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Abstract Biotic resistance from native consumers

can reduce the abundance and impacts of introduced

species. Previous studies documented the escape of the

introduced alga Kappaphycus alvarezii from aban-

doned farms in Bocas del Toro, Panama. Both attached

and unattached aggregations of this invasive alga

accumulated on and smothered native corals and

seagrasses. However, native urchins and parrotfish

were also observed feeding on the alga in the field

suggesting that native herbivores may act as agents of

biotic resistance. In this study, we conducted an

herbivore-exclusion experiment in the field to deter-

mine the effect of native herbivory on K. alvarezii and

a laboratory experiment to measure the rate of

herbivory on the introduced alga by two common

native urchins (Lytechinus variegatus and

Echinometra lucunter). Consistent with the biotic

resistance hypothesis, native herbivores rapidly con-

sumed algae in both field and lab studies. Loss of algal

biomass was approximately nine times higher in

herbivore-exposed treatments than in herbivore-ex-

clusion treatments in the field. Lab experiments

revealed L. variegatus ate 3.5 times more algae than

E. lucunter. While K. alvarezii was abundant in

surveys during 2014, we did not detect any remaining

individuals in our field sites during a return visit one

year later. Thus, both native urchins consume K.

alvarezii and, along with other herbivores, are likely

important agents of biotic resistance. However,

longer-term studies are needed to test if native

herbivores can control the introduced algae still

escaping from active farms.

Keywords Aquaculture � Biotic resistance �
Herbivory � Invasive algae � Sea urchins � Tropical
invasion

Introduction

Introduced algae can negatively affect native commu-

nities by fundamentally altering habitat structure and

trophic dynamics (Schaffelke and Hewitt 2007; Wil-

liams and Smith 2007; Kelly et al. 2020). In the

Mediterranean, invasive algae (Caulerpa racemosa
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and Womerseyella setacea) overgrew native founda-

tion species (gorgonians, sponges) causing mortality,

injury, and reduced growth and reproduction (Cebrian

et al. 2012; de Caralt and Cebrian 2013). Numerous

species of algae that were introduced to Kane‘ohe

Bay, Hawai‘i for aquaculture now dominate the

benthos in some sites, displacing native species and

altering community composition (Smith et al. 2002;

Fukunaga et al. 2014). Indeed, a meta-analysis of

introduced algae impacts consistently found intro-

duced seaweeds tend to monopolize space, thereby

reducing abundances and biomass of native algae and

altering the diversity of fish and invertebrates (Schaf-

felke and Hewitt 2007).

The red alga Kappaphycus alvarezii has been

intentionally introduced throughout the tropics includ-

ing Africa, Southeast Asia, Central America, and

South America for carrageenan production (Ask et al.

2003). This alga has a rapid growth rate, disperses via

fragmentation, and can double its biomass in

15–30 days (Trono 1992). This makes the alga a great

candidate for cultivation, but a difficult species to

remove and contain if it spreads beyond farms.

Previous work in 2013 and 2014 revealed that

introduced K. alvarezii drifted to adjacent marine

habitats (seagrass beds, coral, and mangroves) up to

300 m away from two abandoned farms in Bocas del

Toro, Panama (Sellers et al. 2015). The alga mostly

accumulated on top of and smothered adjacent coral

and seagrass beds, but some algal pieces attached to

and overgrew coral. Native herbivores, particularly

the urchins Lytechinus variegatus and Echinometra

lucunter were observed feeding on the alga (Sellers

et al. 2015). Echinometra spp. are typically limited in

movement and graze on adjacent or drifting algae

close to reef structures (Shulman 2020), while the

larger L. variegatus is a more active wanderer and

opportunistic grazer found in different habitats (open

sand, seagrass beds, etc.; Parson et al. 2021). These

two common urchins were frequently observed eating

K. alvarezii in our field sites, which suggests they may

act as agents of biotic resistance.

The biotic resistance hypothesis posits that inter-

actions with natural enemies in the introduced range

can limit the establishment of nonnative species.

