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Abstract
Tegula tridentata, is a common herbivore gastropod inhabiting the idabt.essonia

trabeculata kelp forest, which tends to show higher densitiésr &elp harvestingWe
investigated if harvested kelp beds may harbor drighensities of herbivore
invertebrates, and the underlying mechanisms. TWweasgvaluated if the exudateslof
trabeculata change the seawater levels of soluble phenolsyirio have a deterrent
effect against the feeding behavior of some hereivmvertebrates. Finally we
investigated whether the increaseTintridentata densities in harvested kelp grounds
could be related to a decrease in the seawatelsle¥esoluble phenols. Our results
showed that the density of invertebrate herbivaneseased up to 32% in harvested
kelp grounds. We provide the first estimate of thee of phenolic exudation bly.
trabeculata, and we demonstrate thadt tridentata changes its food dependent
movement in the presence of exudates with syntipdticroglucinol. We suggest that
the recovery of harvested kelp ecosystems candgaidized by increased herbivory
triggered by water-borne changes in the levelseobilvore deterrent compounds.

Key-words: Kelp harvesting, Lessonia trabeculata, Herbivory, Community
composition, Ecosystem disturbance, Effects-comtguni
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1. Introduction

Understanding the dynamics of kelp forest ecosystamplies unraveling the
complexity of trophic and non-trophic interactiqiistes et al., 2004; Kefi et al., 2015),
particularly those including the kelp itself (Bezis et al.,, 2001; Dayton, 1985).
Herbivory is the main interaction affecting the alance and distribution of kelp
species (Vasquez & Buschmann, 1997). Actually, neeelationships between kelp
densities and herbivore densities have been foundsdveral kelp ecosystems
worldwide, from Chile (Farifia et al., 2005; Vasqu&zSantelices, 1990) to South
Africa (Fricke, 1979; Levitt et al., 2002) or NorywéSjgtun et al., 2006).

Chile is the most important producer of kelp froatural populations in the world, as
much as 9% of the worldwide sources for alginidamme from landings dfessonia
species in this country (Vasquez, 2008; Vasquealet2012). Commercial kelp
extraction has the power to disrupt both top-dowd &ottom-up processes of kelp
dynamics regulation (Steneck et al., 2002) riskietp ecosystem’s ability to persist.
Harvesting is likely to affect not only the prodwdly of kelp populations but also the
diversity of associated fauna, which tends to redpo harvesting impacts with a shift
on the composition of the community towards anease in the number of grazers
(Farifia et al., 2005; Perreault et al., 2014; Stlere al., 2002; Vasquez & Santelices,
1990). The traditional harvesting of the subtidalpK_. trabeculata entails reductions in
kelp densities that may range from 3 to 0.2 int.aand has been associated to
significant increases in the density of the hert@venailTegula tridentata (Vasquez &
Santelices, 1990). We point out two possible meisias for this herbivory response to
kelp harvesting. The first one assumes that theovaimof whole sporophytes may
prompt increased inter-algae distances (Vasquezagielices, 1990) which, above a
certain threshold, may promote a reduction of tigplash effect of blades and stipes,
favoring the access of snails to the algae andimiagVasquez & Buschmann, 1997).
This mechanism does not consider the display actonal movement towards the
harvested kelp. However, the high densities of teebivore snailTegula tridentata
found in kelp stands with low kelp density (Perfeat al., 2014; Subida & Pérez-
Matus, pers. obs.) suggest a directional displanéwfenerbivores. Hence, we suggest a
second mechanism related to herbivores’ responseswdter-borne cues. We
hypothesize that the removal of whole sporophytey meduce the amount of kelp
individuals releasing water-soluble herbivory deget compounds, and so herbivores’
move towards food (kelp) sources located in aratslawer seawater concentration of
these compounds.

