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Abstract  The introduction of non-native algae 
becoming invasive is a driver of ecosystem change in 
many coastal areas, and understanding the ecologi-
cal consequences of these introductions is important. 
Here we use a trait-based approach to demonstrate 
potential differences between native and invasive 
algal communities. A set of functional traits was 
applied to the most commonly occurring native and 
invasive algal species. We included the recently dis-
covered alga Chondria tumulosa A.R. Sherwood & 
Huisman (2020) to predict its potential invasiveness 
on the local algal assemblages. The results indicate 
that invasive macroalgae have introduced certain 
novel functional traits to algal communities in the 
Main Hawaiian Islands. These algae occupy and share 

a specific part of the trait space, which has two key 
implications, either that invasive algae can alter the 
functional composition of local assemblages by intro-
ducing new trait values and outcompete the native 
flora, or, if their traits differ from those of native 
species, invaders might occupy habitats or utilize 
resources in a way that instead complement native 
species. An evaluation of C. tumulosa showed that 
this species has a high potential of becoming inva-
sive and causing declines in the functional diversity 
of coastal habitats. Moreover, this study illustrates 
that trait-based analysis can provide a useful tool for 
evaluating the invasive potential of algal species and 
increasing understanding of ecological consequences 
of such invasions.

Keywords  Macroalgae · Algal blooms · Functional 
diversity · Invasive algal species · Habitat effects · 
Macroalgal communities

Introduction

Interactions among species underpin the ecological 
functions of a system and subsequently its provision 
of ecosystem services (Mouillot et al. 2013; Mauffrey 
et al. 2020). These interactions are strongly linked to 
the functional role of a species, which is dictated by 
its traits—that species’ morphological, behavioral 
and phenological characteristics (Violle et  al. 2007; 
Cappelatti et  al. 2020; Mammola et  al. 2021). In 
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short, a species’ traits and its responses to abiotic and 
biotic factors determine functional roles in ecological 
communities and shape ecosystem functions (Cad-
otte et al. 2015). Viewing a system through the lens 
of trait-based ecology can provide strong insights into 
the relationships between community structure and 
ecosystem functioning (Dı́az and Cabido 2001). Sev-
eral studies of terrestrial plant communities indicate 
that the explanatory power of functional diversity is 
greater than species diversity in explaining ecosys-
tem processes (Dı́az and Cabido 2001; Mokany et al. 
2008; Cadotte et  al. 2011). Within terrestrial plant 
communities, trait-based ecology has proven useful in 
predicting community responses to disturbances such 
as introductions of invasive species (Drenovsky et al. 
2012; Kunstler et  al. 2016; Mathakutha et  al. 2019; 
Palma et  al. 2021; Kaushik et  al. 2022). Compared 
to terrestrial ecology, trait-based studies are not as 
commonly applied to marine systems. The number 
of studies has increased substantially during the two 
last decades, but mainly for fish (Halpern and Floeter 
2008; D’agata et  al. 2014; Bellwood et  al. 2019; 
Mihalitsis and Bellwood 2019), while similar studies 
remain scarce for algae (but see e.g., Mauffrey et al. 
2020; Fong et al. 2023).

Within coral reef ecology, macroalgae are com-
monly described based on growth form (Littler and 
Littler 1980), and there is generally a lack of spe-
cies-specific or functional-group resolution based on 
other traits. For example, the growth form described 
as “fleshy macroalgae” or its equivalent is usually 
an indicator of degraded reef health, irrespective of 
traits such as native or non-native status, growth 
rates, substrate preferences and palatability, which 
all can contribute to competitive success and ecosys-
tem functions. In contrast, by describing ecological 
strategies of a species by using functional diversity 
it is possible to adopt a multidimensional perspective 
which is highly relevant considering the complexity 
and heterogeneity of marine macroalgae (Fong et al. 
2023). Moreover, separating the impact of a single 
species on an ecological community is challenging, 
but by choosing ecologically relevant traits based on 
literature and analyzing differences in functionality 
among communities, this species- based understand-
ing is possible.

Though introductions can constitute a negligi-
ble change in overall species diversity, the recipi-
ent community may experience outsized impacts on 

functional diversity if the invader possesses novel 
traits (Dı́az and Cabido 2001; Pyšek et al. 2020) and/
or becomes very abundant (Kaushik et  al. 2022). 
Potential consequences of invasions include loss of 
functional diversity, but there is also a possibility 
that invasive species could add new ecological func-
tions, especially in species-poor locations (Karlson 
et  al. 2024). Furthermore, the functional traits of a 
species can contribute to an invader’s success by con-
trasting strategies, although invasion success is also 
context dependent (Drenovsky et  al. 2012; Mouillot 
et al. 2013; Kaushik et al. 2022). In order to predict 
the success of invasive species, several approaches 
and hypotheses are applied. One such hypothesis is 
the Darwin naturalization conundrum which explores 
how invasive species might either compliment or 
compete with native species based on trait differences 
and phylogenetic similarity (Marx et  al. 2016; Cad-
otte et al. 2018). For example, non-native species may 
have functional traits that differ from those of native 
communities, allowing the invader to exploit an 
empty niche (Funk et al. 2008; Karlson et al. 2024). 
Alternatively, the invader may possess similar traits 
to the species already present, but also have the abil-
ity to monopolize resources and consequently out-
compete and smother native flora and fauna (Franzén 
2004; Funk et al. 2008; Mouillot et al. 2013; Karlson 
et al. 2024). The success of a marine invader will be 
further impacted by environmental filters (e.g. toler-
ance of salinity and turbidity), which can vary sub-
stantially among geographical locations (Blackburn 
et  al. 2011; Jungblut et  al. 2018). Therefore, a spe-
cies that is invasive in one location may not always be 
problematic in another, making it difficult to predict 
negative effects of any one invader in a new ecosys-
tem (Kaushik et al. 2022).

To estimate invasion potential of any particular 
algal species, Nyberg and Wallentinus (2005), sug-
gested a functional traits approach. They could show 
that many invasive species shared certain traits for 
successful establishment, dispersal and spread, such 
as the ability to reproduce both sexually and asexu-
ally, a large thallus size and generalist substrate pref-
erences, although this was not true across all algal 
groups (Nyberg and Wallentinus 2005; Littler and 
Littler 1980). However, these results were identified 
without considering existing traits of native commu-
nities, thus limiting the effectiveness of this early con-
tribution. Clearly, an important aspect of predicting 
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effects of invasions is examining the functional traits 
of the invasive species in relation to the native flora 
and how invasions may alter this dynamic.

The Hawaiian archipelago is vulnerable to intro-
ductions of non-native species, due to its isolated 
location where ecosystems historically have been 
subjected to little change (Carlquist 1974; Vitousek 
et  al. 1987; Cox et  al. 2013). Since the 1950s, 20 
different macroalgal species have been identified 
as introduced, of which six are recognized as inva-
sive: Acanthophora spicifera, Avrainvillea lacerata, 
Eucheuma denticulatum, Gracilaria salicornia, Hyp-
nea musciformis and Kappaphycus alvarezii, all pre-
sent on the island of O‘ahu, where the majority of 
the introductions were initiated (Smith et  al. 2002; 
Carlton and Eldredge 2009; Cox et  al. 2013). Most 
focus has been on negative effects by algal introduc-
tions on reef building corals, but there are also indi-
cations that invasive algae monopolize habitat at the 
expense of native algal communities (Lapointe and 
Bedford 2011). Native macroalgae, or limu, play 
important roles in the Hawaiian culture, and are used 
as food, medicine and for spiritual purposes (Abbott 
1978, 1992; Cox et al. 2013; McDermid et al. 2019). 
Ecologically, limu are important primary producers, 
contributing to carbon and nutrient flows and provide 
key ecological functions such as nursery and feeding 
habitat for fish and invertebrates (Fulton et al. 2019, 
2020; McDermid et al. 2019).

This study aims to explore differences between 
native and non-native invasive macrophytes from 
a representative subset of the species pool in the 
Main Hawaiian Islands (MHI) by using a trait-based 
approach and discussing potential additions or losses 
of ecological traits in the invaded communities. We 
hypothesize that there will be differences in func-
tional traits between the native and non-native algal 
group, and that this difference may be more pro-
nounced for functional traits that relate to interac-
tions among species, such as competitive abilities. 
To explore the feasibility of this approach in reveal-
ing mechanisms underlying how nuisance and poten-
tially invasive algae may fit into a recipient ecosys-
tem and estimate their potential to become invasive, 
the recently described alga Chondria tumulosa Sher-
wood and Huisman (2020), (Sherwood et  al. 2020) 
is included as a case study. Although C. tumulosa is 
not yet confirmed from the MHI, evidence from the 
Papahānaumokuākea Marine National Monument 

(PMNM) in the northwestern Hawaiian archipelago 
suggests that it may have the potential to become 
invasive if introduced (Sherwood et  al. 2020; Fumo 
et al. 2024). We therefore evaluate whether this spe-
cies clusters in trait space with other invasive species. 
Two types of functional traits are investigated; first, 
traits that are related to ecological niche space/habi-
tat selection (e.g., salinity tolerance and depth), sec-
ond, traits that are related to interactions among reef 
plants and may affect competitive abilities/ecological 
success (e.g., growth rates and reproduction strate-
gies). Finally, differences in functional traits between 
native and invasive non-native species and potential 
ecosystem effects of an invasion of C. tumulosa are 
discussed.

Methods

Study species and functional traits

In order to select commonly occurring macro-
phytes in Hawaiian waters, species were derived 
from five different comprehensive inventory studies; 
one from the PMNM (Vroom and Braun 2010) and 
four from the MHI (Carlton and Eldrige 2009; Cox 
et al 2013; LaValle et al. 2020; Fuller et al. 2024). 
This was complimented by a species list from the 
course “Quantitative Underwater Ecological Sur-
veying Techniques” (QUEST), taught to research 
divers at the University of Hawai‘i and tailored by 
phycologists over the last nearly 50 years to include 
the commonest species encountered in Hawai‘i 
(Table  1). All species observed in the five field 
studies and listed in QUEST were included, and two 
species (Centroceras clavulatum and Dictyopteris 
australis) were added due to personal observations 
of the authors, although not listed in the described 
studies. Three species were excluded (Caulerpella 
ambigua, Jania sp, and Wrangelia elegantissima) 
because literature data (e.g. growth rate, salin-
ity tolerance, depth preferences, palatability) were 
lacking for a majority of the chosen traits. This 
resulted in a total of 96 macrophytes; 39 belong-
ing to rhodophyta, 22 belonging to phaeophyceae, 
30 belonging to chlorophyta, one species of ochro-
phyta, three cyanobacteria and one seagrass species 
(Table 1). Of these, eight were non-native, 87 were 
putatively native to Hawai‘i (Carlton and Eldredge 
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2009) and one, C. tumulosa, was cryptogenic (i.e., 
of unknown origin). We use the US Federal Govern-
ment definition of an invasive species, which states 
that an invasive species is “a species not native to 
the region or area whose introduction (by humans) 
causes or is likely to cause harm to the economy or 
the environment, or harms animal or human health.” 
(National Invasive Species Council 2005). Although 
this definition does not categorize C. tumulosa as 
an invasive because of its unknown origin, we have 
chosen to include it in the invasive group, consid-
ering its highly invasive characteristics and its sud-
den appearance in the PMNM, among other traits 
as likely indications of non-native status (see Carl-
ton and Schwindt 2024). Species of native status 
that displayed invasive characteristics were termed 
“weedy” instead of “invasive”. Liagora divaricata 
and L. perennis were pooled because these species 
are highly similar in habitat preferences, ecology 
and in physical appearance (Huisman et  al. 2007), 
making field identifications uncertain.