Despite the ubiquity of tropical algae invasions

(Williams and Smith 2007; Kelly et al. 2020),

relatively few studies have examined how consump-

tion by native grazers may influence invasive algae in

the tropics. Tropical herbivores are known to strongly

limit algal growth and cover in shallow marine

environments (Menge and Lubchenco 1981; Burke-

pile and Hay 2006) and may thus be effective agents of

biotic resistance. In this study, we examined if native

herbivores could reduce biomass of K. alvarezii using

an herbivore exclusion experiment in the field and

assessed the rate at which two common native urchins

eat the introduced alga using a lab experiment. If

native herbivores exert biotic resistance on introduced

K. alvarezii, then we predicted that the loss of algal

biomass would be lowest in herbivore exclusions

compared to treatments exposed to herbivores. We

also predicted that the larger of the two commonly

occurring native urchins, Lytechinus variegatus,

would consume more algae per capita than the smaller

native urchin Echinometra lucunter.

Methods

Timeline, site description, and follow-up survey

Kappaphycus alvarezii was first introduced for culti-

vation in Bocas del Toro, Panama sometime before

2009 (Sellers et al. 2015). Algae farms in Bocas del

Toro appeared to use a floating line method for

growing K. alvarezii; pieces of the alga are affixed to

floating lines suspended above the ground inaccessible

to benthic herbivores and left to grow (Ask and

Azanza 2002; pers. obs.). In April 2013, we first

encountered large abundances of the introduced alga

K. alvarezii outside of two abandoned farms southeast

of the town of Almirante (hereafter: Almirante) and

near the island of Cristobal (hereafter: Cristobal) in

Bocas del Toro (Sellers et al. 2015). The sites were

adjacent to red mangrove cays (Rhizophora mangle)

and largely composed of shallow seagrass beds

(0–3 m deep) with scattered aggregations of sponges

and coral (mainly Porites sp. and Millepora alcicor-

nis). Both farms were in a state of disrepair and large

aggregations of the alga, previously affixed to sus-

pended lines, had fallen and drifted tens of meters to

up to 300 m away, accumulating on adjacent coral reef

habitat and seagrass beds. Most pieces of K. alvarezii

laid unattached on top of seagrass beds, while some

pieces attached to coral. We also observed several

herbivores consuming the fallen alga, including the

urchins L. variegatus and E. lucunter and the
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parrotfish Scarus iseri (Sellers et al. 2015). It is unclear

when the farms were established, how long they had

operated, or when they were abandoned.

We returned to the abandoned farms at Almirante

and Cristobal at the end of September/early October

2013 to conduct surveys measuring the cover of the

introduced alga and urchin densities (Sellers et al.

2015). Cover of K. alvarezii was substantially higher

at Almirante (* 37%) than Cristobal (* 11%) and

urchin densities were lower (0.15 urchins per m2 in

Almirante vs. 0.67 per m2 in Cristobal). We also

established an herbivore exclusion experiment at

Almirante (this study, described below) during our

initial survey (Sept/Oct 2013) due to the abundance of

K. alvarezii at this site. We surveyed the sites again in

March 2014 and found K. alvarezii cover had

decreased to * 32% in Almirante and * 1% cover

in Cristobal (Sellers et al. 2015). Finally, in March

2015, we returned a 3rd time to our sites and

conducted a follow-up survey to assess the status of

K. alvarezii. By this time, our qualitative surveys

conducted by snorkel and boat did not detect any K.

alvarezii fragments or clumps at either site or in the

immediate surrounding areas.

Field experiment

To test the effects of local grazers on invasive K.

alvarezii, we conducted an herbivore exclusion exper-

iment using a randomized-block design (n = 14

blocks). We conducted the field experiment at Almi-

rante (9� 17.350 N; 82� 21.320 W) from September

25–30, 2013 when K. alvarezii was still abundant. In

each replicate block, we assigned tagged clumps of

freshK. alvarezii (50.7 ± 1.2 g; mean ± SE) into one

of three treatments: (1) exclusion cage (-herbi-

vores, ? cage), (2) uncaged (? herbivores, -cage),

and (3) cage control (? herbivores, ? cage). We

placed each treatment on sand substrate intermixed

with seagrass and adjacent to coral patches. Exclusion

and control cages were made from plastic Vexar TM

mesh (approximately 40 9 25 9 25 cm; 1.3-cmmesh

size) and anchored to the sandy seafloor using rebar.