In brown algae, polyphenolic metabolites are theratteristic and the most extensively
studied group of secondary compounds (Amsler, 20@8lyphenolic compounds, like
phlorotannins and bromophenols, play several ingmbrecological roles, specifically as
herbivore deterrents (Amsler & Fairhead, 2006; Staibet al., 2006, 2014). While
phlorotannins are stored inside vegetative celth@fouter cortical layer (Amsler, 2008;
Shibata et al., 2006), bromophenols are releasdbetanedium through extracellular
secretions (Shibata et al., 2006, 2014). So, bralgee may release phenolic
compounds into the surrounding water either diyeatla exudation (Jennings &
Steinberg, 1994; Shibata et al., 2006; 2014) oréetly via tissue erosion or grazing
(Koivikko et al., 2005). These compounds are tylhydarge, polar and water soluble,
and also usually difficult to measure (Stern etE96).

The existing information allows us to predict thatp harvesting provokes a reduction
in the concentration of phenolic compounds in teawster, triggering an increase in



84
85
86
87
88
89
90
91
92
93
94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

the mobility of the herbivor&egula tridentata towards the harvested kelp bed. Using
the productive and heavily exploited kelp ecosysttentral Chile, we set three
objectives to shed light on the cascading effethasvesting. First, we assessed if
abundance of grazers increases in harvested &easnd, we monitored the chemical
composition of seawater to determine Liessonia trabeculata exudes significant
amounts of phenolic compounds, and to provide ih& faboratory estimate of
exudation rates for this species. Finally, we eixpentally studied the influence of
varying concentrations of synthetic phloroglucirftiie basic monomer of polymeric
phlorotannins) on the food-dependent movement ef liarbivore gastropodiegula
tridentata.

2. Methodology

The present study was divided in three parts adohg®ach of the proposed objectives:
1) Effect of kelp harvesting on kelp-associatecenwbrates and epifauna (field survey),
2) Measurement of kelp exudation of phlorotannmsdawater (laboratory experiment),
3) Effect of changes in the phlorotannin conceigratin seawater on the food-
dependent movement of an herbivore snail (laboyagxperiment). All experiments
were conducted at the Estacién Costera de Investiggs Marinas from the Pontificia
Universidad Catdlica de Chile (Las Cruces, cer@tale).

We focused our work ohessonia trabeculata, one of the most conspicuous species of
brown algae in Chile (Camus & Ojeda, 1992; Sangslid991)L. trabeculata is fertile

all year and, in the absence of grazers, can temndi colonize free grounds (Tala et al.,
2004; Véasquez, 1989 in Vasquez & Santelices, 1980is brown alga is the main
primary producer in northern and central Chile, andimportant foundation species,
since it serves as habitat for several invertebasi# vertebrate consumers that feed
directly on it or on its associated assemblageyt@a 1985; Tala & Edding, 2007). On
the central coast, these consumers are mainly cesdploy invertebrate herbivores and
omnivores; in terms of species richness mollusks @aostaceans are the most diverse
groups, while mollusks and echinoderms are the meptesentative in terms of
biomass (Farifia et al., 2005). The herbivore sebHurTetrapygus niger and the
herbivore snailTegula tridentata, are commonly dominant inhabitants of this bottom
kelp species (Farifia et al., 2005; Vasquez & Buseinm1997; Villegas et al., 2008).
tridentata, for instance, is an important grazer in kelp tabiof Chile (Graham et al.,
2007; Vasquez & Buschmann, 1997; Villegas et @08).