Chondria tumulosa displays extreme weedy char-
acteristics and is currently only known from the 
PMNM (Sherwood et  al. 2020). This alga was first 
observed in 2016 at Manawai (Pearl and Hermes 
Atoll), exhibiting a thick, mat-like morphology, 
smothering and killing underlying flora and fauna 
(Sherwood et  al. 2020; Lopes et  al. 2023). The spe-
cies is now established at Kuaihelani and Hōlanikū 
to the northwest of Manawai (Lopes et  al. 2023). 
Despite the biogeographic barrier just to the southeast 
of Manawai (Toonen et al. 2011; Fumo and Sherwood 
2023), it remains possible that this alga is capable of 
dispersal into the MHI (Fumo et al. 2024). The intro-
duction of C. tumulosa in the MHI would likely have 
negative ecological effects on local flora and fauna, 
due to its weedy and invasive characteristics (Sher-
wood et al. 2020; Fumo et al. 2024).

The additional macrophytes were selected based 
on their common occurrence around O‘ahu and their 
presence across diverse habitats. This selection cri-
terion draws from terrestrial plant ecology studies, 
which demonstrate that abundant species exert a dis-
proportionately large influence on ecosystem func-
tioning (Gaston 2010; Kaushik et  al. 2022). Moreo-
ver, common species often play a key role in defining 
and shaping ecosystems, because their abundance 
makes them ecologically significant, as they con-
tribute substantially to both ecosystem structure and Ta
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functions (Smith and Knapp 2003; Gaston and Fuller 
2008).

A total of 15 functional traits (both continu-
ous and categorical) were selected, mainly based on 
the review by Nyberg and Wallentinus (2005) who 
applied functional traits to predict an invasive poten-
tial for an alga. Data for all traits included in the study 
were drawn from literature (Table 2, Online Resource 
1). For species where no literature data was available 
for the specific traits, assumption-based data from 
related species were used (Online Resource 1). When 
information for a specific trait was missing without 
possibilities to extrapolate from other species, that 
trait category was excluded from the study. Func-
tional traits were assigned to two different categories 
depending on type; (1) traits related to habitat selec-
tion/niche occupation, and (2) species interactions 
traits. Due to the strong environmental filtering effect 
wave exposure can impose on marine organisms, 
both producers and consumers (Dayton 1975; Beja-
rano et al. 2017), and its positive impact on primary 
production (Leigh et  al 1987; Roff et  al. 2015) and 
dispersal due to fragmentation of macrophytes, the 
trait “wave exposure score”, i.e. the degree of wave 
exposure a species tolerate, was included in both cat-
egories (Table 2). Trait categorization was applied in 
order to reduce complexity of the statistical analysis 
and increase interpretation of the results, as analyzing 
all traits simultaneously may lead to masking of dis-
tinct patterns and thus less ecologically meaningful 
(Lavorel and Garnier 2002; Violle et al. 2007).

Category A, habitat selective traits, included six 
traits: “minimum salinity”, “maximum salinity”, 
“minimum depth”, “maximum depth”, “wave expo-
sure” and “substrate”, which all describe occupied 
habitat/niche. Category B, species interaction traits, 
included nine traits. “Reproductive score” is linked 
to a species’ ability to disperse and increase its pres-
ence in a location. For this trait, data was binned in 
intervals depending on life history, modified from 
definitions in Nyberg and Wallentinus (2005). 
“Growth strategy” corresponds to the capitalization 
of substrate by a species, “maximum size” reflects 
the ability to assimilate light and is listed as an inva-
sive trait because a large thallus can shade other, 
smaller species, allow a species to outgrow predation 
by herbivores (Briggs et al. 2018) and also translates 
to substrate capitalization (depending on vertical or 
horizontal growth). We are aware that this application 

of macrophyte size is a simplification because size 
also impacts nutrient uptake and carbon acquisition, 
(Hein et  al. 1995), relationships that were beyond 
the scope of this study to include. “Palatability” and 
“allelopathy” are both linked to competitive success, 
because top-down control induced by herbivores can 
decrease biomass of macroalgae and allelopathy may 
give species a competitive release and thus advantage 
over other species. Information about binning of these 
two traits into five categories can be found in Online 
Resource 2. “Seasonality” may impact competition 
among macrophytes because species with dramatic 
seasonal growth patterns may be displaced by species 
present year-round when resources become available 
during senescence. “Growth rate” allows a rapidly 
growing species to outgrow its competitors and effi-
ciently invade new habitats. “Morphology”, which 
here refers to functional growth form, is a widely 
used approach in ecological studies of macroalgae, 
closely linked to competition for resources such as 
nutrient uptake and light assimilation (see e.g., Littler 
and Littler 1980; Balata et al. 2011).

Statistical analyses

Ordination of macrophytes according to functional 
traits

To evaluate potential differences in functional traits 
between native and non-native macrophytes and how 
C. tumulosa might fit into the picture, a principal 
coordinate analysis (PCoA) was conducted.

All 96 macrophyte species were included and 
grouped according to origin (native or non-native) 
(Table  1). Chondria tumulosa was grouped in the 
non-native category, due to its invasive characteristics 
(Sherwood et al. 2020), hereafter called the invasive 
group. Two separate analyses were conducted, one 
for each category of traits (A and B, Table  2). The 
first analysis included “minimum salinity” (continu-
ous), “maximum salinity” (continuous), “minimum 
depth” (continuous), “maximum depth” (continu-
ous), “substrate” (categorical) and “wave exposure 
score” (categorical) and the second “growth strategy 
(categorical)”, “reproductive score” (ordinal factor), 
“palatability” (ordinal factor), “allelopathy” (ordinal 
factor), “growth rate” (continuous), “size” (continu-
ous), “seasonality” (dichotomous factor) and “wave 
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Table 2   Functional traits included in the study and how they were classified in the statistical analyses. A: habitat selective trait, B: 
species’ interaction traits. A more detailed description of how the definitions were categorized can be found in Online Resource 1

Functional trait Type Range Definition Ecological significance

Minimum salinityA Continuous 0.01–30 (psu) The minimum salinity where 
the species is found

Distribution and habitat prefer-
ences

Maximum salinityA Continuous 33–45 (psu) The maximum salinity where 
the species is found

Distribution and habitat prefer-
ences

Minimum depthA Continuous 0.01–10 (m) The minimum recorded depth 
of the species

Distribution and habitat prefer-
ences

Maximum depthA Continuous 3–150 (m) The maximum recorded depth 
of the species

Distribution and habitat prefer-
ences

Wave exposure scoreA,B Categorical 1–6 1: Low
2: Low-intermediate
3: Intermediate
4: Intermediate-high
5: High
6: Low to high wave exposure

Distribution and habitat prefer-
ences, dispersal and growth, 
herbivory escape, resource 
acquisition capabilities

SubstrateA Categorical 1–4 1: Hard (limestone and basalt)
2: Soft (psammophytic sub-

strates)
3: Hard + soft
4. Hard/soft + epiphytic

Distribution and habitat prefer-
ences

Reproductive scoreB Ordinal 1–11 1–10 1: Dioecious gametophyte. 
Fertile only short period

2: Dioecious gametophyte. 
Fertile long/many periods

3: Monoecious gametophyte. 
Not self-fertile and only for 
short period

4: Monoecious gametophyte. 
Not self-fertile, long/many 
periods

5: Monoecious gametophyte. 
Self-fertile

6: Large part of thallus fertile 
short period

7: Large part of thallus fertile 
long/many periods

8: Asexual spores, sexual 
reproduction may or may 
not occur

9: Low/intermediate frag-
mentation rates, sexual 
reproduction may or may 
not occur

10: High fragmentation rates, 
sexual reproduction may or 
may not occur

Dispersal and growth/com-
petition with other benthic 
species
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exposure score” (categorical). Continuous variables 
were log(x + 1) transformed in order to reduce the 
risk of distances becoming skewed due to differences 
in scales among variable types (Pavoine et al. 2009).

Multidimensional functional space was computed 
using a modified Gower distance-based matrix from 
package ade4 (Dray and Dufour 2007). This type 
of Gower distance is suitable for mixed variables, 

and can also handle missing data (Pavoine et  al. 
2009), which was feasible because certain species 
were lacking data for a few trait categories. The rep-
resentation of each variable in the global distance 
was computed by using the kdist function in the 
ade4 package (Dray and Dufour 2007; Pavoine et al. 
2009). The Gower distance-based matrix was trans-
formed to Euclidian distances by Lingoes (1971) 

Table 2   (continued)

Functional trait Type Range Definition Ecological significance

Growth strategyB Categorical/.ordinal 1–4 1: Solitary
2: Patch-forming (≤ 1 m in 

diameter)
3: Meadow-forming (psam-

mophytic species, ability 
to create stands > 1 m in 
diameter)

4: Canopy-forming (ability 
to create stands > 1 m in 
diameter)

5: Mat-forming (ability to 
create stands > 1 m in 
diameter)

Habitat occupation and com-
petition with other benthic 
species, habitat formers for 
associated species

SizeB Continuous 3–> 200 (cm) Maximum size (horizontally 
or vertically)

Resource competition (sub-
strate, sunlight, nutrients) 
and herbivory escape

PalatabilityB Ordinal 1–5 1: None
2: Low
3: Medium
4: Medium–high
5: High

Vulnerability to top-down con-
trol/functionality as foraging 
grounds for herbivores

AllelopathyB Ordinal 1–5 1: None
2: Low
3: Medium
4: Medium–high
5: High

Resource competition (e.g. for 
substrate with other benthic 
organisms) and herbivory 
escape

SeasonalityB Categorical/ordinal 0,1 0: Non-seasonal
1: Seasonal

Competition for substrate, 
habitat formers

Growth rateB Continuous 1–16 (%) Percent biomass per day Resource competition (sub-
strate, sunlight, nutrients) 
and herbivory escape

Morphology/functional formB Categorical 1–12 1: Coarsely branched
2: Siphonous
3: Thick leathery
4: Combined
5: Foliose
6: Gelatinous
7: Jointed calcareous
8: Hollow spherical
9: Filamentous
10: Prostrate
11: Crustose
12: Tubular

Resource competition (nutrient 
acquisition), growth, habitat 
formers for associated 
organisms, implications for 
herbivory and interactions 
with other benthic species
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transformation (Pavoine et al. 2009) and visualized 
using principal coordinates analysis (PCoA) dis-
playing the first two axis.