Clumps of K. alvarezii were affixed to the bottom of

the cages using cable ties. Our cages were designed to

exclude urchin and fish herbivores observed feeding

on K. alvarezii (e.g., L. variegatus, E. lucunter, S.

iserti; Sellers et al. 2015), but smaller grazers

(\ 1 cm) potentially could have entered our cages.

We observed urchins and fish feeding on algae inside

coral patches and seagrass beds adjacent to our

experiment. The cage control was similar to the

exclusion cage but had two open ends to allow

herbivores to enter. The uncaged treatment featured

only a tagged clump of fresh K. alvarezii fastened to a

piece of rebar embedded into the seafloor. The

treatments were separated from each other by at least

30 cm in each block and each of the 14 blocks were

evenly spaced along a 200-m transect placed parallel

to the shoreline in 1–2 m deep water. We ensured all

blocks were free of K. alvarezii (within 3-m) prior to

experimentation and did not detect any new algae

colonizing our blocks (or leaving our treatments)

during the experiment. After five days, we retrieved

the deployed algae and measured the final wet weight.

Lab experiment

We conducted a lab feeding experiment from March

27–30, 2015 using L. variegatus and E. lucunter to

confirm that native urchins may be responsible for the

patterns observed in the field experiment and to

measure rates of herbivory. Urchins were haphazardly

collected from Almirante on March 26, 2015 and

placed in free-flowing aerated outdoor aquaria (* 38

L) at the Smithsonian Tropical Research Institute

Bocas del Toro Research Station in Panama. We

starved the urchins for 24 h before experimentation,

then measured their blotted wet weight. The mean wet

weight (± SD) of L. variegatus was 67.4 ± 12.5 g

(range: 45.2–86.6) and E. lucunter was 14.7 ± 6.0 g

(range: 7.1–24.7), which are within the typical range

of adults for these species (McPherson 1969; Bed-

dingfield andMcClintock 2000). In each aquarium, we

placed an individual of either L. variegatus or E.

lucunter (n = 15 for each species) and allowed them to

acclimate for 8 h before introducing algae. The urchin

species treatments were interspersed across two rows

of 15 aquaria. We added approximately 125 g

(± 2.0 g, SD) of freshly collected K. alvarezii to each

aquarium in 2 to 7 pieces. There was not a significant

difference in the mean numbers of pieces offered to L.

variegatus (3.5 ± 1.8) vs. E. lucunter (4.5 ± 1.4;

P = 0.11), and there was no significant relationship

between the numbers of starting fragments and

numbers of new fragments created for L. variegatus

(r2 = 0.09, P = 0.27) or E. lucunter (r2 = 0.21,

P = 0.09). Because we could not find K. alvarezii in

123

Native urchins as potential agents of biotic resistance to the introduced alga 347



our previous field sites of Cristobal and Almirante, we

obtained specimens that had drifted outside of an

active farm near Popa Island. After three days, we

measured the total blotted wet weight of the algae and

counted the number of K. alvarezii fragments in each

tank. To prevent the loss of algal fragments, we placed

1-mm2 fiberglass mesh over the water exit tube of each

aquarium. Even the smallest algal fragments were

negatively buoyant, and thus were unable to escape

through the screened exit tube at the water surface.

The mean (± SD) temperature and salinity of the

aquaria during the experiment were 27.9 ± 1.0 �C
and 33.9 ± 0.4%, respectively. Due to the limited

numbers of aquaria available, we were unable to

include a control treatment assessing algae growth and

fragmentation without urchins. However, our lab

experiment was short in duration (three days), and

we would not expect any potential experimental

artifacts to strongly influence our results.

Statistical analysis

We used a mixed-model ANOVA to test if the loss of

algal weight in our field experiment varied with cage

treatment (fixed factor), while accounting for variation

among experimental blocks (random factor). Follow-

ing a test of the main effect, we performed a Tukey

Post-Hoc test to identify which treatments differed

from each other. For the laboratory experiment, a two-

sample t-test was used to compare the loss of algal

weight consumed by the two urchin species. We tested

how the numbers of new fragments created varied

between urchin species using a Generalized Linear

Model with a quasi-Poisson distribution. We used a

quasi-Poisson distribution because our count data

were overdispersed and the variance exceeded the

mean. We used residual-, box-, and QQ-plots to

examine the assumptions of the statistical tests. A rank

transformation was applied to the field experiment

data, but transformation was unnecessary for the lab

data. All analyses were conducted using R (ver. 3.6.3;

R Core Team 2020).