As several of its congeners, tridentata may be considered as a generalist herbivore
(Steinberg, 1985; Watanabe, 1984) with a clearifge@nd habitat preference for
Macrocystis rather thanlLessonia species (Graham, 2007; Watanabe, 1984). This
preference might be associated to an avoidanckof ghemical defenses, as suggested
by Steinberg (1985), sindd. integrifolia show lower content in phenolic herbivore
deterrent compounds in vegetative cells thassonia spicata (Pansch et al., 2008).
However, in monospecifit. trabeculata stands from central Chil&, tridentata can be
the dominant herbivore species (Perreault et @ll4P and at some sites its massive
colonization may even resemble that of feeding tdothauzon-Guay & Scheibling,
2009; Pérez-Matus & Subida, per. ob3ggula shows a rhipidoglossan radula, which,
in an experiment with the intertiddl. funebralis feeding onLaminaria blades, was
shown to provoke superficial (to release cell ldqaontents without damaging cells) as
well as deep incisions (with algal tissue removalthe blade tissue (Hickman &
Morris, 1985).
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Objective 1. In order to assess the effect of Kedpvesting on kelp-associated non-
epiphyte and epiphyte invertebrates we sampledstitidal kelp forest ofessonia
trabeculata at Los Molles (central Chile), in April 2013. Withthis site, three kelp
grounds were selected according to the time elafead harvesting (treatments): a
non-harvested site used as control (NH: 32° 12%201° 31.580'W), a site harvested
two months before the sampling (H2: 32° 12.578,31.653'W) and a site harvested
12 months before the sampling (H12: 32° 13.4531; 31.523'W). Kelp grounds of
contrasting recovery time since harvest were spheegeen 600 and 1500 m apart.
Kelp-associated non-colonial invertebrates (exepghhyte ones) were surveyausitu
via SCUBA diving. In situ identification was performed to the lowest possibl
taxonomic level. At each kelp ground (NH, H2, H1®)ur band-transects (50 x 2 m)
were placed parallel to the shoreline and approtaimd 00 m apart in order to capture
heterogeneity in local shore topography. Depthsedawithin each transect, ranging
from 5 to 20 m. Density estimates were obtainedsdyyarate counts within the entire
band transect (100 ?n The abundance of epiphyte invertebrates living Lo
trabeculata sporophytes was estimated by collecting two kefrephytes of
approximately the same size (total length and lagkdfliameter), at two non-contiguous
transects. Kelp extraction was performed by cogekalps with a mesh bag0, 5
mm), in order to retain the epiphyte fauna, and tf@moving the entire kelp using a
crowbar. Kelp sporophytes and their associatedriebeates were preserved with
formaldehyde 4% and stored in plastic bags untihidas were processed in the
laboratory. During this procedure, one of the spbytes collected at the NH site was
lost. In the laboratory, each sporophyte was gem#ighed with tap water through a 500
pm sieve and the collected invertebrates (not tatigen 3 cm) were preserved with
70% ethanol and stored for further sorting, idécdtion and counting. Organisms were
counted and identified under a binocular microscmpthe lowest possible taxonomic
level.

In order to assess the significance of the all-grdifferences in univariate assemblage
descriptors between the three kelp grounds, noanpeiric Kruskal-Wallis rank-sum
tests were performed. A modified robust Brown-FtreyLevene-type test based on the
absolute deviations from the median, was previoapflied in order to ensure that data
met the homoscedasticity assumption. Multivariadeadn invertebrates’ composition
and structure in the three kelp grounds (NH, H22Hdere analyzed separately for
kelp-associated and kelp epiphyte invertebratety tie Primer 6 software package
(PRIMER-E, Plymouth). Non-metric dimensional scglinMDS) and hierarchical
agglomerative clustering, using the UPGMA algorithaere performed on the Bray-
Curtis similarity matrix of the fourth-root transfoed abundance data, in order to
analyze the occurrence of sample groupings, acogidi thea priori defined groups (=
kelp grounds NH, H2, H12). For epiphyte invertebsait was not possible to assess the
significance of all-group differences due to the leumber of kelp replicates available
per kelp ground. Thus, to identify the most chagastic species at each ground, a one-
way similarity percentage analysis (SIMPER) wadqgrared (Clarke & Gorley, 2006).
For the non-epiphyte invertebrate assemblages, waye-analysis of similarities
(ANOSIM) was used to assess the significance ob lggbund groupings (Legendre,
1998). For both kelp-associated and epiphyte iebeates, each taxon was assigned a
trophic level based on existing literature.

