20 
sites) and with high temporal resolution at one site to assess 
variations in the seasonality of this annual kelp (surveying 4 
times per year over 3 years). To achieve the second aim, we 

used survey data to describe invertebrate assemblages asso-
ciated with Undaria holdfasts that were attached to mussels 
and carried out a small-scale manipulative field experiment 
using real Undaria holdfasts and artificial mimics to test 
whether the ecological drivers of mussel/Undaria associated 
invertebrate assemblages might be through provisioning of 
habitat or food. We included holdfast size as a test-factor in 
both the survey and experiment because (a) size/abundance 
of non-native species is a fundamental driver of invasion 
impact (Parker et al. 1999; Thomsen et al. 2011), (b) kelp 
holdfast size might modify animal assemblages (Anderson 
et al. 1997; Tuya et al. 2011), and (c) Undaria holdfast grow 
and decay rapidly.

Methods

Study sites

All surveys and experiments were done in Lyttelton Harbour 
(-43.609520, 172.760411), which occupies ca. 43 km2 of a 
volcanic crater on the north side of the Banks Peninsula, 
along the east coast of the South Island of New Zealand. The 
maximum tidal range is 1.9 m and the sea surface tempera-
tures typically vary between 8 °C in July to 20 °C in Febru-
ary (Lilley et al. 2016). Undaria was first discovered in Lyt-
telton Harbour in 1991 and is now widely spread within the 
Harbour (Forrest and Taylor 2002; Lilley et al. 2016). Here 
we focused on co-occurrence patterns between Undaria 
and mussels, and not on the distribution of other dominant 
reef species, such as large perennial seaweed that have been 
studied in more detail (Thompson and Schiel 2012; South 
et al. 2016). Nevertheless, where appropriate, we report 
mean abundances of other key dominant taxa as ecological 
context to interpret Undaria-mussel co-occurrence patterns.

Reef survey

To quantify spatial patterns of Undaria and mussel occur-
rence, we surveyed the low and mid tidal zones of 20 
intertidal rocky reefs between May and November 2015 
(see Lilley et al. 2016 for detail of each reef). Sites were 
sampled on spring low tides by laying out a 30 m transect 
parallel to the water line in the low shore between the 
spring and neap tide levels (ca. 0.2–0.5 m above chart 
datum), and in the mid shore between ~ 0.5 and 1 m above 
chart datum. Ten 0.5 × 0.5 m quadrats, divided into 100 
cells, were haphazardly placed along each transect and at 
least 1 m apart. Within each quadrat, we quantified per-
centage cover of Undaria and all mussels (by combining 
the abundances of two dominant mussel species, Perna 
canaliculus and Mytilus galloprovincialis) by counting 
cells. If a species was present in very low abundance (less 
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than a cell) it was given a cover value of 0.1. These sur-
vey data were percentages, had many zero values, high 
heteroscadicity, non-normal distributions, and could not 
be transformed to fulfil parametric test assumptions. We, 
therefore, tested for co-occurrences between Undaria and 
mussel cover with Spearman’s rank correlation coeffi-
cients. Analyses were done separately on reef (n = 20) 
and quadrat (n = 200) scales. Mid and low elevations were 
analyzed separately.

Temporal survey

To quantify temporal patterns of mussel and Undaria co-
occurrences, the Pile Bay reef (− 43.619408, 172.762279) 
in the outer Lyttelton Harbour was surveyed on 12 occa-
sions between February 2015 and November 2017. Percent 
cover of Undaria and mussels were quantified by eye from 
2582 digital photos, each covering 1 m2 of the reef (Fig. 1a). 
Each photo was taken 90 cm from and perpendicular to the 
substratum with the same camera, a standardized method 
we previously had ground-truthed to unit area with tran-
sects tapes. This method can underestimate mussel cover, if 

Fig. 1  Undaria-mussel-animal interactions. a Typical 1 m2 reef sec-
tion with mussel aggregations, high Undaria cover and red coralline 
turf alga. b Close-up of an Undaria holdfast attached to mussels. c 
Mussel-holdfast translocation experiment from right to left: mussel-
alone and mussel plus medium live, medium 3d printed, large live 
and large 3d printed holdfasts. d Field deployment of a mussel with 
attached 3d printed holdfast. e The large gastropod, Lunella smar-