All statistical analyses were conducted in R ver-
sion 4.1.2 (R Core Team 2024) and figures edited in 
Inkscape 1.2 (Inkscape Developers 2022).

Results

Ordination of macrophyte species according to 
functional traits

Four of the functional traits in the habitat selective 
category; “minimum salinity”, “maximum salin-
ity”, “substrate” and “wave exposure score” had 
high correlations (> 0.5) with each other, and were 
subsequently considered to be adequately repre-
sented in the distance matrix. The first axis of the 
PCoA explained 21.8%, and the second 16.2% of the 
observed variation (Fig. 1a). Species were organized 
into clusters and invasive species were present in 
almost all clusters with the exception of Gracilaria 
salicornia, which was slightly separated from clus-
ters (Fig.  1a). Invasive species reported to be found 
growing together in previous studies were ordinated 
close to each other, such as Eucheuma denticulatum 
and Kappaphycus alvarezii, Acanthophora spicif-
era and Hypnea musciformis and Avrainvillea erecta 
and A. lacerata. Chondria tumulosa was ordinated in 
the same cluster as G. tikvahiae, an invasive species 
which is present on the MHI but not yet established 
(Fig. 1a).

In the species interaction category, the func-
tional trait “growth strategy” was the only one with 
a high (> 0.5) correlation value. Five traits had cor-
relation values > 0.3, which were “wave exposure 
score”, “morphology”, “palatability”, “seasonality” 
and “reproductive score”. The first axis of the PCoA 
explained 16.5%of the observed variation, and the 
second 11.7% (Fig.  1b). The invasive species clus-
tered together with the exception for A. erecta and 
A. lacerata, which were organized together with the 
majority of the Halimeda species (Fig.  1b). In this 
category, C. tumulosa was clustered together with the 
majority of the invasive species, which were occu-
pying a part of the distance matrix where few native 
species were found (Fig. 1b).

Discussion

Invasive macroalgae have introduced certain func-
tional traits not previously found (or rarely found) in 
the shallow water habitats in the MHI, likely linked to 
their invasive success. Moreover, there was substan-
tial overlap between the invasive and native macro-
phyte species for habitat selective traits, but less so for 
species’ interaction traits. Habitats in the MHI which 
have shifted towards invasive algal communities 
where a few highly successful traits currently domi-
nate, may experience a substantial decline in overall 
functional diversity. In the MHI, such areas are most 
common on the island of O‘ahu, on the reefs outside 
Waikīkī and Kāne‘ohe Bay bay (Smith et  al. 2004; 
Neilson et al. 2018), and in the PMNM on Manawai 
(Sherwood et al. 2020; Lopes et al 2023). The results 
illustrate how this trait-based approach can be used to 
enhance our knowledge of ecological consequences 
of future and ongoing marine algal invasions.

There was a rather large overlap in habitat selec-
tive traits of native versus invasive macrophytes. The 
only alga that did not overlap with any other mac-
rophyte was G. salicornia, probably because of this 
species’ ability to thrive in hyposaline conditions and 
grow on both soft and hard substrates. However, this 
does not imply that G. salicornia complements the 
native species pool, because it is also found in high 
densities on reefs subjected to marine conditions 
where it aggressively outcompetes local flora and 
fauna (Smith et al. 2004). Rather, this illustrates that 
some species might not be one or the other (i.e. com-
plementary or competitive), but instead capable of 
existing as both. This highlights the need to interpret 
results with caution combined with a solid ecological 
knowledge of the ecosystem in question. Considering 
the species interaction traits, overlaps between native 
and invasive algae were smaller and non-native inva-
sives were organized close to each other, indicating 
similarities. Many of the invasive species shared traits 
such as a mat-forming growth strategy, a large thal-
lus size, were non-seasonal and reproduced asexually 
by fragmentation. This aligns with our hypothesis, 
that differences in functional traits between the native 
and invasive groups are more pronounced for traits 
that are related to species interactions than for traits 
related to habitat selection.

The overlap in habitat selective traits between 
invasive and native algae illustrates that invasive 
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species in the MHI can successfully establish them-
selves across a range of habitats, where they may 

outperform native species, as indicated by the differ-
ent trait space occupied by the invasive algal group. 
This finding aligns with previous studies in plant 
ecology, where invasive species have flourished at 
the expense of native ones (MacDougall and Turking-
ton 2005). In the MHI, invasive algae can be found 
from the shoreline to mesophotic depths (~ 0 to 90 
m), on both hard and soft substrates, where they risk 
to become competitive superior (Veazey et al 2019). 
The results suggests that in areas where certain types 
of invasive algae are dominant, a substantial amount 
of functional diversity may be lost. Mat-forming 
invasive species, such as Eucheuma denticulatum, 
G. salicornia and Kappaphycus alvarezii all have 
the capacity to grow in high densities and efficiently 
outcompete other species (Kamalakannan et al. 2010; 
Martinez et  al. 2012). Consequently, the habitats 
where these species dominate can become strikingly 
dissimilar in comparison to non-invaded areas (Mar-
tinez et al. 2012; Neilson et al. 2018), and thus drive 
local seascape modifications. Such modifications 
include transformations from high-complexity sys-
tems with canopy forming macroalgae and corals to 
less complex mat-forming algae, resulting in homog-
enization of the local seascape, loss of habitat struc-
ture and potentially reduced biodiversity (Strain et al. 
2014). Thick algal mats create unfavorable micro-
habitats due to alterations of physical and chemical 
conditions beneath them, such as low oxygen condi-
tions, low irradiance and low pH values (Hauri et al. 
2010; Martinez et al. 2012). Critical ecosystem func-
tions provided by corals and macroalgae in coral reef 
ecosystems include calcium carbonate production and 
erosion, primary production in support of herbivory, 
secondary production and predation, and nutrient 
acquisition and release (Brandl et  al. 2019). Estab-
lishment of a mat-forming invasive species may com-
promise a majority of these functions, in particular if 
the invader is not consumed by herbivores, as appears 
to be the case with C. tumulosa.

A mat-forming growth strategy, especially in com-
bination with a large thallus size and rapid growth 
rates, are traits that are described from invasive spe-
cies elsewhere (Nyberg and Wallentinus 2005). Intro-
duced species with these traits should thus be a cause 
of concern because they have the potential to monop-
olize substrate, overgrow slower-growing species and 
outcompete species with a seasonal growth cycle, 
such as Sargassum spp., that once was common in 

Fig. 1   Graphical representation of ordination of all species 
derived from the principal coordinate analysis (PCoA). The 
more similar species are, based on their functional traits, the 
closer they are organized together. Plots show a habitat selec-
tive traits, and b species interaction traits. The case study spe-
cies, Chondria tumulosa, is indicated by a star, and invasive 
species are indicated by text in bold. A. paci = Acanthophora 
pacifica, A. spici = Acanthophora spicifera, A. glom = Aman-
sia glomerata, A. taxi = Asparagopsis taxiformis, A. brev = 
Asteronema breviarticulatum, A. erec = Avrainvillea erecta, A. 
lace = Avrainvillea lacerata, B. comp = Boodlea composita, B. 
spha = Bornetella sphaerica, B. skott = Botryocladia skottsber-
gii, B. penn = Bryopsis pennata, C. race = Caulerpa racemosa, 
C. serr = Caulerpa serrulata, C. sert = Caulerpa sertularoides, 
C. taxi = Caulerpa taxifolia, C. webb = Caulerpa webbiana, C. 
ante = Chaetomorpha antennina, C. clav = Centroceras cla-
vulatum, C. impl = Chnoospora implexa, C. tumu = Chondria 
tumulosa, C. frag = Chrysocystis fragilis, C. seri = Cladophora 
seriacea, C. arab = Codium arabicum, C. edul = Codium 
edule, C. reed = Codium reediae, C. sinu = Colpomenia sinu-
osa, D. irid = Dasya iridescens, D. marg = Dichotomaria mar-
ginata, D. aus = Dictyopteris australis, D. cave = Dictyospha-
eria cavernosa, D. vers = Dictyosphaeria verslusyii, D. acut = 
Dictyota acutiloba, D. ceyl = Dictyota ceylanica, D. frag = Dic-
tyota friabilis, D. sand = Dictyota sandvicensis, D. flab = Dis-
tromium flabellatum, D. hawa = Dudresnaya hawaiiensis, E. 
denti = Eucheuma denticulatum, G. rugo = Galaxaura rugosa, 
G. fari = Ganonema farinosum, G. hawa = Gibsmithia hawai-
iensis, G. coro = Gracilaria coronopifolia, G. sali = Gracilaria 
salicornia, G. tikv = Gracilaria tikvahiae, G. fili = Grateloupia 
filicina, G. durv = Gymnogongrus durvillei, H. disc = Halim-
eda discoidea, H. dist = Halimeda distorta, H. grac = Halim-
eda gracilis, H. kana = Halimeda kanaloana, H. opun = Hal-
imeda opuntia, H. vela = Halimeda velasquezii, H. hawa = 
Halophila hawaiiana, H. dupe = Haloplegma duperreyi, Haly 
sp = Halymenia sp, H. clat = Hydroclathrus clathratus, H. 
cerv = Hypnea cervicornis, H. chor = Hypnea chordacea, H. 
musc = Hypnea musciformis, K. thom = Kallymenia thomp-
sonii, K. alva = Kappaphycus alvarezii, L. dend = Laurencia 
dendroidea, L. mcde = Laurencia mcdermidae, L. cros = Lep-
tolyngbya crosbyana, Lia spp = Liagora dicaricata/perennis, L. 
obsc = Lobophora obscura, L. maju = Lyngbya majuscula, M. 
hawa = Martensia hawaiiensis, M. tsud = Martensia tsudae, M. 
setc = Microdictyon setchellianum, N. annu = Neomeris annu-
lata, P. aus = Padina australis, P. sanc = Padina sanctae-crucis, 
P. thiv = Padina thivyae, Peys sp = Peyssonnelia sp, P. horn = 
Portieria hornemannii, P. weld = Predaea weldii, P. caer = 
Pterocladiella caerulescens, P. capi = Pterocladiella capillacea, 
R. hawa = Ramicrusta hawaiiensis, S. aqui = Sargassum aqui-
folium, S. obtu = Sargassum obtusifolium, S. poly = Sargas-
sum polyphyllum, S. nova = Sphacelaria novae-hollandiae, S. 
rigi = Sphacelaria rigidula, S. tribu = Sphacelaria tribuloides, 
S. flab = Stypopodium flabelliforme, S. hydn = Symploca hyd-
noides, T. glom = Tolypiocladia glomerulata, T. requ = Tricho-
gloea requienii, T. orn = Turbinaria ornata, U. flex = Ulva flex-
uosa, U. lact = Ulva lactuca, U. prol = Ulva prolifera, U. reti = 
Ulva reticulata, V. vent = Valonia ventricosa

◂
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nearshore areas on O‘ahu (Glenn et  al. 1990; Smith 
et  al. 2002; Kinzie 2008), and small gelatinous red 
algae with short seasonal appearances (Guimaraes 
and Amado-Filho 2008; Gabriel et al. 2017).