Objective 2. In order to assess if the kélgssonia trabeculata exudates phenolic
compounds to the seawater and to get the firghasti of its exudation rate, kelps were



182  collected at Punta Tralca (33° 25.470’S; 33° 258),(a sheltered bay located near the
183  marine laboratory of Las Cruces where the experiaiemork was conducted. The
184  experiment, with two trials, was carried out inkaifilled with filtered seawater (FSW),
185  where kelp sporophytes were allowed to exudateed kelp sporophytes were collected
186 in May 2014 (used in the first trial), and anotti@ee in July 2014 (used in the second
187 trial), by SCUBA at depths ranging between 2.542.and 4-4.7 m, respectively. All
188  sporophytes were weighted (wet weight) in the fiahdl transported to the laboratory.
189  For each sporophyte, the entire holdfast and aquodf the blades showing few signs
190 of herbivory were cleaned to remove epiphytes aethhted (wet weight, Table 1).
191  Each kelp part (holdfast and blades) was placedseparate tank with a known volume
192 (14 and 17 L, in trials 1 and 2, respectively) &W, maintaining the amputated
193  extremity out of the water to avoid the releasepbénolic compounds through the
194 damaged tissue. One tank containing only FSW wed as control. Water samples of
195 50 ml were collected from each tank 6 hours afterlieginning of the experiment, and
196  stored in dark conditions at -18° C, until theimlysis. The concentration of soluble
197 phenols in each water sample was measured by tire Giocalteu technique adapted
198 by Koivikko et al. (2005). Water samples were feeézied to concentrate the phenols
199  and then resuspended in a known amount of distdlater. An aliquot (25QL) was
200 mixed to 125QuL of dH20, 500uL of 1 N Folin—Ciocalteu reagent, and 1 mL of 20 %
201  NaCG;, incubated for 45 min at room temperature in dasknand centrifuged at 5000
202 rpm for 3 min. In a preliminary scanning of the gd@s, absorbance was read at a range
203  of 220-400 nm; in experimental samples two absarbgeaks were found near 230 and
204 270 nm, which was never observed in the controlpbaniThen, the absorbance was
205 read at 760 nm, and the total content of phenok exmressed as mg*Lbased on a
206  standard curve with purified phloroglucinol (7933ich). Exudation rates of soluble
207  phenols were calculated ag of phloroglucinol per g of wet weight &f trabeculata
208  per hour. Owing to the lack of knowledge about phenolic composition ofessonia
209 trabeculata, we used phloroglucinol as standard, since phlacigol polymers, namely
210  phlorotannins, are amongst the most common phewiolsrown algae. Furthermore
211 pholoroglucinol has been used as a standard inda wumber of ecophysiological
212  studies (e.g. Abdala-Diaz et al., 2006; 2014; AmsleFairhead 2006; Jennings &
213  Steinberg 1994, Koivikko et al. 2005, Gomez & Huwn 2010).

214
Table 1. Wet weight (g) dfessonia trabeculata used in the experiment for
the measurement of kelp exudation of phenols iwsea. Kelps 1-3 were
used in the first trial (May 2014) and kelps 4-6reveised in the second
trial (July 2014).
Kelp 1 Kelp 2 Kelp 3 Kelp 4 Kelp 5 Kelp 6
Holdfast 295 730 470 950 1,310 1,900
Blade 755 785 1,020 1,000 1,200 1,120
Entire plant 1,675 3,660 3,500 6,180 6,075 10,640
215

216 In order to test ifLessonia trabeculata exudates can change the concentration of
217  phenolic compounds in the surrounding seawaterngleeconcentration (in mg of
218  phenols per total volume of FSW in the tank) wasisneed and compared between the
219  control and the remaining experimental tanks. Sioroevn macroalgae show seasonal
220 variation in phenolic content (Abdala-Diaz et 2006; Tala et al., 2013) the time of
221  each trial (May and July) could have affected expental results. Thus, a block design
222 was used, with factor trial as block. Since datd dot meet the error normality
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assumption of ANOVA, a GLM with quasipoisson erdmstributions was used instead
(residual deviance = 13 on 11 degrees of freed@mce the exudation differences
between holdfast and blades were not consistertsaall sporophytes used in the
experiments (GLM with negative binomial distributip < 0.05, res.dev. = 9.5 on 5 df),
we were not able to assess which pait.dfabeculata showed higher exudation rates.
The limit for statistical significance was set aD® All statistical analyses were
performed with the R statistical language (R Caganh, 2014).