agda (covered with encrusting coralline algae and small limpets) on 
an Undaria holdfasts. f Beached Undaria attached to a live mussel; 
Undaria’s large size and sporophylls show that Undaria can grow to 
become reproductive on mussels, induce mussel shell-dislodgement 
and may increase spread because sporophylls release propagules dur-
ing drift
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they occur beneath canopy-forming algae, and our estimates 
of mussel cover should, therefore, be considered conserva-
tive. Photographs capturing 1 m2 of reef were taken during 
spring low-tide in the low and mid intertidal zones. Photo-
graphs were taken haphazardly between low-to-mid-to-low 
elevation covering ca. 700 m of rocky reef with photographs 
being separated by at least 1 m. Photo-surveys were grouped 
according to whether they occurred during Undaria’s typical 
growth vs. hiatus seasons in New Zealand (Hay 1990; Hay 
and Villouta 1993; Schiel and Thompson 2012; Thompson 
and Schiel 2012; Tait et al. 2015; James and Shears 2016a, 
b; South et al. 2016; South and Thomsen 2016; South et al. 
2017). We refer to these periods as the ‘expected high cover’ 
and ‘expected low cover’ periods. The abundance of Unda-
ria and mussels was quantified twice in each of the peri-
ods of expected high and low Undaria cover in 2015 and 
2017. In 2016 three surveys were taken when Undaria was 
expected to be absent and one survey when it was expected 
to be abundant. The number of photographs taken per sur-
vey ranged from a minimum of 101–268. Prior to statistical 
analysis each photo was classified as ‘low’ or ‘high’ mussel 
cover. Cover was considered to be high when it was greater 
than 15% in the 1 m2 sample. We used this 15% threshold 
to have adequate sample sizes for high mussel treatments 
(mussels do generally not dominate in Pile Bay or on other 
reefs in Lyttelton Harbour). The mean covers of mussels 
were 31.99 (SE = 1.10, n = 154) and 35.69% (1.52, n = 148) 
in the samples with > 15% mussel cover in Undaria’s 
expected presence and absence periods, respectively. Low 
(< 15%) mussel cover was 1.37% (SE = 0.10, n = 1175) and 
1.44 (SE = 0.09, n = 1105) in Undaria’s expected presence 
and absence periods, respectively. Analysis using larger or 
smaller thresholds did not change our main results (Thom-
sen, unpubl.). Data violated parametric test assumptions, 
for example by having many 0-values and by having highly 
heterogeneous variances that could not be transformed 
to homogeneity (Levine’s test, p < 0.001). Kruskal–Wal-
lis ranked analysis of variance was, therefore, used to test 
whether Undaria abundance differed between plots with low 
vs. high mussel cover separated into Undaria’s two periods 
of expected presence and absence using each combination as 
a level in the single-factor analysis. Significant results were 
followed by Dunn’s post hoc comparisons.

Attachment survey

To determine whether Undaria was attached to mussels 
or the surrounding reef (and other organisms) we identi-
fied the attachment-substrate at the center of 50 randomly 
selected Undaria holdfasts on two 5 × 5 m rocky outcrops 
(dominated by mussels) in Pile Bay in August 2017. The 
length of the Undaria individual was measured to nearest 
mm and the substratum underneath the center of its holdfast 

was characterized as either mussels, bare rock and encrust-
ing algae, or turfing coralline algae. Undaria attached to 
mussels may also be attached to other sessile epibiota on 
the mussels, but potential multilayered attachments were not 
quantified here. Using a Chi-square test, pooling data across 
the two outcrops, we tested whether proportion of Undaria 
attachment varied among substrate types. These data are 
observations of attachment only and do not reflect selective 
habitat preferences (and we did not have data on the relative 
abundances of the three types of substrate). Undaria length 
data fulfilled parametric assumptions with homogeneous 
variances (Levine’s test, p > 0.05) and standard ANOVA 
was, therefore, used to test whether length varied between 
attachment-substrate types.