Large, canopy-forming algae (e.g., fucoids and 
Sargassum spp.) harbor high densities of epifauna 
(Råberg and Kautsky 2008; Hansen et  al. 2010; 
Fraser et al. 2020; Chen et al. 2021) and often provide 
nursery and foraging habitats for fish (Fulton et  al. 
2020). Numerous studies have underscored the nega-
tive effects on biodiversity and ecological functions 
induced by regime shifts from coral to algal domi-
nation (Hughes et  al. 1994; Bellwood et  al. 2006; 
Pratchett et al. 2011, 2014), and highlighted that inva-
sive species can amplify the occurrence, intensity 
and persistence of such shifts (Williams and Smith 
2007; Fong and Paul 2011). Introduction of the nui-
sance species Chondria tumulosa to the MHI, would, 
as indicated by this study, likely not be an exception. 
Based on species interaction traits, this species was 
similar to the non-native macrophyte group (and also 
to the weedy native Ulva lactuca). One major differ-
ence however, is that both E. denticulatum and K. 
alvarezii in the invasive group are highly palatable 
and their biomass can be controlled by herbivores 
(Neilson et  al. 2018; Eggertsen et  al. 2021), which 
is not the case for C. tumulosa, which is thus far 
reported to be avoided by herbivores (Sherwood et al. 
2020). Top-down control, which has shown to be a 
successful management strategy to control blooms of 
E. denticulatum and K. alvarezii, might thus not be a 
useful mitigation measure for C. tumulosa.

To what extent C. tumulosa can compete with 
the present flora and fauna on O‘ahu can only be 
speculated upon, yet the dominance of the species 
at Manawai implies the consequences may be dire. 
As opposed to the other invasive algae presented 
here, which largely occur between 1 and 3  m (with 
the exception of Avrainvillea erecta and A. lacerata), 
C. tumulosa can be found much deeper; it extends to 
20 m with high biomass at 10–15 m (Sherwood et al. 
2020). This alga may therefore pose a threat to the 
native algal species in the MHI (and corals/benthos), 
which until now have escaped competition with inva-
sive algae due to their greater depth range. Several of 
these species may be susceptible to competition due 
to seasonal growth cycles, small sizes and solitary 
or patchy growth forms. In addition, if established in 
high densities, an invader such as C. tumulosa may 

also reduce ecological functionality of the local coral 
reefs, which further can result in habitat loss, impair-
ment of nutrient transfers from primary producers 
to higher trophic levels and disturbances to nutri-
ent acquisition and retention within the ecosystem 
(Brandl et al. 2019).

The invasive algae in the MHI have a set of traits 
that have enabled them to be successful on O‘ahu, 
and it is highly likely that C. tumulosa may be equally 
successful, but with the additional possibility to 
extend to and dominate in deeper reef areas. Another 
reason for concern is the dispersal potential of C. 
tumulosa which is linked to its substrate preferences. 
Similar to A. spicifera and H. musciformis, C. tumu-
losa has the ability to disperse via drifting fragments 
or rafting i.e., hitchhiking by attaching itself to other 
species or floating objects (Smith et al. 2002; Vermeij 
et al. 2009; Fumo et al. 2024). An introduction of C. 
tumulosa to the MHI would likely result in rapid dis-
persal with distribution patterns potentially equal to 
that of A. spicifera (Smith et al. 2002; O’Doherty and 
Sherwood 2007). This dispersal potential is in con-
trast to the other invasive mat-forming species such 
as E. denticulatum, G. salicornia and K. alvarezii, 
which all have restricted distributions in the MHI due 
to their dispersal strategies with negatively buoyant 
fragments that cannot be transported over long dis-
tances (Russell 1983; Smith et al. 2002).

In the MHI, shifts from functionally diverse native 
algal communities to assemblages dominated by inva-
sive species may exhibit reduced functional diversity. 
Future studies of epifaunal assemblages of the differ-
ent algal communities (native and non-native) and 
their roles as a key habitat for different life stages 
of fish are necessary to understand potential links 
between habitat shifts and higher trophic levels and 
subsequent ecosystem effects. Also, functional diver-
sity models are only representatives of the traits that 
are chosen for the analyses. Several functional traits 
and more refined data sets for species, which may 
have improved the accuracy of the models, were 
excluded from this study due to a lack of published 
ecological information for many of the species in the 
study. These traits included temperature tolerance, 
nutrient-scape preferences and surface-to-volume 
ratios. Knowledge gaps as such should be addressed 
in future studies in order to refine and expand the 
applicability of trait-based models. Also, our study 
only contains a subset of the approximately 660 algal 
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species present in Hawaiian waters (Sherwood and 
Guiry 2023a, b), and although it was not feasible to 
include all species in this review, the selection of spe-
cies could have impacted the results.

In summary, our study indicates that C. tumulosa 
possesses a combination of traits that maximizes 
its potential for invasion and functional success in 
Hawai‘i. We find it highly likely, that if introduced 
to the MHI, this species would be yet another driver 
in a shift towards low-complexity and low-diversity 
habitats. Eradications of introduced species are rarely 
successful and often costly, and might not be possible 
for C. tumulosa based on its functional traits. For this 
species, it is therefore critical to minimize the risk of 
it reaching the MHI.

Conclusions

We have demonstrated how trait-based analyses can 
provide a novel tool for evaluating the invasive poten-
tial of algal species using the Hawaiian flora as a 
case study. Applying these analyses to the algal com-
munity of the Hawaiian archipelago clearly showed 
that there are pronounced differences in functional 
traits between native and non-native algal communi-
ties accompanied by a substantial decline in overall 
functional richness in areas dominated by non-native 
algae. The introductions of invasive macroalgae have 
led to habitats characterized by species with a few 
highly successful traits that were uncommon before 
their arrival, and which decrease the habitat suit-
ability for many other species. The results from this 
study also indicate that the newly described Chon-
dria tumulosa has high potential of establishing and 
becoming invasive in the MHI. In short, C. tumulosa 
shared functional traits that are shown to be highly 
competitive in successful invasive algal species in 
Hawai‘i, such as a mat-forming tendency, a large size, 
reproduction through fragmentation and the ability to 
grow both on soft and hard substrate and as an epi-
phyte. An alga that possesses these traits should be 
considered as having a high invasive potential.

Acknowledgements  The authors are grateful to the Associ-
ate Editor and the two anonymous reviewers for considering 
this work and providing valuable feedback which improved the 
quality of the manuscript substantially.

Author contributions  All authors contributed to the writing 
and development of the manuscript. Data collection was con-
ducted ME and JTF with advice from CMS. Conceptualization 
and analysis were conducted by ME with valuable input from 
JTF, ARS, UB and LMR. The first draft of the manuscript was 
written by ME and all authors commented on previous ver-
sions of the manuscript. All authors read and approved the final 
manuscript.

Funding  Open access funding provided by Swedish Univer-
sity of Agricultural Sciences. ME was funded by The Swed-
ish Research Council [2022-00338] and received additional 
support from the Sweden-America Foundation. LMR was 
funded by FORMAS through an early -career researcher grant 
[2021-00550].

Data availability statement  All data supporting the findings 
of this study are available within the paper and its supplemen-
tary information (Online Resource 1).

Declarations 

Competing interests  The authors have no relevant financial 
or non-financial interests to disclose.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Abbott IA (1945) The genus Liagora (Rhodophyceae) in 
Hawaii. Occas Pap Bernice Pauahi Bish Mus 18:145–169

Abbott IA (1978) The uses of seaweed as food in Hawaii. Econ 
Bot 32:409–412. https://​doi.​org/​10.​1007/​BF029​07938

Abbott IA (1984) Limu: an thnobotanical study of some 
Hawaiian seaweeds, 3D edn. Pacific Tropical Botanical 
Garden, Lāwa‘i, Hawai‘i

Abbott IA (1987) There are aliens among the algae, too–or 
Limu malihini. Hawaii Bot Soc Newsl 26:60–63

Abbott IA (1989) Marine algae of the northwest Hawaiian 
Islands. Pacific Sci 43(3):223-233

Abbott IA (1992) Lāʻau Hawai‘i: traditional Hawaiian uses of 
plants. Bishop Museum Press, Honolulu, Hawaii

Abbott IA (1999) Marine red algae of the Hawaiian Islands. 
Bishop Museum Press, Honolulu, HI, p 465

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/BF02907938


	 M. Eggertsen et al.  148   Page 18 of 22

Vol:. (1234567890)

Abbott IA, Huisman JM (2004) Marine green and brown algae 
of the Hawaiian Islands. Bishop Museum Press, Hono-
lulu, HI, p 259

Abbott IA, McDermid KJ (2002) On two species of Kallyme-
nia (Rhodophyta: Gigartinales: Kallymeniaceae) from 
the Hawaiian Islands. Cent Pac Pac Sci 56(2):149–162

Agardh JG (1847) Nya alger fran Mexico. Ofvers Fohr Konlgl 
Svenska Vetensk-Acad 4:5–17

Agardh JF (1848) Species, Genera et Ordinees Algarum, vol 1. 
Gleerup, Lund

Agardh CA (1822) Species algarum 1(2):169–531
Agardh JG (1852) Species, genera et ordines algarum, vol. 2: 