Objective 3. In order to assess the effect of mglucinol dissolved in seawater on the
food-dependent movement of the herbivore siaula tridentata, a three-trial
laboratory experiment was conducted. The experirnensisted in placing starving
tridentata individuals in tanks with different food treatmsnt(each treatment
corresponding to a different level of water-relddsghenols added to the food), and
monitoring snails’ food-dependent movement for 6Thus, experimental treatments
were the four phloroglucinol concentrations usedptepare each food treatment,
defined after Steinberg (1988): 0 mg/mL (control)C® mg/mL (treatment C1), 16
mg/mL (treatment C2) and 22 mg/mL (treatment CntBetic phloroglucinol (Sigma
P-3502) was used to manipulate the concentratigheofotal phenols in each tank. We
assumed phloroglucinol to effectively simulate tbkect of kelp phenols, for the
reasons already explained in the previous objective

Four cylindrical tanks filled with 200 L of FSW anohaintained under natural
photoperiod, were used in each trial. The bottoreawth tank@ = 92 cm) was marked
with a grid of 10 x 10 cm cells, and with a linefidang a semi-circle with a radius of
about 22 cm from the tank wall. The line of the seirtle corresponded to the
‘tolerance limit’ to the ‘approximation zone’ - tlewea where snail's food was placed
during the experiment (Fig. 1). Each tank was s#t different food treatments.

Snalils’ food consisted in 40 ml agar disks prepdrgtieating an aliquot of kelp extract
with agar and letting cool to 50 °C. Kelp extraetswobtained from homogenization of a
constant amount of chopped kelp blades (in ordemBure a constant input of natural
kelp phenols) in seawater, in a ratio of 1/3, ainndemperature and in light conditions.
Phloroglucinol, at different concentrations depegdbn the food treatment considered,
was dissolved in an aliquot of kelp extract at rommperature, added to the (cooled)
aliquot containing agar, and shaken vigorously. fheture was immediately poured
into Petri dishes and allowed to harden. Polypteboid to agar in solution preventing
hardening, so the concentration of agar in theedfit disks varied (2.5%, 2.9% and
3.3% of the final mixture) to ensure that disksteaming different levels of polyphenols
were similar in texture (Steinberg, 1988).

Tegula tridentata snails were collected on May 2014, at Punta ddcdyawhere
previous studies showed the occurrence of stromigiveey pressure ofl. tridentata
over L. trabeculata (Pérez-Matus & Subida, per. obs.). In the labayatenails were
measured, marked with nail polish to allow its iifezation during the experiment, and
maintained in tanks with running seawater undewateon for 2 to 3 days. Five hours
prior to the experiment, 10 marked snails weresfiermned to each experimental tank for
acclimation. Afterwards, snails were carefully gdcat the center of each tank and 2
agar-food disks were placed at the wall side ofapproximation zone (Fig. 1). Since
phloroglucinol gradually leaches out from agar diglSteinberg, 1988), snails at
different treatments were gradually exposed to ed#fit concentrations of
phloroglucinol dissolved in the FSW of the tank.e@sich treatment, the position of each
snail in the tank grid was recorded at 7 differ@mies: half an hour after the beginning
of the experiment and every following hour, forexipd of 6 h (Steinberg, 1988).
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We measured four response variables to describdotietdependent movement of
Tegula tridentata in the tanks. The average distance to the tolermie(Dml, in cm)
was calculated as the average of the distanceaatf gnail position to the tolerance
limit, at each time. The final distance to the tatece limit (Dfl, in cm) was calculated
as the distance between the position of each ah#ile end of the experiment and the
tolerance limit. The escape response (Re) was mexhsis the number of times each
snail was recorded at the tank wall at a heigh2®ftm or more. The approximation
response (Ra) was measured as the number of tiaods smail was recorded in the
‘approximation zone’ (Fig. 1). For each responsealde, the significance of the
differences between treatments (CO, C1, C2 andwad) assessed through a one-way
analysis of variance (ANOVA), after graphically essing that the assumptions of
normality and homoscedasticity were met. Contragse used to perform pairwise
post-hoc comparisons to assess the significandbeollifferences between: i) control
(C0) and all treatments pooled together (C1 + @23y, ii) C1 and C2, iii) C3 and C3.
The limit for statistical significance was set aD® All statistical analyses were
performed with the R statistical language (R Caeanh, 2014).