Impact on invertebrates I: holdfast survey

Thirty-two holdfasts were collected in June 2017, to quantify 
invertebrate assemblages associated with Undaria holdfasts 
attached to mussels (Fig. 1b) and test whether the size of 
holdfasts modified assemblage structure. We only surveyed 
holdfasts, because an earlier survey showed that these har-
bored far greater biodiversity and abundances than the lami-
nae (Thomsen unpublished), and to make results comparable 
to our experiment (see next section). The laminae and sporo-
phylls were excised before the holdfasts were removed from 
the mussels and bagged. Holdfasts were brought to the labo-
ratory where mobile invertebrates were removed by washing 
the sample onto a 250 μm mesh. Haptera were pried apart to 
allow epifauna living in the interstitial spaces to be collected. 
The dry weights of holdfasts were measured after drying 
at 55 °C for 72 h. Invertebrates were separated into coarse 
taxonomic groups (e.g., copepods, isopods, amphipods, gas-
tropods, bivalves, polychaetes, mites, crabs, foraminifera, 
sea anemones, echinoderms) and counted under a dissecting 
microscope (at 40 ×). Gastropods were also grouped into 
higher resolution morphotypes. Abundances and richness 
of invertebrates were correlated to holdfast dry-weights with 
non-parametric Spearman’s rank correlations because we 
had no control over holdfast sizes and potential co-variates 
(e.g., holdfast age). Multivariate assemblage structure was 
shown graphically, based on Bray–Curtis dissimilarity coef-
ficient on square root transformed data, with nMDS plots. 
The non-parametric RELATE function in PRIMER v 6 was 
used to assess ranked correlations between the multivariate 
invertebrate assemblages and holdfast weight (Clarke and 
Warwick 1994).

Impact on invertebrates II: mussel‑holdfast 
transplants

A field experiment tested whether Undaria altered inver-
tebrate assemblages associated with intertidal mussels. 
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Here, we focused on partitioning the effects of the physi-
cal structure of Undaria holdfasts from effects related to 
biotic mechanisms (food provision, chemical composition, 
biomechanical flexibility), because complex holdfast struc-
tures have been shown to modify diversity in many other 
studies (Anderson et al. 1997; Thiel and Vásquez 2000; Tuya 
et al. 2011). To test the relative importance of structural or 
biological attributes, we compared invertebrate coloniza-
tion among living Undaria holdfasts and plastic mimics. 
Live holdfasts were collected from Pile Bay, meticulously 
cleaned and attached to c. 8 cm long, live adult mussels (that 
also had been cleaned of mobile epifauna) with an elastic 
band. To create the mimics, 61 photos were taken of an 8 cm 
diameter live kelp holdfast covering different angles of its 
surface. The photos were analyzed with Autodesk Memento 
to create a digital model, which was printed with ABS white 
plastic filaments using a Da Vinci 1.0A 3D printer. These 
mimics were morphologically and size-wise (similar depth 
× width × height) very similar to live holdfasts, but were of 
a different colour and texture, and could not be consumed 
by grazers (Fig. 1c). The mimics were attached to live adult 
mussels as described above. In addition, we tested whether 
relatively small size differences among holdfasts can affect 
invertebrate communities (the holdfasts collections docu-
mented strong effects across a wide range of sizes, see result 
section). We, therefore, out-transplanted ‘medium’ (5 cm 
diameter) and ‘large’ (8 cm diameter) sized Undaria hold-
fasts. Therefore, colonizing epifauna was quantified for five 
types of holdfast treatment: (1) mussel + 8 cm holdfast; (2) 
mussel + 8 cm holdfast mimic; (3) mussel + 5 cm holdfast; 
(4) mussel + 5 cm holdfast mimic; (5) mussel only (control 
without any holdfast).

To deploy mussels and Undaria holdfasts into the field, 
the mussels were enveloped in a coarse mesh that was 
secured to the reef, allowing the mussels to attach via byssus 
threads. A few invertebrates could potentially be associated 
with the mesh used to hold the mussels in place. However, 
this artefact was standardized across treatments and makes 
our tests more conservative by increasing the background 
values of counted invertebrates (Sardiña et al. 2009). Five 
replicates of each of the 5 treatments were out-transplanted 
on 10 January 2017 by securing each to the rock surface 
with a 6 mm coach screw into an 8 mm nylon anchor. All 
replicates were collected after 2 weeks and were individu-
ally bagged immediately on removal. Unfortunately, a few 
replicates were lost due to wave action. Bagged replicates 
were brought to the laboratory and processed as described 
for the holdfast size-collections.

Invertebrate responses were analyzed per holdfast using 
the methods described above for the holdfast survey, but 
using parametric tests because experimental conditions were 
controlled and Levine’s tests for variance homogeneity were 
all non-significant following square root transformation 

(p > 0.05). The test design was unbalanced so we tested 
for effect of holdfast size (0, 5, 8 cm) and holdfast type (0, 
mimic, alive) in separate one-way ANOVAs (for abundances 
and richness) and one-way PERMANOVAs (for multivariate 
assemblage structure). This approach allowed us to compare 
our main test factors (type and size of Undaria holdfasts) 
to mussels without holdfasts based on larger sample sizes 
(achieved by pooling across the other test factor) and thereby 
increased the power of the analyses. Significant tests were 
followed by SNK post hoc tests for univariate responses 
and pairwise t tests for multivariate assemblage responses 
(Anderson 2005). Multivariate assemblage structures were 
based on the Bray–Curtis dissimilarity coefficient and were 
square root transformed to downplay the importance of the 
most abundant taxa. Results were shown graphically with 
Principal Coordinate Ordination (Anderson 2005).