Algas florideas complectens, Pt. 3(2). Lund
Agegian CR, Abbott IA (1985) Deep water macroalgal com-

munities: a comparison between Penguin Bank (Hawaii) 
and Johnston Atoll. In: Proceedings of the fifth interna-
tional coral reef congress, Tahiti, vol 5, pp 47–50

Arthur K, Limpus C, Balazs G, Capper A, Udy J, Shaw G, 
Keuper-Bennett U, Bennett P (2008) The exposure of 
green turtles (Chelonia mydas) to tumour promoting 
compounds produced by the cyanobacterium Lyngbya 
majuscula and their potential role in the aetiology of 
fibropapillomatosis. Harmful Algae 7:114–125

Balata D, Piazzi L, Rindi F (2011) Testing a new classifi-
cation of morphological functional groups of marine 
macroalgae for the detection of responses to stress. 
Mar Biol 158:2459–2469. https://​doi.​org/​10.​1007/​
s00227-​011-​1747-y

Bejarano S, Jouffray JB, Chollett I, Allen R, Roff G, Marshell 
A, Steneck R, Ferse SCA, Mumby PJ (2017) The shape 
of success in a turbulent world. Funct Ecol 31(6):1312–
1324. https://​doi.​org/​10.​2307/​48582​406

Bellwood DR, Hoey AS, Ackerman JL, Depczynski M 
(2006) Coral bleaching, reef fish community phase 
shifts and the resilience of coral reefs. Glob Change 
Biol 12:1587–1594. https://​doi.​org/​10.​1111/j.​1365-​
2486.​2006.​01204.x

Bellwood DR, Streit RP, Brandl SJ, Tebbett SB (2019) The 
meaning of the term ‘function’ in ecology: a coral reef 
perspective. Funct Ecol 33:948–961. https://​doi.​org/​10.​
1111/​1365-​2435.​13265

Blackburn TM, Pyšek P, Bacher S, Carlton JT, Duncan RP, 
Jarošík V, Wilson JRU, Richardson DM (2011) A pro-
posed unified framework for biological invasions. Trends 
Ecol Evol 26:333–339. https://​doi.​org/​10.​1016/j.​tree.​
2011.​03.​023

Brandl SJ, Rasher DB, Côté IM, Casey JM, Darling ES, Lef-
check JS, Duffy JE (2019) Coral reef ecosystem func-
tioning: eight core processes and the role of biodiversity. 
Front Ecol Environ 17(8):445–454

Briggs CJ, Adam TC, Holbrook SJ, Schmitt RJ (2018) Mac-
roalgae size refuge from herbivory promotes alternative 
stable states on coral reefs. PLoS ONE 13(9):e0202273

Brostoff WN (1989) Avrainvillea amadelpha (Codiales, Chlo-
rophyta) from Oahu, Hawaii. Pac Sci 43:166–169

Butters FK (1911) Notes on the species of Liagora and Gal-
axaura of the central Pacific. Minn Bot Stud 4:161–183

Cadotte MW, Carscadden K, Mirotchnick N (2011) Beyond 
species: functional diversity and the maintenance of 
ecological processes and services. J Appl Ecol 48:1079–
1087. https://​doi.​org/​10.​1111/j.​1365-​2664.​2011.​02048.x

Cadotte MW, Arnillas CA, Livingstone SW, Yasui S-LE (2015) 
Predicting communities from functional traits. Trends 
Ecol Evol 30:510–511. https://​doi.​org/​10.​1016/j.​tree.​
2015.​07.​001

Cadotte MW, Campbell SE, Li SP, Sodhi DS, Mandrak NE 
(2018) Preadaptation and naturalization of nonnative 
species: Darwin’s two fundamental insights into species 
invasion. Annu Rev Plant Biol 69(1):661–684

Cappelatti L, Mauffrey ARL, Griffin JN (2020) Func-
tional diversity of habitat formers declines scale-
dependently across an environmental stress gradi-
ent. Oecologia 194:135–149. https://​doi.​org/​10.​1007/​
s00442-​020-​04746-1

Carlquist S (1974) Island biology. Columbia University Press, 
New York

Carlton JT, Eldredge LG (2009) Marine bioinvasions of 
Hawai‘i: the introduced and cryptogenic marine and 
estuarine animals and plants of the Hawaiian Archipel-
ago. Bishop Museum Press, Honolulu, Hawaii

Carlton JT, Schwindt E (2024) The assessment of marine 
bioinvasion diversity and history. Biol Invasions 
26(1):237–298

Chamberlain JE (1881b) Algae of the Hawaiian Islands. In: 
Whalle Nicholson J (ed) From sword to share; or a for-
tune in five years in Hawaii. W.H. Allen, London

Chamberlain JE (1880) Algae of the Hawaiian Islands. 
Thrum’s Hawaiian Annual for 1881, vol 1, pp 32–33

Chen Y, Cooper P, Fulton CJ, Fox RJ (2021) Quantifying epi-
faunal secondary production within tropical macroalgal 
meadows: seasonality and sensitivity to canopy struc-
ture. Limnol Oceanogr 66:4267–4284. https://​doi.​org/​10.​
1002/​lno.​11959

Cox TE, Philippoff J, Baumgartner E, Zabin CJ, Smith CM 
(2013) Spatial and temporal variation in rocky intertidal 
communities along the Main Hawaiian Islands. Pac Sci 
67:23–45. https://​doi.​org/​10.​2984/​67.1.3

D’agata S, Mouillot D, Kulbicki M, Andréfouët S, Bellwood 
DR, Cinner JE, Cowman PF, Kronen M, Pinca S, Vigl-
iola L (2014) Human-mediated loss of phylogenetic 
and functional diversity in coral reef fishes. Curr Biol 
24:555–560. https://​doi.​org/​10.​1016/j.​cub.​2014.​01.​049

Dailer ML, Smith JE, Smith CM (2012) Responses of bloom 
forming and non-bloom forming macroalgae to nutri-
ent enrichment in Hawai ‘i, USA. Harmful Algae 
17:111–125

Dayton PK (1975) Experimental evaluation of ecological dom-
inance in a rocky intertidal algal community. Ecol Mon-
ogr 45(2):137–159. https://​doi.​org/​10.​2307/​19424​04

Díaz S, Cabido M (2001) Vive la différence: plant func-
tional diversity matters to ecosystem processes. Trends 
Ecol Evol 16:646–655. https://​doi.​org/​10.​1016/​S0169-​
5347(01)​02283-2

Dickie G (1877) Notes on the algae collected by H.N. Moseley, 
M.A., of H.M.S. Challenger, chiefly obtained in Torres 
Straits, coasts of Japan, and Juan Fernandez. J Linn Soc 
Bot 16:6–7

Dollar SJ, Grigg RW (2004) Anthropogenic and natural 
stresses on selected coral reefs in Hawai’i: a multidecade 
synthesis of impact and recovery. Pac Sci 58(2):281–304

Doty MS (1961) Acanthophora, a possible invader of the 
marine flora of Hawaii. Pac Sci XV:547–552

https://doi.org/10.1007/s00227-011-1747-y
https://doi.org/10.1007/s00227-011-1747-y
https://doi.org/10.2307/48582406
https://doi.org/10.1111/j.1365-2486.2006.01204.x
https://doi.org/10.1111/j.1365-2486.2006.01204.x
https://doi.org/10.1111/1365-2435.13265
https://doi.org/10.1111/1365-2435.13265
https://doi.org/10.1016/j.tree.2011.03.023
https://doi.org/10.1016/j.tree.2011.03.023
https://doi.org/10.1111/j.1365-2664.2011.02048.x
https://doi.org/10.1016/j.tree.2015.07.001
https://doi.org/10.1016/j.tree.2015.07.001
https://doi.org/10.1007/s00442-020-04746-1
https://doi.org/10.1007/s00442-020-04746-1
https://doi.org/10.1002/lno.11959
https://doi.org/10.1002/lno.11959
https://doi.org/10.2984/67.1.3
https://doi.org/10.1016/j.cub.2014.01.049
https://doi.org/10.2307/1942404
https://doi.org/10.1016/S0169-5347(01)02283-2
https://doi.org/10.1016/S0169-5347(01)02283-2


Non‑native ecologically successful algae in the Hawaiian archipelago have highly competitive… Page 19 of 22    148 

Vol.: (0123456789)

Doty MS (1963) Gibsmithia hawaiiensis gen. Et sp. nov. Pac 
Sci 17:458–465

Doty MS, Newhouse J (1966) Three new species of the Phae-
ophyta from Hawaii. Occas Pap Bernice Pauahi Bish 
Museum 23:139–146

Doty MS, Gilbert WJ, Abbott IA (1974) Hawaiian marine algae 
from seaward of the algal ridge. Phycologia 13:345–357

Doty MS (1985) Eucheuma alvarezii sp. nov. (Gigartinales, 
Rhodophyta) from Malaysia. In: Abbott IA, Norris JN 
(eds) Taxonomy of economic seaweeds, vol 1, pp 37–45. 
California Sea Grant College Program, Report No. 
T-CSGCP-011

Dray S, Dufour A (2007) The ade4 package: implementing the 
duality diagram for ecologists. J Stat Softw 22(4):1–20. 
https://​doi.​org/​10.​18637/​jss.​v022.​i04

Drenovsky RE, Grewell BJ, D’Antonio CM, Funk JL, James JJ, 
Molinari N, Parker IM, Richards CL (2012) A functional 
trait perspective on plant invasion. Ann Bot 110:141–
153. https://​doi.​org/​10.​1093/​aob/​mcs100

Egerod LE (1952) An analysis of the siphonous Chlorophy-
cophyta, with special reference to the Siphonocladales, 
Siphonales and Dasycladales of Hawaii. Univ Calif Publ 
Bot 25:325–454

Eggertsen M, Larsson J, Porseryd T, Åkerlund C, Chacin DH, 
Berkström C, Jiddawi N, Kautsky N, Halling C (2021) 
Coral-macroalgal interactions: herbivory and substrate 
type influence growth of the macroalgae Eucheuma den-
ticulatum (N.L. Burman) Collins & Hervey, 1917 on a 
tropical coral reef. J Exp Mar Biol Ecol 542–543:151606. 
https://​doi.​org/​10.​1016/j.​jembe.​2021.​151606

Eubank LL (1946) Hawaiian representatives of the genus Caul-
erpa. Univ Calif Publ Bot 18:409–432

Fong P, Paul VJ (2011) Coral reef algae. In: Dubinsky Z, 
Stambler N (eds) Coral reefs: an ecosystem in transition. 
Springer, Dordrecht, pp 241–272