Snail at the
approximation

Approximation zone

Resbstes zone
Tolerance

- /\ ................. Distance of the
(@) ' O .
« t— snail to the
74 : \ tolerance limit
Snail 'e) |
© o)
o /

N I

Fig. 1. Schematic drawing of the experimental ugetfor the laboratory experiment
carried out to assess the effect of phloroglucomlthe food-dependent movement of
Tegula tridentata.

3. Results
3.1 Effect of kelp harvesting on kelp-associataeitebrates

Epiphyte invertebrates. A total of 54 different epiphyte invertebrate taware found
living on the kelpLessonia trabeculata in the studied site. Assemblages at the H2 kelp
ground showed the lowest average number of taxaTdBle 2). This pattern became
also evident by the low similarity between the agsl@ges inhabitingd.. trabeculata at

H2 in comparison with the assemblages from the m@ngkelp grounds (< 25%, Fig.



303  2). This dissimilarity was highly determined by thghest abundances at H2 of the
304 herbivore amphipodBircenna sp. (contribution to dissimilarity with H12 and NH
305 assemblages of 28 and 12%, respectively) and ofi¢higivore snaillegula tridentata

306 (contribution to dissimilarity with H12 and NH assklages of 9 and 6%, respectively).
307 It is remarkable thafl. tridentata was recorded only at the H2 ground, where it
308 contributed to about 13% of the total abundancee @&halysis of trophic groups
309 revealed an increment of herbivory on the H2 a8884 of herbivores) when compared
310 to the H12 (56%) and the NH control area (59%).nivares and suspension feeders
311  showed a dramatic reduction in H2 (3% and 7%) wdwnpared to NH (19% and 20%)
312 and H12 (23% and 17%).

313

Table 2. Univariate descriptors (average + standardr) of invertebrate epifauna and non-
epifauna assemblages at the studiedsonia trabeculata grounds. H2: harvested 2 months
before sampling, H12: harvested 12 months befomgbag, NH: non-harvested, SE: standard
error. Abundance (epifauna) represents the averagmber of individuals per sporophyte;
abundance (non-epifauna) represents the numbadividuals per m(= density).

Invertebrate epifauna Invertebrate non-epifauna

NH’ H2 H12 NH H2 H12
Total n° of taxa 26 13+ 1 225+ 0.5 6+5.75 4.1+ 2.66 6.2+ 5.56
Abundance 130 66+ 9 41+ 16 176.6+ 1.41 94.7+50.79 81.6+67.12

" Data correspond to a single observation, dueetdat of one replicate

314

315 Kelp-associated non-epiphyte invertebrates. A total of 38 non-epiphyte invertebrates
316 were found in thé.. trabeculata kelp grounds. Taxa richness was significantly loate
317 H2 (Kruskal-Wallisy? = 7.53, df = 2, p = 0.023, Table 2). The multiasei structure
318 and composition of the invertebrate assemblagesswasficantly different among the
319 three kelp grounds (Fig. 2; ANOSIM R = 0.76, p €ak). Dominance was highest at
320 H2, where the herbivore sndil tridentata alone contributed to more than 70% of the
321 total density of invertebrates. Thus, a 23 and %€tease in herbivore contribution to
322 total density was observed at this kelp grounckiation to NH and H12, respectively.
323



324
325

326
327
328
329
330
331
332
333
334
335
336
337
338
339

Invertebrate Epifauna

0.70
|

P
=4
= -
o
E un ]
LN+
T O
s -
=
= 1
LS - & T 5 A
o o o
o ~N ~N I N N
3] T T z T T
b) .
Invertebrate Non-epifauna
e HI12
H2
o NH
O
o0 O O
[
O
® stress = 0.11

Fig. 2. Invertebrates associated ltessonia trabeculata grounds. Dendrogram of
epiphyte assemblages (a) and nMDS of non-epiphsgemablages (b) at each of the
studied kelp grounds. H2: harvested 2 months be$arapling, H12: harvested 12
months before sampling, NH: non-harvested, P1 @nd&mple replicates.