Results

Reef survey

The reef survey showed that Undaria co-occurs with mus-
sels throughout the harbour in individual quadrats and across 
entire reefs, but both taxa were common only in the low-
zone (Fig. 2, percent cover: mussel low = 12.3 ± 5.6 SE, 
Undaria low = 16.4 ± 5.2, mussel mid = 0.5 ± 0.3; Undaria 
Mid = 0.04 ± 0.1, n = 200). This pattern was similar to other 
canopy-forming algae (in particular Hormosira banksii, 
Cystophora scalaris and C. torulosa) which, in concert, 
occupied 24.2 ± 2.0% of the substratum in the low shore and 
2.6% ± 0.8 in the mid shore. There were significant positive 
correlations between cover of Undaria and mussels in the 
low-zone at both the reef (rSpearman = 0.493, p = 0.014, n = 20) 
and quadrat scales (rSpearman = 0.218, p = 0.001, n = 200), but 
no significant correlations in the mid-zone.

Temporal survey

The temporal survey showed that Undaria co-occurred 
with mussels at all 12 sample events. In photographs 
with < 15% mussels the total cover of native algae was 
32.12% ± 0.99 and 34.70% ± 0.92 in Undaria’s expected 
low and high cover periods, respectively. While in photo-
graphs with > 15% cover of mussels, native canopy cover 
was 7. 24% ± 1.29 and 10.96 ± 1.38 in Undaria’s high and 
low cover periods, respectively. In contrast to the perennial 
native canopy-formers, cover of Undaria varied between 
its expected high (17.79 ± 0.74; winter to late spring) and 
low (3.29 ± 0.40; summer to early autumn) periods in the 
plots with < 15% mussel cover. However, this expected 
seasonality was reduced in plots with > 15% mussel cover 
(19.93 ± 1.3 and 17.68 ± 2.56). This result was supported 
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by Kruskal–Wallis tests on median values; Undaria cover 
varied significantly among the four combinations of ‘Und-
aria high or low cover period’, and ‘mussel level’ (Fig. 3, 
H = 390.00, df = 3, p < 0.001) and Dunn’s post hoc pair-
wise tests confirmed that less Undaria was found in the 
expected low season in the plots with < 15% mussel cover, 
while Undaria cover was greater in plots with > 15% mus-
sel cover in both the expected low and high periods of 
Undaria.

Attachment survey

We found a significant effect of attachment-substrate on the 
reef platforms (χ2 = 6.86, df = 2, p = 0.032), suggesting that 
fewer Undaria plants were attached to mussels than to cor-
alline turf or rock (21 vs. 40 and 39, respectively, Fig. 4). 
However, there were no differences in Undaria’s mean 
length across attachment-substrate types (p = 0.591, mean 
length = 68.6 ± 2.4 cm, n = 100, Fig. 4).
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Impact on invertebrates I: holdfast survey

The holdfast assemblages were, across all size-classes, 
dominated by copepods (23%), amphipods (20%), and 
polychaetes (15%) and gastropods (12%). Analyses of 
invertebrates associated with Undaria holdfast collec-
tions showed significant positive relationships between 
holdfast size and abundances and richness of both gastro-
pods and the entire invertebrate assemblages (Fig. 5a–d, 
all rSpearman ≥ 0.80, all p < 0.001; Fig. 5). Similarly, there 
were significant relationships between holdfast size and 
multivariate structure for both the gastropod and entire 

invertebrate assemblages (Fig. 5e, f, ρ > 0.68, p < 0.001 
in both analyses).