Fong CR, Ryznar ER, Smith LL, Fong P (2023) Towards a 
trait-based framework for marine macroalgae: using cat-
egorical data to explore the nature of emergent functional 
groups. J Ecol 111:1848–1865. https://​doi.​org/​10.​1111/​
1365-​2745.​14144

Franzén D (2004) Plant species coexistence and dispersion of 
seed traits in a grassland. Ecography 27:218–224. https://​
doi.​org/​10.​1111/j.​0906-​7590.​2004.​03733.x

Fraser K, Stuart-Smith R, Ling S, Heather F, Edgar G (2020) 
Taxonomic composition of mobile epifaunal invertebrate 
assemblages on diverse benthic microhabitats from tem-
perate to tropical reefs. Mar Ecol Prog Ser 640:31–43. 
https://​doi.​org/​10.​3354/​meps1​3295

Fuller K, Martin RE, Asner GP (2024) Spectral signatures of 
macroalgae on Hawaiian reefs. Remote Sens 16(7):1140

Fulton CJ, Abesamis RA, Berkström C, Depczynski M, Gra-
ham NAJ, Holmes TH, Kulbicki M, Noble MM, Radford 
BT, Tano S, Tinkler P, Wernberg T, Wilson SK (2019) 
Form and function of tropical macroalgal reefs in the 
Anthropocene. Funct Ecol. https://​doi.​org/​10.​1111/​1365-​
2435.​13282

Fulton CJ, Berkström C, Wilson SK, Abesamis RA, Bradley M, 
Åkerlund C, Barrett LT, Bucol AA, Chacin DH, Chong-
Seng KM, Coker DJ, Depczynski M, Eggertsen L, Egg-
ertsen M, Ellis D, Evans RD, Graham NAJ, Hoey AS, 
Holmes TH, Kulbicki M, Leung PTY, Lam PKS, Lier J, 

Matis PA, Noble MM, Pérez-Matus A, Piggott C, Rad-
ford BT, Tano S, Tinkler P (2020) Macroalgal meadow 
habitats support fish and fisheries in diverse tropical sea-
scapes. Fish Fish. https://​doi.​org/​10.​1111/​faf.​12455

Fumo JT, Powell BS, Kosaki RK, Sherwood AR (2024) 
Modeling the dispersal of the cryptogenic alga Chon-
dria Tumulosa (Rhodophyta, Ceramiales) in the 
Papahānaumokuākea Marine National Monument. 
Aquatic Invasion (accepted for publication)

Fumo JT, Sherwood AR (2023) Phylogeography of Amansia 
glomerata C. Agardh (Ceramiales, Rhodomelaceae) in 
Hawai‘i: a single species with high divergence. Crypto-
gam Algol 44:85–100

Funk JL, Cleland EE, Suding KN, Zavaleta ES (2008) Restora-
tion through reassembly: plant traits and invasion resist-
ance. Trends Ecol Evol 23:695–703. https://​doi.​org/​10.​
1016/j.​tree.​2008.​07.​013

Gabriel D, Draisma SG, Schmidt WE, Schils T, Sauvage T, 
Maridakis C, Gurgel FD, Harris DJ, Fredericq S (2017) 
Beneath the hairy look: the hidden reproductive diversity 
of the Gibsmithia hawaiiensis complex (Dumontiaceae, 
Rhodophyta). J Phycol 53(6):1171–1192. https://​doi.​org/​
10.​1111/​jpy.​12593

Gaston KJ (2010) Valuing common species. Science 
327(5962):154–155. https://​doi.​org/​10.​1126/​scien​ce.​
11828​18

Gaston KJ, Fuller RA (2008) Commonness, population 
depletion and conservation biology. Trends Ecol Evol 
23(1):14–19

Gaudichaud C (1826) Botanique. In: de Freycinet L, Voyage 
Autour du Monde. Executá sur les Corvettes de S.M. 
l’Uranie et la Physicienne, Pendant les Années 1817–
1820. Paris

Gilbert WJ (1962) Contribution to the marine Chlrophyta of 
Hawaii. Pac Sci 16:134–144

Glenn EP, Doty MS (1981) Photosynthesis and respiration 
of the tropical red seaweeds Eucheuma striatum (Tam-
balang and Elkhorn varieties) and E. denticulatum. Aquat 
Bot 10:353–364

Glenn EP, Smith CM, Doty MS (1990) Influence of antecedent 
water temperatures on standing crop of a Sargassum spp.-
dominated reef flat in Hawaii. Mar Biol 105:323–328

Guimaraes SMP, Amado-Filho GM (2008) Deep-water gelati-
nous rhodophytes from southern Espírito Santo State, 
Brazil. Bot Mar. https://​doi.​org/​10.​1515/​BOT.​2008.​048

Halpern B, Floeter S (2008) Functional diversity responses to 
changing species richness in reef fish communities. Mar 
Ecol Prog Ser 364:147–156. https://​doi.​org/​10.​3354/​
meps0​7553

Hansen JP, Sagerman J, Wikström SA (2010) Effects of plant 
morphology on small-scale distribution of invertebrates. 
Mar Biol 157:2143–2155. https://​doi.​org/​10.​1007/​
s00227-​010-​1479-4

Harvey WH, Bailey JW (1851) Desciption of 17 new species of 
algae, collected by the United States Exploring Expedi-
tion. Proc Boston Soc Nat Hist 3:370–373

Hauri C, Fabricius KE, Schaffelke B, Humphrey C (2010) 
Chemical and physical environmental conditions under-
neath mat- and canopy-forming macroalgae, and their 
effects on understorey corals. PLoS ONE 5:e12685. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00126​85

https://doi.org/10.18637/jss.v022.i04
https://doi.org/10.1093/aob/mcs100
https://doi.org/10.1016/j.jembe.2021.151606
https://doi.org/10.1111/1365-2745.14144
https://doi.org/10.1111/1365-2745.14144
https://doi.org/10.1111/j.0906-7590.2004.03733.x
https://doi.org/10.1111/j.0906-7590.2004.03733.x
https://doi.org/10.3354/meps13295
https://doi.org/10.1111/1365-2435.13282
https://doi.org/10.1111/1365-2435.13282
https://doi.org/10.1111/faf.12455
https://doi.org/10.1016/j.tree.2008.07.013
https://doi.org/10.1016/j.tree.2008.07.013
https://doi.org/10.1111/jpy.12593
https://doi.org/10.1111/jpy.12593
https://doi.org/10.1126/science.1182818
https://doi.org/10.1126/science.1182818
https://doi.org/10.1515/BOT.2008.048
https://doi.org/10.3354/meps07553
https://doi.org/10.3354/meps07553
https://doi.org/10.1007/s00227-010-1479-4
https://doi.org/10.1007/s00227-010-1479-4
https://doi.org/10.1371/journal.pone.0012685


	 M. Eggertsen et al.  148   Page 20 of 22

Vol:. (1234567890)

Hein M, Pedersen MF, Sand-Jensen K (1995) Size-dependent 
nitrogen uptake in micro-and macroalgae. Mar Ecol Prog 
Ser Oldendorf 118(1):247–253. https://​doi.​org/​10.​3354/​
meps1​18247

Howe MA (1934) Hawaiian algae collected by Dr. Paul C. 
Galtsoff. J Wash Acad Sci 24:32–42

Hughes TP, Zappala V et al (1994) Catastrophes, phase shifts, 
and large-scale degradation of a Caribbean coral reef. 
Annu Rev Earth Planet Sci 21:333

Huisman JM, Abbott IA, Smith CM (2007) Hawaiian reef 
plants. University of Hawai‘i Sea Grant College Pro-
gram. ISBN 1-929054-04-01

Inkscape Developers (2022). Inkscape version 1.2. https://​inksc​
ape.​org

Jungblut S, Liebich V, Bode M (eds) (2018) YOUMARES 
8—oceans across boundaries: learning from each other: 
proceedings of the 2017 conference for YOUng MARine 
RESearchers in Kiel, Germany. Springer, Cham

Kamalakannan B, Jeevamani JJJ, Nagendran NA, Pandiaraja 
D, Krishnan Kutty N, Chandrasekaran S (2010) Turbi-
naria sp. as victims to Kappaphycus alvarezii in reefs 
of Gulf of Mannar, India. Coral Reefs 29:1077–1077. 
https://​doi.​org/​10.​1007/​s00338-​010-​0684-4

Karlson AML, Kautsky N, Granberg M, Garbaras A, Lim H, 
Liénart C (2024) Resource partitioning of a Mexican 
clam in species-poor Baltic Sea sediments indicates the 
existence of a vacant trophic niche. Sci Rep 14:12527. 
https://​doi.​org/​10.​1038/​s41598-​024-​62832-3

Kaushik P, Pati PK, Khan ML, Khare PK (2022) Plant func-
tional traits best explain invasive species’ performance 
within a dynamic ecosystem—a review. Trees for 
People 8:100260. https://​doi.​org/​10.​1016/j.​tfp.​2022.​
100260

Kinzie RA (2008) Four decades of macroalgal stasis and 
change on an urban coral reef. Micronesica 40:101–122

Kraft GT (1979) Transfer of the Hawaiian red alga Cladhyme-
nia pacifica to the genus Acanthophora (Rhodomelaceae, 
Ceramiales). Jpn J Phycol 27:123–135

Kraft GT, Abbott IA (1971) Predaea weldii, a new species 
of Rhodophyta from Hawaii, with an evaluation of the 
genus. J Phycol 7:194–202

Kunstler G, Falster D, Coomes DA, Hui F, Kooyman RM, 
Laughlin DC, Poorter L, Vanderwel M, Vieilledent G, 
Wright SJ, Aiba M, Baraloto C, Caspersen J, Cornelis-
sen JHC, Gourlet-Fleury S, Hanewinkel M, Herault B, 
Kattge J, Kurokawa H, Onoda Y, Peñuelas J, Poorter H, 
Uriarte M, Richardson S, Ruiz-Benito P, Sun I-F, Ståhl 
G, Swenson NG, Thompson J, Westerlund B, Wirth C, 
Zavala MA, Zeng H, Zimmerman JK, Zimmermann NE, 
Westoby M (2016) Plant functional traits have globally 
consistent effects on competition. Nature 529:204–207. 
https://​doi.​org/​10.​1038/​natur​e16476

La Valle FF, Schaefer JLB, Cox TE, Philippoff J (2020) Spatial 
and temporal patterns in Hawai ‘i’s intertidal: decadal 
changes in benthic community composition. Hydrobio-
logia 847(15):3321–3336