3.2 Measurement of kelp exudation of phenolic conmois in seawater

We found significant differences in the concentmatof phenolic compounds between
the seawater of tanks with (T1 and T2) and witi{@it and C2)_essonia trabeculata in
both trials (Fig. 3; GLM F = 5.56, p = 0.04, reevd= 13 on 11 df). The rate of
exudation of phenols, which was significantly highrethe first experiment (GLM, F =
22.4, p < 0.005, res.dev. = 16.1 on 10 df), vabetiveen 2.0 + 0.27 and 4.6 + 0.85
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Fig. 3. Concentration of soluble phenolic compouddtected in experimental tanks
with (T) and without (C)essonia trabeculata, in trials 1 and 2.

3.3 Effect of changes in seawater concentratigghédroglucinol on the food-dependent
movement of the snallegula tridentata

Three of the four variables used to characterieddbd-dependent movementTegula
tridentata snails showed clear trends between the control thadthree treatments
(different levels of pholoroglucinol) (Fig. 4). Sidicant differences among treatments
were found for the average distance (Fig. 4a; F26,9df = 8, p = 0.006) and final
distance (Fig. 4b; F = 5.46, df = 8, p = 0.020}He tolerance limit. Post-hoc contrast
tests revealed that snails moved, on average efuaivay from the food and reached a
greater distance to the tolerance limit in treattmevith phloroglucinol (Dfl, p = 0.005;
Dml, p = 0.001). Although snails tended to approthehfeeding area (Ra) more often in
the control tank (Fig. 4d), no significant diffeces were found among records of this
variable. Similarly, no significant differences angotreatments were found for snails’
escape response (Re) although snails tended tpee$ess at the control and at the
lowest phloroglucinol concentration treatment (Fg).
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Fig. 4. Boxplots of th&egula tridentata movement response variables. Dml (average
distance to tolerance limit), Dfl (final distanaetoblerance limit), Re (escape response)
and Ra (approximation response). Phloroglucinokeatrations: CO (0 mg/ml), C1 (8
mg/ml), C2 (16mg/ml), C3 (22 mg/ml).

4. Discussion

Our results showed that the density of invertebnatbivores increased in about 30% in
harvested grounds of the kdlgssonia trabeculata. The mechanisms that trigger this
response of herbivores to kelp harvesting aremtitirly understood, and we shed light
on our prediction that the decrease in the numbekedp sporophytes exuding
secondary herbivore-deterrent metabolites, likaldelphenolic compounds, can trigger
the movement of herbivores towards harvested afgast we demonstrated that
trabeculata has the ability to change the concentration ofnphe compounds in the
surrounding seawater, by providing the first estenaf the rate of phenolic exudation
by this kelp. Finally we demonstrated that the hente snailTegula tridentata might
change its food-dependent movement, avoiding appmog food in the presence of
phenolic exudates, by recognizing water-borne cbehtues. On that account, this
study sets out a novel perspective on the ecosystesh effects of this harvesting
activity, by considering not only the direct effeftremoving a habitat forming species,
but also the indirect effects mediated by changethé chemical composition of the
seawater driven by the extraction of kelp individua

Marine invertebrates are usually negatively affédig kelp harvesting either due to the
direct or indirect loss of food, shelter, spawnexgd nursery grounds (Farifia et al.,
2005; Kelly, 2005; Vasquez & Santelices, 1990). & gexpected, the harvestinglof
trabeculata led to a shift in the structure of the associategrtebrate assemblages,
both in terms of species (decrease in the numbep@edies and subsequent increase in
the dominance) and trophic (increase in the nunobbdrerbivores) composition. The
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herbivory increase in the samples taken two moaftes harvesting is in agreement
with the results presented by other authors, whigigest this pattern to be related with
a decrease in the density of adult kelp sporophgfess the harvesting (Vasquez &
Santelices, 1990; Villegas et al., 2008). Althosgime authors attribute this response to
a facilitation of herbivores’ access to the algdagguez & Buschmann, 1997; Vasquez
& Santelices, 1990), herein we explored the pot¢etifects of water-borne substances
from macroalgae (Amsler, 2008), namely herbivoryedent phenolic compounds
released by. trabeculata.