Impact on invertebrates II: mussel‑holdfast 
transplant experiment

In the experiment, the combined mussel and holdfasts 
assemblages were, across the treatments, dominated by 
amphipods (65%), gastropods (12%) and copepods (10%). 
There was significant variation among holdfast types on all 
responses (Table 1; Fig. 6). Post hoc SNK tests showed that 
live holdfasts attached to mussels always had significantly 

Fig. 5  Abundance (a, b), rich-
ness (c, d) and multivariate 
assemblage structure (e, f) of all 
invertebrate taxa (a, c, e) and 
gastropods (b, d, f) associated 
with Undaria holdfasts of vari-
ous sizes (gWW in fig. a–d). 
The sizes of bubbles in the 
nMDS plots (e, f) are propor-
tional to the wet weight of the 
holdfasts. The nMDS plots were 
made with Bray–Curtis similar-
ity coefficients on square root 
transformed data (Stress = 0.06 
for e and 0.07 for f)
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greater abundances and richness than mussels without hold-
fasts, whereas mimics only had significantly higher richness 
(not abundances) compared to mussels without holdfasts 
(p < 0.05 for all tests, Table 1; Fig. 6). The post hoc analysis 
of invertebrate assemblages showed that live holdfasts sup-
ported different assemblages compared to mimics (t = 1.872, 
p = 0.014) and no-holdfasts (t = 2.590, p = 0.004), whereas 
mimics were not different from mussels without holdfasts 
(t = 0.917, p = 0.446). By contrast, gastropod assemblages 
only differed between mussels with live holdfasts and mus-
sels without holdfasts (t = 2.178, p = 0.005, all other con-
trasts were non-significant).

We also found significant variation among holdfasts sizes, 
but only for richness responses and gastropod assemblages 
(i.e., not for abundances or total invertebrate assemblages, 
Table 1; Fig. 6). The SNK post hoc tests showed that mussels 
with attached holdfasts had greater richness than mussels 

without holdfasts, but the two holdfasts size-classes were 
not different from each other (Table 1; Fig. 6). Finally, the 
post hoc t test showed that gastropod assemblages associated 
with mussel with 5-cm holdfasts were different from mussels 
without holdfasts (t = 1.752, p = 0.020, all other contrasts 
were similar).

Discussion

This study documented that the annual invasive kelp Und-
aria pinnatifida co-occurs with mussels on natural reefs 
where Undaria had similar abundance in its expected 
high and low cover periods. This contrasts previous work 
from natural reefs that has shown strong seasonal fluctua-
tions in abundances (Schiel and Thompson 2012; James 

Table 1  Holdfast transplant experiment testing for effects of holdfast type (response 1-6; no vs. live vs. mimic holdfast) and holdfast size 
(response 7-12; 0 vs. 5 vs. 8 cm)

Abundances and richness were analyzed with ANOVA and assemblage structures with PERMANOVA. Significant results are in bold. All uni-
variate tests had homogeneous variances after square root transformations (Levine’s tests, p > 0.05). ‘Total’ = all invertebrates in the sample. 
Multivariate tests were based on square root transformed data and Bray–Curtis similarity coefficients. Significant effects (p < 0.05) were fol-
lowed by SNK tests for univariate and t tests for multivariate responses to determine treatment effects where ‘b’ are significantly larger than ‘a’ 
(0 = no holdfast, Mimic, Live, 5 cm and 8 cm = holdfast treatment)

Response Treatment df MS F p 0 Mimic Live

1. Total abundance Type 2 540.378 4.092 0.031 b ab a
Residual 22 166.08

2. Total richness Type 2 0.408 5.255 0.014 b a a
Residual 22 0.078

3. Total assemblage Type 2 1116.3 3.367 0.008 Live ≠ Mimic = 0
Residual 22 331.54

4. Gastropod abundance Type 2 58.287 4.23 0.028 b ab a
Residual 22 13.780

5. Gastropod richness Type 2 0.698 6.2 0.007 b a a
Residual 22 0.113

6. Gastropod assemblage Type 2 1708.5 2.5072 0.014 0 ≠ all other
Residual 22 681.44

Response Treatment df MS F p 0 5 cm 8 cm

7. Total abundance Size 2 320.914 2.111 0.145 a a a
Residual 22 152.00

8. Total richness Size 2 0.414 5.354 0.013 a a a
Residual 22 0.077

9. Total assemblage Size 2 653.09 1.748 0.104 a a a
Residual 22 373.64

10. Gastropod abundance Size 2 43.781 2.9 0.076 a a a
Residual 22 15.099

11. Gastropod richness Size 2 0.708 6.34 0.007 b a a
Residual 22 0.112

12. Gastropod assemblage Size 2 1331.4 1.8603 0.048 0 ≠ 5 cm
Residual 22 715.72
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and Shears 2016a; South et al. 2016). We also found that 
mussels were suitable settlement substratum for Undaria 
(James and Shears 2016b), and that Undaria’s holdfasts, in 
turn, were inhabited by many small mobile invertebrates in 
an invasion-driven habitat cascade (Thomsen et al. 2010).