Results

Loss of algal biomass was approximately nine times

higher in the herbivore-exposed treatments than in the

herbivore-exclusion treatments (F(2, 16) = 6.33,

p = 0.009, Fig. 1). These effects were not due to the

presence of the cage since the cage control and

uncaged treatments did not differ. While some algal

fragments in exclusion cages exhibited growth, most

still lost biomass, suggesting that small grazers may

have been able to access and feed on the algae. In the

lab experiment, there were significant differences in

the loss in the wet weight of algae (t = - 8.12) and

number of new algal fragments (v2 = 22.29) between

urchin species (p\ 0.001 for both, Fig. 2). Lytechnius

variegatus ate 3.5 times more algae (5.1 ± 0.4 g per

day) and created three times more fragments during

feeding (4.0 ± 0.4 fragments per day) than E. lucunter

(1.4 ± 0.3 g; 1.2 ± 0.4 fragments per day). However,

the biomass of algae consumed (t = 0.92, p = 0.36)

and the number of fragments generated (t = 1.03,

p = 0.31) did not vary among species when these

values were scaled to urchin weight.

Discussion

Introduced algae exposed to native herbivores were

rapidly consumed in both field and lab experiments,

Fig. 1 Field exclusion experiment for native herbivores feeding

on the introduced macroalgaKappaphycus alvarezii. The closed
circles represent the mean (± SE) loss of algae biomass in

herbivore exclusion cages (- herbivore, ? cage), cage controls

(? herbivore, ? cage), and uncaged treatments (? herbi-

vore, - cage). Open circles are the raw data points. Negative

values represent algae growth. Different letters denote a

statistical difference between treatment levels (p\ 0.05)
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which supports our hypothesis that native herbivores

may be acting as agents of biotic resistance to the

invasive K. alvarezii at our field sites. In the field

experiment, algae exposed to herbivores decreased

approximately nine times faster (1.66 g and 3.5%

biomass loss per day) than algae excluded from

herbivores (0.19 g and 0.4% loss per day) and featured

bite marks consistent with urchins. Similarly, we

observed two native urchins (L. variegatus and E.

lucunter) rapidly feeding on K. alvarezii during lab

experiments, consuming an average of 5.1 g (4.1%

loss/day) and 1.4 g (1.1% loss/day) of algae per day,

respectively. These measurements of biomass loss are

likely conservative because individuals of K. alvarezii

were also growing during the experiment (Fig. 1).

While K. alvarezii can grow rapidly in some environ-

ments (Trono 1992), our results demonstrate that

herbivores can remove algal biomass faster than it can

grow, suggesting that herbivores might influence algal

establishment. Given the feeding rates, observations of

urchins feeding on algae in the field, and prevalence of

urchins observed in algae-impacted sites (Sellers et al.

2015), we posit that urchins, especially L. variegatus,

are among the herbivores affecting this introduced

alga at our sites. However, the urchin densities in our

study sites in Panama (0.15–0.67 urchins per m2,

Sellers et al. 2015) were low relative to other tropical

systems (Beddingfield and McClintock 2000; Shul-

man 2020), so other herbivores such as the parrotfish

Scarus iseri (common in our sites) likely play an

important role as well. Indeed, based on the per capita

feeding rates (above) and urchin densities presented in

Sellers et al. (2015), we estimate urchin herbivory may

only account for * 10% of the observed biomass loss

measured in the field experiment in Almirante

(although urchins may account for 94% in Cristobal,

where urchin densities were higher; see Online

Resource 1). Thus, future studies should investigate

the effects of different herbivores on K. alvarezii

abundance.

Our results are also consistent with other studies of

grazing herbivores on introduced algae. Grazing by

native herbivores can reduce the cover of invasive

algae on reefs, including Kappaphycus spp. in Hawai‘i

(Conklin and Smith 2005), and reduce growth of

introduced algae inside farms (Ask and Azanza 2002).