Lapointe BE, Bedford BJ (2011) Stormwater nutrient inputs 
favor growth of non-native macroalgae (Rhodophyta) on 
O‘ahu, Hawaiian Islands. Harmful Algae 10:310–318. 
https://​doi.​org/​10.​1016/j.​hal.​2010.​11.​004

Lavorel S, Garnier E (2002) Predicting changes in community 
composition and ecosystem functioning from plant traits: 
revisiting the Holy Grail. Funct Ecol 16(5):545–556

Lee RKS (1963) The structure and reproduction of Dudres-
naya hawaiiensis sp. nov. (Rhodophyta). Am J Bot 
50:315–319

Leigh EG Jr, Paine RT, Quinn JF, Suchanek TH (1987) Wave 
energy and intertidal productivity. Proc Natl Acad Sci 
84(5):1314–1318

Lemmermann E (1905) Die algenflora der Sandwich-Iseln. 
Ergebnisse einer Reise nach dem Pacific (H. Schauins-
land, 1896–97). Bot Jahrb Syst 34(5):607–663

Lingoes JC (1971) Some boundary conditions for a mono-
tone analysis of symmetric matrices. Psychometrika 
36(2):195–203

Littler MM, Littler DS (1980) The evolution of thallus form 
and survival strategies in benthic marine macroalgae: 
field and laboratory tests of a functional form model. Am 
Nat 116:25–44. https://​doi.​org/​10.​1086/​283610

Lopes KH, Miura T, Hauk B, Kosaki R, Leonard J, Hunter 
C (2023) Rapid expansion of the invasive-like red 
macroalga, Chondria tumulosa (Rhodophyta), on the 
coral reefs of the Papahānaumokuākea marine national 
monument. J Phycol 59:1107–1111. https://​doi.​org/​10.​
1111/​jpy.​13369

MacCaughey V (1918) Algae of the Hawaiian Archipelago. 
Bot Gaz 65:42–57

MacDougall AS, Turkington R (2005) Are invasive species 
the drivers or passengers of change in degraded ecosys-
tems? Ecology 86(1):42–55

Magruder WH, Hunt JW (1979) Seaweeds of Hawaii, a pho-
tographic identification guide. Oriental Publishing, 
Honolulu, Hawaii

Magruder WH (1988) Sargassum (Fucales, Sargassaceae) 
in the Hawaiian Islands. In: Abbott IA (ed) Taxonomy 
of economic seaweeds with reference to some Pacific 
and Caribbean Species, vol 2, pp 65–87. California Sea 
Grant College Program Report T-CSGCP-018

Mammola S, Carmona CP, Guillerme T, Cardoso P (2021) 
Concepts and applications in functional diversity. 
Funct Ecol 35:1869–1885. https://​doi.​org/​10.​1111/​
1365-​2435.​13882

Martinez JA, Smith CM, Richmond RH (2012) Invasive algal 
mats degrade coral reef physical habitat quality. Estuar 
Coast Shelf Sci 99:42–49. https://​doi.​org/​10.​1016/j.​
ecss.​2011.​12.​022

Marx HE, Giblin DE, Dunwiddie PW, Tank DC (2016) 
Deconstructing Darwin’s Naturalization Conundrum 
in the San Juan Islands using community phylogenetics 
and functional traits. Divers Distrib 22(3):318–331

Mathakutha R, Steyn C, Le Roux PC, Blom IJ, Chown SL, 
Daru BH, Ripley BS, Louw A, Greve M (2019) Inva-
sive species differ in key functional traits from native 
and non-invasive alien plant species. J Veg Sci 30:994–
1006. https://​doi.​org/​10.​1111/​jvs.​12772

Mauffrey ARL, Cappelatti L, Griffin JN (2020) Seaweed 
functional diversity revisited: confronting traditional 
groups with quantitative traits. J Ecol 108:2390–2405. 
https://​doi.​org/​10.​1111/​1365-​2745.​13460

https://doi.org/10.3354/meps118247
https://doi.org/10.3354/meps118247
https://inkscape.org
https://inkscape.org
https://doi.org/10.1007/s00338-010-0684-4
https://doi.org/10.1038/s41598-024-62832-3
https://doi.org/10.1016/j.tfp.2022.100260
https://doi.org/10.1016/j.tfp.2022.100260
https://doi.org/10.1038/nature16476
https://doi.org/10.1016/j.hal.2010.11.004
https://doi.org/10.1086/283610
https://doi.org/10.1111/jpy.13369
https://doi.org/10.1111/jpy.13369
https://doi.org/10.1111/1365-2435.13882
https://doi.org/10.1111/1365-2435.13882
https://doi.org/10.1016/j.ecss.2011.12.022
https://doi.org/10.1016/j.ecss.2011.12.022
https://doi.org/10.1111/jvs.12772
https://doi.org/10.1111/1365-2745.13460


Non‑native ecologically successful algae in the Hawaiian archipelago have highly competitive… Page 21 of 22    148 

Vol.: (0123456789)

McDermid KJ, Martin KJ, Haws MC (2019) Seaweed 
resources of the Hawaiian Islands. Bot Mar 62:443–
462. https://​doi.​org/​10.​1515/​bot-​2018-​0091

McDermid KJ (1988) Laurencai from the Hawaiian Islands: 
key, annotated list, and distribution of the species. In: 
Abbott IA (ed) Taxonomy of economic seaweeds, no 
2, pp 231–245. California Sea Grant College Program, 
Report No T-CSGCP-018

Mihalitsis M, Bellwood DR (2019) Morphological and func-
tional diversity of piscivorous fishes on coral reefs. 
Coral Reefs 38:945–954. https://​doi.​org/​10.​1007/​
s00338-​019-​01820-w

Mokany K, Ash J, Roxburgh S (2008) Functional identity is 
more important than diversity in influencing ecosys-
tem processes in a temperate native grassland. J Ecol 
96:884–893. https://​doi.​org/​10.​1111/j.​1365-​2745.​2008.​
01395.x

Mouillot D, Graham NAJ, Villéger S, Mason NWH, Bellwood 
DR (2013) A functional approach reveals community 
responses to disturbances. Trends Ecol Evol 28:167–177. 
https://​doi.​org/​10.​1016/j.​tree.​2012.​10.​004

Mshigeni KE (1978) Taxonomic studies on the Hawaiian Hyp-
neaceae with special reference to the genus Hypnea Lam-
ouroux (Rhodophyta). Nova Hedwegia 19:859–894

National Invasive Species Council (2005) Five-year review of 
executive order 13112 on invasive species, 44 pp. Wash-
ington DC, USA. www.​invas​ivesp​ecies.​gov

Neilson BJ, Wall CB, Mancini FT, Gewecke CA (2018) Herbi-
vore biocontrol and manual removal successfully reduce 
invasive macroalgae on coral reefs. PeerJ 6:e5332. 
https://​doi.​org/​10.​7717/​peerj.​5332

Nelson WA, Neill KF, D’Archino R (2015) When seaweeds go 
bad: an overview of outbreaks of nuisance quantities of 
marine macroalgae in New Zealand. NZ J Mar Freshw 
Res 49(4):472–491

Nyberg CD, Wallentinus I (2005) Can species traits be used to 
predict marine macroalgal introductions? Biol Invasions 
7:265–279. https://​doi.​org/​10.​1007/​s10530-​004-​0738-z

O’Doherty DC, Sherwood AR (2007) Genetic population 
structure of the Hawaiian alien invasive seaweed Acan-
thophora spicifera (Rhodophyta) as revealed by DNA 
sequencing and ISSR analyses. Pac Sci 61:223–233. 
https://​doi.​org/​10.​2984/​1534-​6188(2007)​61[223:​
GPSOTH]​2.0.​CO;2

Palma E, Vesk PA, White M, Baumgartner JB, Catford JA 
(2021) Plant functional traits reflect different dimensions 
of species invasiveness. Ecology 102:e03317. https://​doi.​
org/​10.​1002/​ecy.​3317

Papenfuss GF (1946) Structure and reproduction of Tricho-
gloea requinii, with a comparison of the genera of Hel-
minthocladiaceae. Bull Torrey Bot Clun 73(5):419–437

Papenfuss GF, Mshigeni K, Chiang YM (1982) Revision of the 
red algal genus Galaxaura with special reference to the 
species occuring in the western Indian Ocean. Bot Mar 
25:401–444

Pavoine S, Vallet J, Dufour AB, Gachet S, Daniel H (2009) 
On the challenge of treating various types of variables: 
application for improving the measurement of functional 
diversity. Oikos 118(3):391–402

Pratchett MS, Hoey AS, Wilson SK, Messmer V, Graham NAJ 
(2011) Changes in biodiversity and functioning of reef 

fish assemblages following coral bleaching and coral 
loss. Diversity 3:424–452. https://​doi.​org/​10.​3390/​d3030​
424

Pratchett MS, Hoey AS, Wilson SK (2014) Reef degradation 
and the loss of critical ecosystem goods and services 
provided by coral reef fishes. Curr Opin Environ Sustain 
7:37–43. https://​doi.​org/​10.​1016/j.​cosust.​2013.​11.​022

Pyšek P, Hulme PE, Simberloff D, Bacher S, Blackburn TM, 
Carlton JT, Dawson W, Essl F, Foxcroft LC, Genovesi P, 
Jeschke JM, Kühn I, Liebhold AM, Mandrak NE, Mey-
erson LA, Pauchard A, Pergl J, Roy HE, Seebens H, 
Van Kleunen M, Vilà M, Wingfield MJ, Richardson DM 
(2020) Scientists’ warning on invasive alien species. Biol 
Rev 95:1511–1534. https://​doi.​org/​10.​1111/​brv.​12627

R Core Team (2024) R: a language and environment for statis-
tical computing. R Foundation for statistical computing, 
Vienna, Austria. https://​www.R-​proje​ct.​org/

Råberg S, Kautsky L (2008) Grazer identity is crucial for facili-
tating growth of the perennial brown alga Fucus vesicu-
losus. Mar Ecol Prog Ser 361:111–118. https://​doi.​org/​
10.​3354/​meps0​7428

Reed M (1907) The economic seaweeds of Hawaii and their 
food value. Hawaii Agric Exp Stn Annu Rep 1:61–88

Robins PA, Kraft GT (1985) Morphology of the type and 
Australian species of Dudresnaya (Dumontiaceae, 
Rhodophyta). Phycologia 24:1–34

Rock JF (1913) List of Hawaiian names for plants. Bot Bull 
Hawai Board Agric 2:1–10

Roff G, Chollett I, Doropoulos C, Golbuu Y, Steneck RS, 
Isechal AL, van Woesik R, Mumby PJ (2015) Exposure-
driven macroalgal phase shift following catastrophic 
disturbance on coral reefs. Coral Reefs 34:715–725. 
https://​doi.​org/​10.​1007/​s00338-​015-​1305-z

Russell DJ (1983) Ecology of the imported red seaweed 
Eucheuma striatum Schmitz on Coconut Island, Oahu, 
Hawaii. Pac Sci 37(2):87–107

Schlech, K. (1990). Eupogodon iridescens (Dasyaceae, Cera-
miales) and Lophocladia kipukaia (Rhodomelaceae, Cer-
amiales), two new species of Rhodophyta from Hawaii. 
British Phycol= J 25(2):169-177

Setchell WA (1905) Limu. Univ Calif Publ Bot 2:91–113
Setchell WA (1926) Tahitian algae and Tahitian spermato-

phytes collected by W. A. Setchell, C.B. Setchell and 
H.E. Parks. Univ Calif Publ Bot 12:16–240

Sherwood AR, Huisman JM, Paiano MO, Williams TM, 
Kosaki RK, Smith CM, Giuseffi L,Spalding HL (2020). 
Taxonomic determination of the cryptogenic red alga, 
Chondria tumulosa sp. nov.,(Rhodomelaceae, Rhodo-
phyta) from Papahānaumokuākea Marine National Mon-
ument, Hawai ‘i, USA: A new species displaying inva-
sive characteristics. PLoS One, 15(7), e0234358.