Mussel‑Undaria co‑occurrences

Mussels and Undaria were much more common in the lower 
intertidal zone than the mid-zone indicating that mussels 
and Undaria are restricted vertically by desiccation stress 
(Kennedy 1976; Bollen et al. 2017). The distribution of 

Fig. 6  Mean (+ SE) abundance 
(a, b), richness (c, d) and mul-
tivariate assemblage structure 
(e, f) of all invertebrate taxa 
(a, c, e) and gastropods (b, d, 
f) associated with out-planted 
mussels with no holdfast (none) 
or with Medium (M) or Large 
(L) Mimics or Live Undaria 
holdfasts. PCO principal com-
ponent ordination, Square none, 
Triangle up Live-M, Circle live-
L, Diamond Mimic-M, Triangle 
down Mimic-L
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Undaria in the low intertidal zone has been shown before 
(Forrest and Taylor 2002; Schiel and Thompson 2012), but 
these studies did not quantify its distribution at other tidal 
heights. The reef survey also documented that Undaria and 
mussels co-occur on many reefs throughout Lyttelton Har-
bour, suggesting that they have relatively similar responses 
to environmental conditions occurring at the reef scale such 
as sedimentation and wave exposure (James and Shears 
2016b). Wave exposure was not quantified in this study, but 
we have noted that both species can be found on relatively 
wave exposed reefs (with lower sedimentation) and protected 
reefs with higher sedimentation, although the latter appear 
to have lower densities of both taxa (pers. obs.). The reef 
and temporal surveys also highlighted positive relationships 
on smaller scales suggesting that the two species depend 
on similar microhabitats, and/or that one species facilitates 
the other.

In this study, Undaria had a typical annual phenology in 
quadrats where mussels were absent or sparse, with great-
est cover (17% cover of the entire 700 m reef section) dur-
ing its winter to early-summer growing period, compared to 
its period of senescence (3%). A similar unimodal pattern 
with seasonal high and low abundances has been reported 
for Undaria in many studies (e.g., Hay and Villouta 1993; 
Thompson and Schiel 2012; James and Shears 2016a, b; 
South et al. 2016; South and Thomsen 2016). However, this 
pattern was not observed in quadrats where mussels were 
more abundant where Undaria had similar cover during 
its expected high and low cover periods (18 vs. 20%). This 
result suggests that Undaria can sometimes maintain rela-
tively high cover when nearby populations have senesced 
and macroscopic life-stages are largely absent. It is possible 
that these more persistent Undaria aggregations result in 
stronger ecological impacts compared to impacts of more 
variable Undaria, particularly on net primary productivity 
and the structure of native assemblages (Casas et al. 2004; 
Valentine and Johnson 2004; James et al. 2015; Tait et al. 
2015; South et al. 2016).

Several hypotheses could account for why we found sim-
ilar Undaria abundances between its expected periods of 
high and low cover. Year-round populations of Undaria have 
been hypothesized to be related to favourable temperature 
ranges in some invaded regions compared to its native realm 
(James et al. 2015). However, water-column temperatures 
were likely consistent among quadrats and reef sections in 
Pile Bay, irrespective of mussel cover. Instead, we noted 
that mussels and Undaria were more common on outcrops 
and other parts of the reef with relatively high wave energy, 
as described in other Undaria studies (Castric-Fey et al. 
1993; Nanba et al. 2011; Peteiro and Freire 2011; James and 
Shears 2016b). Waves are likely to increase dislodgements 
of Undaria and perhaps trigger continuous recruitment and 
new growth of dormant propagules. Other studies have 

shown that Undaria can have multiple cohorts of recruits 
(Thornber et al. 2004; Schiel and Thompson 2012) where 
removal of the adult canopy trigger recruitment of dormant 
propagules, potentially by reducing competition for light 
(Thompson and Schiel 2012). Multiple cohorts of recruits 
could result in the more sustained macroscopic presence of 
Undaria. Alternatively, microclimatic conditions associated 
with high wave energy, including increased propagule sup-
ply, nutrient supply, humidity and/or decreased consumer 
pressure, temperature fluctuations, and sediment accumula-
tions could all favour longer periods of recruitment, growth 
and reproduction (Hurd 2000). Finally, mussels could facil-
itate Undaria by providing suitable structures for attach-
ment of holdfasts and growth (Forrest and Blakemore 2006; 
O’Connor et al. 2006; Pereyra et al. 2017), by decreasing 
stressors such as grazing or desiccation (Thompson 2004; 
Bulleri et al. 2006; Pereyra et al. 2017) or by increasing 
nutrients through biodeposition (Vinther and Holmer 2008). 
Detailed studies of population demographics, reproductive 
phenology and mechanisms of recruitment and persistence 
are needed to distinguish among these hypotheses.