In the Mediterranean, the native sea urchin Paracen-

trotus lividus limited seasonal increases of the algal

invader Lophocladia lallemandii, while Strongylocen-

trotus droebachiensis slowed the spread of invasive

Codium fragile spp. tomentosoides in temperate Nova

Scotia (Lyons and Scheibling 2008). Indeed, research-

ers have successfully used native sea urchins (Trip-

neustes gratilla) as biocontrol agents for introduced

algae in Hawai‘i (Westbrook et al. 2015); urchins

Fig. 2 Lab herbivory experiment comparing the loss of biomass

of the introduced macroalga Kappaphycus alvarezii and number

of new algal fragments created by two native sea urchins

(Lytechinus variegatus and Echinometra lucunter). Symbols are

as described in Fig. 1
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decreased introduced algae cover by 85% in two years

when combined with manual removal (Neilson et al.

2018). Numerous studies have demonstrated that

introduced algae and plants experience biotic resis-

tance (Kimbro et al. 2013; Parker and Hay 2005;

Conklin and Smith 2005), but few studies show that

native consumers can completely remove introduced

species in their novel range (Williams and Smith

2007). Thus, larger, longer term studies and monitor-

ing are needed to determine if native herbivores can

prevent the establishment of K. alvarezii from active

farms in Bocas del Toro, Panama.

Feeding by native herbivores on K. alvarezii also

created large numbers of fragments, as we observed in

our lab experiments, which may facilitate dispersal.

Most fragments created during the lab feeding exper-

iment ranged from 5 to 70 mm long and appeared

healthy, although some fragments appeared pale and

chlorotic (pers. obs.). Previous studies demonstrate

fragments of K. alvarezii as small as 10 mm can

persist and regrow (Bulboa and de Paula 2005), and

some algal species can survive or may even be

stimulated when passed through herbivore guts, sim-

ilar to dispersal strategies of some plants (Vermeij

et al. 2013; Santelices and Ugarte 1987). Furthermore,

Kappaphycus spp. is able to regrow from minute

pieces of tissue remaining after manual removal

(Conklin and Smith 2005), further suggesting that

algal regrowth is possible from small propagules.

Thus, caution must be used in any management

strategies or programs aiming to control this species to

avoid further dispersal (Kamalakannan et al. 2014).

Previous surveys in 2013 and 2014 revealed that K.

alvarezii was abundant in our field sites in Almirante

(average of * 35% cover) and to a lesser extent in

Cristobal (* 6% cover; Sellers et al. 2015) but was

completely absent by March 2015 (this study).

Initially, the alga was suspended on long lines

inaccessible to benthic herbivores, as observed on

active algae farms (Ask and Azanza 2002; pers. obs.).

However, after the farms in our field sites were

apparently abandoned, the algae fell to the seafloor

and became accessible to benthic herbivores (Sellers

et al. 2015). Thus, our data are consistent with the

hypothesis that native grazers removed algae and exert

biotic resistance on K. alvarezii. An alternative non-

mutually exclusive hypothesis is that the algae (most

of which was unattached, Sellers et al. 2015) drifted to

other locations and/or that humans removed the algae.

However, we did not observe K. alvarezii in the deeper

areas surrounding the abandoned farms when we

returned to these sites in 2015, suggesting that the alga

had not moved to the surrounding areas.We also find it

unlikely that humans completely removed algae from

our sites because K. alvarezii is difficult to manually

remove and missed fragments or those attached to the

benthos can rapidly regrow (Conklin and Smith 2005).

While the alga was not detected during follow-up

visits to our study sites in Almirante and Cristobal in

2015 (this study), active farms with K. alvarezii were

present elsewhere in Bocas del Toro in 2018, and loose

algal fragments were observed in the seagrass beds

under and adjacent to the cultivation lines in August

2017 (A. Cannon, per. comm.). Thus, these new farms

may act as a source for future dispersal of algae to

other habitats. High growth rates and ease of repro-

duction and dispersal through fragmentation are

important invasive species traits (Smith et al. 2002),

but also make species such as K. alvarezii a popular

candidate for cultivation. As algae introductions for

aquaculture continue to increase globally and over

time (Thomsen et al. 2016), the risk of the introduction

and spread of non-indigenous algae to native habitats

continues.
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