Sherwood AR, Guiry MD (2023a) Inventory of the seaweeds 
and seagrasses of the Hawaiian Islands. MDPI Biol 
12(2):215

Sherwood AR, Guiry MD (2023b) Inventory of the sea-
weeds and seagrasses of the Hawaiian Islands. Biology 
12(2):215

Sherwood AR, Huisman (2020)Accessed through: World Reg-
ister of Marine Species at: https://​www.​marin​espec​ies.​
org/​aphia.​php?p=​taxde​tails​&​id=​144975

https://doi.org/10.1515/bot-2018-0091
https://doi.org/10.1007/s00338-019-01820-w
https://doi.org/10.1007/s00338-019-01820-w
https://doi.org/10.1111/j.1365-2745.2008.01395.x
https://doi.org/10.1111/j.1365-2745.2008.01395.x
https://doi.org/10.1016/j.tree.2012.10.004
http://www.invasivespecies.gov
https://doi.org/10.7717/peerj.5332
https://doi.org/10.1007/s10530-004-0738-z
https://doi.org/10.2984/1534-6188(2007)61[223:GPSOTH]2.0.CO;2
https://doi.org/10.2984/1534-6188(2007)61[223:GPSOTH]2.0.CO;2
https://doi.org/10.1002/ecy.3317
https://doi.org/10.1002/ecy.3317
https://doi.org/10.3390/d3030424
https://doi.org/10.3390/d3030424
https://doi.org/10.1016/j.cosust.2013.11.022
https://doi.org/10.1111/brv.12627
https://www.R-project.org/
https://doi.org/10.3354/meps07428
https://doi.org/10.3354/meps07428
https://doi.org/10.1007/s00338-015-1305-z
https://www.marinespecies.org/aphia.php?p=taxdetails&id=144975
https://www.marinespecies.org/aphia.php?p=taxdetails&id=144975


	 M. Eggertsen et al.  148   Page 22 of 22

Vol:. (1234567890)

Sherwood AR, Lin SM, Wade RM, Spalding HL, Smith 
CM, Kosaki RK (2019) Characterization of Martensia 
(Delesseriaceae; Rhodophyta) from shallow and meso-
photic habitats in the Hawaiian Islands: description of 
four new species. Eur J Phycol 55(2):172–185

Sherwood AR, Huisman JM, Paiano MO, Williams TM, 
Kosaki RK, Smith CM, Giuseffi L, Spalding HL (2020) 
Taxonomic determination of the cryptogenic red alga, 
Chondria tumulosa sp. nov., (Rhodomelaceae, Rho-
dophyta) from Papahānaumokuākea Marine National 
Monument, Hawai‘i, USA: a new species display-
ing invasive characteristics. PLoS ONE 15:e0234358. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​02343​58

Sherwood AR, Paiano MO, Wade RM, Cabrera FC, Spald-
ing HL, Kosaki RK (2021) Biodiversity of Hawai-
ian Peyssonneliales (Rhodophyta): two new species 
in the genus Ramicrusta from Lehua Island. Pac Sci 
75(2):185–195

Short FT (2003) World atlas of seagrasses. Univ of Califor-
nia Press, Berkeley

Smith CM (1992) Diversity in intertidal habitats: an assess-
ment of the marine algae of select high islands in the 
Hawaiian archipelago. Pac Sci 46:466–479

Smith MD, Knapp AK (2003) Dominant species maintain 
ecosystem function with non-random species loss. Ecol 
Lett 6(6):509–517

Smith JE, Hunter CL, Smith CM (2002) Distribution and 
reproductive characteristics of nonindigenous and 
invasive marine algae in the Hawaiian Islands. Pac Sci 
56:299–315. https://​doi.​org/​10.​1353/​psc.​2002.​0030

Smith JE, Hunter CL, Conklin EJ, Most R, Sauvage T, Squair 
C, Smith CM (2004) Ecology of the invasive red alga 
Gracilaria salicornia (Rhodophyta) on O’ahu, Hawai’i. 
Pac Sci 58(2):325–343

Smith JE, Runcie JW, Smith CM (2005) Characterization of 
a large-scale ephemeral bloom of the green alga Clad-
ophora sericea on the coral reefs of West Maui, Hawai’i. 
Mar Ecol Prog Ser 302:77–91

Stimson J, Larned S, Conklin E (2001) Effects of herbivory, 
nutrient levels, and introduced algae on the distribution 
and abundance of the invasive macroalga Dictyospha-
eria cavernosa in Kaneohe Bay, Hawaii. Coral Reefs 
19:343–357

Strain EMA, Thomson RJ, Micheli F, Mancuso FP, Airoldi L 
(2014) Identifying the interacting roles of stressors in 
driving the global loss of canopy-forming to mat-forming 
algae in marine ecosystems. Glob Change Biol 20:3300–
3312. https://​doi.​org/​10.​1111/​gcb.​12619

Thornton BM, Spalding HL, Stoeckel S, Harris ML, Wade 
RM, Krueger-Hadfield SA (2024) Clonality contributes 
to the spread of Avrainvillea lacerata (Bryopsidales, 
Chlorophyta) in Hawai‘i. J Phycol 60(6):1371–1389

Tilden J (1901) Collection of algae from the Hawaiian Islands. 
Thrum’s Hawaiian Annual for 1902, pp 106–113

Toonen RJ, Andrews KR, Baums IB, Bird CE, Concepcion GT, 
Daly-Engel TS, Eble JA, Faucci A, Gaither MR, Iacchei 

M, Puritz JB (2011) Defining boundaries for ecosystem-
based management: a multispecies case study of marine 
connectivity across the Hawaiian archipelago. J Mar Sci 
2011(1):460173

Tsuda R (1965) Marine algae from Laysan Island with addi-
tional notes on the vascular flora. Atoll Res Bull 
110:1–31

Tsuda RT (2014) Bibliographic catalogue of the marine ben-
thic algae in the Papahānaumokuākea Marine National 
Monument (Northwestern Hawaiian Islands). Phytotaxa 
167(1):35–60

Van De Verg SE, Smith CM (2022) Protocol to control the 
invasive alga Avrainvillea lacerata in a shallow Hawaiian 
reef flat. Appl Plant Sci 10(4):e11490

Veazey L, Williams O, Wade R, Toonen R, Spalding HL 
(2019) Present-day distribution and potential spread of 
the invasive green alga Avrainvillea amadelpha around 
the Main Hawaiian Islands. Front Mar Sci 6:402

Verbruggen H, De Clerck O, Nyeurt AD, Spalding H, Vroom 
PS (2006) Phylogeny and taxonomy of Halimeda incras-
sata, including descriptions of H. kanaloana and H. het-
eromorpha spp. nov. (Bryopsidales, Chlorophyta). Eur J 
Phycol 41(3):337–362

Vermeij MJA, Dailer ML, Smith CM (2009) Nutrient enrich-
ment promotes survival and dispersal of drifting frag-
ments in an invasive tropical macroalga. Coral Reefs 
28:429–435. https://​doi.​org/​10.​1007/​s00338-​008-​0452-x

Violle C, Navas M, Vile D, Kazakou E, Fortunel C, Hummel I, 
Garnier E (2007) Let the concept of trait be functional! 
Oikos 116:882–892. https://​doi.​org/​10.​1111/j.​0030-​1299.​
2007.​15559.x

Vitousek PM, Loope LL, Stone CP (1987) Introduced species 
in Hawaii. Biological effects and opportunities for eco-
logical research. Trends Ecol Evol 2:224–227. https://​
doi.​org/​10.​1016/​0169-​5347(87)​90026-7

Vroom PS, Braun CL (2010) Benthic composition of a healthy 
subtropical reef: baseline species-level cover, with 
an emphasis on algae, in the Northwestern Hawaiian 
Islands. PLoS ONE 5(3):e9733

Wade RM, Spalding HL, Peyton KA, Foster K, Sauvage T, 
Ross M, Sherwood AR (2018) A new record of Avrain-
villea cf. erecta (Berkeley) A. Gepp & ES Gepp (Bry-
opsidales, Chlorophyta) from urbanized estuaries in the 
Hawaiian Islands. Biodivers Data J (6):e21617

Williams SL, Smith JE (2007) A global review of the distri-
bution, taxonomy, and impacts of introduced seaweeds. 
Annu Rev Ecol Evol Syst 38:327–359. https://​doi.​org/​10.​
1146/​annur​ev.​ecols​ys.​38.​091206.​095543

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1371/journal.pone.0234358
https://doi.org/10.1353/psc.2002.0030
https://doi.org/10.1111/gcb.12619
https://doi.org/10.1007/s00338-008-0452-x
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1016/0169-5347(87)90026-7
https://doi.org/10.1016/0169-5347(87)90026-7
https://doi.org/10.1146/annurev.ecolsys.38.091206.095543
https://doi.org/10.1146/annurev.ecolsys.38.091206.095543

	Non-native ecologically successful algae in the Hawaiian archipelago have highly competitive traits but low functional diversity
	Abstract 
	Introduction
	Methods
	Study species and functional traits
	Statistical analyses
	Ordination of macrophytes according to functional traits


	Results
	Ordination of macrophyte species according to functional traits

	Discussion
	Conclusions
	Acknowledgements 
	References