The small-scale attachment survey demonstrated that 
Undaria is often found directly attached to mussels, although 
it was more commonly attached to other substrates (Figs. 1, 
5). However, we did not measure the relative abundance of 
the different substrate types and cannot estimate whether 
Undaria is more likely to be associated with a substrate. In 
the present context it is important to note that Undaria can 
settle on almost any hard substrate in the marine environ-
ment (South et al. 2017), a trait that allows it to invade differ-
ent habitats within the same area and thereby support large 
populations. A larger and more constant year-round popula-
tion could increase propagule pressure, population resilience 
and rates of secondary dispersal (Forrest et al. 2000; Schiel 
and Thompson 2012; James and Shears 2016b). Few other 
large seaweeds are equally successful on mussel reefs, even 
though they can have relatively similar morphology of both 
holdfasts and fronds and are evolutionary closely related 
(Steneck et al. 2002; Bulleri et al. 2006; Teagle et al. 2017). 
We attribute this successful invasion trait to Undaria’s rapid 
growth, low drag, and annual life-cycle that likely reduces 
dislodgement of mussel hosts, compared to perennial native 
kelps such as Ecklonia radiata, Lessonia variegata and 
Macrocystis pyrifera (Sliwa et al. 2006; Nanba et al. 2011). 
These kelps instead have larger drag and live for many years, 
increasing the likelihood of dislodgement of the mussel host.

Impact on invertebrates

In this study, we showed that Undaria holdfasts attached 
to mussels enhanced the richness and abundance of small 
mobile invertebrates. It is possible that Undaria facilitates 
small invertebrates in other low-lying habitats such as on 
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beds of coralline turf in southern New Zealand (South et al. 
2016) where it can host similar numbers of invertebrates 
compared to some native canopy-formers (Suárez-Jiménez 
et al. 2017). Similarly, Undaria may increase the abun-
dance of invertebrates if Undaria fills gaps within stands of 
canopy-forming algae that arise due to physical or biologi-
cal disturbance as it can provide biogenic structure in the 
absence of the native canopy-formers (Valentine and John-
son 2005; Schiel and Thompson 2012), despite relatively 
simple epifaunal communities compared to some native 
seaweed (Arnold et al. 2016; Suárez-Jiménez et al. 2017). 
Similar facilitation of epibiota has been observed for other 
invasive seaweeds (Wernberg et al. 2004; Buschbaum et al. 
2006). However, whether Undaria increases invertebrate 
diversity around mussels or merely concentrates diversity 
within holdfasts requires longer studies done at larger spa-
tial scales. Similarly, the fate of invertebrates that inhabit 
Undaria holdfasts once the holdfasts have senesced remains 
unknown.

This study documented increased numbers and modified 
assemblage structure of mobile invertebrates when Undaria 
is associated with mussels. However, it is unknown whether 
Undaria has negative impacts on the mussels themselves 
(South et al. 2017). For example, Undaria attached to mus-
sels may increase mussel-dislodgements due to increased 
drag (Fig. 1), as has been shown for C. fragile and epiphytic 
seaweeds (O’Connor et al. 2006; Carroll et al. 2010). Und-
aria could also reduce mussel filtering capacity and food 
uptake, if its haptera grow over the shell valves (Fig. 1) or 
inhibit recruitment, by pre-empting space or interrupting set-
tlement. Furthermore, Undaria could negatively affect inver-
tebrates that live in the interstitial spaces among the mussels 
by altering light availability or water-flow. Alternatively, it 
is possible that Undaria, like the invasive seaweed Codium 
fragile, increases survival of mussel recruits (Bulleri et al. 
2006), for example, by reducing desiccation stress. More 
research should, therefore, determine the effects of Undaria 
on individuals and aggregations of mussels.

We documented a new ‘habitat cascade’ (Thomsen et al. 
2010) mediated by a native primary habitat forming mus-
sel and a non-native secondary habitat forming seaweed. 
Habitat cascades are common mechanisms where habitat 
forming species increase biodiversity by sequentially facili-
tating dependent habitat forming species and increasing 
niche space for more or diverse inhabitants (Altieri et al. 
2007; Thomsen 2010; Bishop et al. 2012; Watson and Her-
ring 2012; Thomsen et al. 2016a). In this study, Undaria was 
closely associated with mussels and where this occurred, the 
temporal presence of the invader increased with cascading 
positive effects on small mobile invertebrates. It appears that 
many novel habitat cascades have been formed around the 
world, mediated by non-native macroalgae growing on and 
around sessile invertebrates, such as mussels (this study), 

tunicates (Pereyra et al. 2015, 2017) and polychaetes (Thom-
sen and McClathery 2005).

The positive effects on mobile invertebrates shown in 
this study reflect short term, small-scale effects. However, 
as noted above, if Undaria has negative effects on mussels, 
mussels could become less abundant and off-set facilitation 
of invertebrates. Alternatively, the mussel-Undaria habitat 
cascade could be ecologically important beyond the mus-
sels themselves, because high productivity could provide 
a trophic subsidy to reef fish communities (Pinkerton et al. 
2008; Feary et al. 2009). The mechanisms underpinning hab-
itat cascades likely depend on the amount, ecological differ-
ence, and affinity for the secondary habitat forming Undaria, 
compared to the primary habitat forming mussels (Thomsen 
et al. 2010, 2016a). Survey data showed that richness and 
abundances increased with holdfast size (Fig. 5), although 
this result may be confounded by age, because larger indi-
viduals are typically older (Thomsen 2010; Bishop et al. 
2012; Thomsen et al. 2016a). However, this finding was not 
supported by the transplant experiment, probably because 
the two size-classes (5 vs. 8 cm diameter) were relatively 
similar. Alternatively, large holdfasts may also enable more 
enemy interactions so that predation and competition within 
the holdfast increasingly outweigh positive effects from 
habitat space. Our results also highlights the importance of 
ecological differences between co-occurring habitat formers 
and affinities of invertebrates. Here, the structures of inter-
twined Undaria holdfast haptera are very different from the 
calcareous cylindrical shells of the primary habitat forming 
mussels. Such differences could support greater numbers of 
invertebrates with different niche requirements, compared to 
species typically associated with mussels. Finally, we found 
that live holdfasts had higher biodiversity than their mimics, 
although both increased biodiversity compared to mussels 
alone. These results also suggest that biological traits, such 
as palatability, support additional biodiversity as shown in 
other habitat cascade studies that have compared live species 
and their mimics (Hall and Bell 1988; Bologna and Heck 
1999; Gartner et al. 2013). Alternatively, the mimics could 
be a poor habitat compared to live holdfasts because they are 
virtually identical with less habitat heterogeneity (i.e., were 
printed from a single 3D model) in contrast to live holdfasts 
that all vary slightly in morphology. It is also possible that 
the white colour of the mimics, rather than the brown col-
our of the Undaria, affected our results and this should be 
explored in future studies.

Conclusions

We conclude that the invasive seaweed Undaria can occur 
with mussel aggregations, and that Undaria’s holdfasts pro-
vide habitat to many small mobile invertebrates. We also 
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found that Undaria had a longer temporal presence where 
mussels were present in high abundance contrasting previous 
studies that have documented stronger seasonal fluctuations 
in abundance (Schiel and Thompson 2012; James et al. 2015; 
South et al. 2016). This highlights that predicting invasions 
can be limited due to variations in space, time or compared 
to its native distribution (Strayer et al. 2006). In the case of 
this study, the longer temporal presence of Undaria indi-
cates that it could have more sustained propagule pressure 
and stronger impacts on invaded reefs. We also conclude 
that Undaria increased the abundance and richness of small 
mobile invertebrates associated with mussel shells. This 
result differs from studies that have focused on impacts on 
native algae (Forrest and Taylor 2002; Valentine and John-
son 2005; South et al. 2016; South and Thomsen 2016), but 
are in accordance with studies that have quantified effects on 
large mobile invertebrates (Irigoyen et al. 2011) and primary 
production (Tait et al. 2015; South et al. 2016). More work 
is needed to determine the context dependency of the results 
of this study and temporal patterns of invertebrate abun-
dances associated with co-occurring mussels and Undaria. 
Importantly, the ramifications of the increased numbers of 
invertebrates and the longer temporal presence of Undaria 
for trophic food-webs, biogeochemical cycling and the mus-
sels themselves remain considerable research-gaps.
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