Little is known about the specific composition loftrabeculata’s herbivore deterrent
compounds. The scarce information available fos gpecies refers to general terms
such as soluble phenolic content (Chandia et @04) total phenolic content (Guinea
et al., 2012) or phlorotannins (Storz et al., 20@®spite the determination procedure
being the same in all studies (Folin-Ciocalteu rodtfor determination of total soluble
phenolic content). Polyphenolic compounds are ffiecg the most abundant secondary
metabolites produced by brown algae (Amsler, 208®sides phlorotannins, brown
algae from the orders Laminariales (elgesssonia) and Fucales, are also rich in
halogenated phenols, in particular those of bromaim@ iodine (La Barre et al., 2010).
In this study, however, we were constrained to thseFolin-Ciocalteu method, which
does not allow differentiating between classes lgnmlic compounds. Nevertheless,
according to Shibata et al. (2006) we would expectrabeculata to present the
following classes: i) phlorotannins, stored insidgetative cells of the outer cortical
layer; ii) bromophenols, releasable through exthalee secretion; and eventually iii)
other molecules not yet identified by the availablelytical techniques. Defensive
phenolic compounds can be expressed constituti@wpstantly produced to avoid
grazing) or can be induced in response to stim(Macaya & Thiel, 2008). The
constitutive phenolic defenses exhibitedl®gsonia species (Martinez & Correa, 1993;
Rothausler et al., 2005) are expected to be lesmbla in response to grazers
abundance and environmental conditions than inddedenses (Karban and Baldwin
1997). Therefore, kelp harvesting activities anel iasulting increase in the number of
grazers are not likely to induce the productiothese chemical defenses.

Adult individuals ofL. trabeculata maintained in laboratory had the ability of champi
the chemical composition of the surrounding seawdtiee levels of soluble phenolic
compounds exuded bly. trabeculata were within the detection limits of the Folin-
Ciocalteu technique, with an average of 3.28 Mg.g\,t)'l.Gh'l, exuded into the
surrounding seawater. This rate is lower than the recordedn situ for the sublittoral
kelp Ecklonia radiata, that reached up to 10 ug,rgwt)'l.h'l (Jennings & Steinberg,
1994). Assuming that all the measured exudatesiriédl the class of halogenated
phenols (Shibata et al., 2006), the values mentia®ve are likely to overestimate the
real concentration of these compounds exuded taveter column, as none of these
two studies took into account the dilution provoksdwater movement. These polar
metabolites are highly water-soluble and can rgpilidsolve away from the surface of
the producing kelp (Le Barre et al., 2010; Steighedral., 2001).

Although in some species of brown algae bromoplsepldy a more efficient role as
herbivore deterrents than the phlorotannins (Saileatal., 2014), our results showed
that the marine herbivore gastrop®dtridentata changed its movement behavior, and
hence its spatial distribution, in response to fresence of soluble synthetic
phloroglucinol, the monomeric base of phlorotanpalymers. So, supposing thht
trabeculata does not exudate phlorotannins, but only halogehabhenols like
bromophenols (Shibata et al., 2006), one would eXxje even stronger herbivore
deterrence response of natural exudates in thd flekn the one observed in our
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laboratory experiment. In this experiment, snalsded to move away from areas where
soluble phenolic compounds were present (deterrbgcexudates) regardless of the
lack of physical contact (by direct feeding, fostince) between the snails and the
source of the exudates. As far as we know thisysteresents the first attempt to relate
herbivore food-dependent movement with levels dp kdefense metabolites in the
seawater (water-borne cues). Most studies focegan, on the response of macroalgae
to water-borne cues of grazers’ presence (Ams@38and references herein) or on the
palatability of food sources (Borell et al., 2004acaya et al., 2005; Macaya & Thiel,
2008; Shibata et al., 2014; Van Alstyne, 1988).

Palatability studies yielded contrasting resultscsi grazers reacted differently to the
gradients of concentration of phenolic compoundsdushe feeding activity of the
gastropodsTegula funebralis and T. brunnea, for example, was deterred by different
concentrations of polyphenols, with highest coneditns showing a stronger deterrent
effect (Steinberg, 1985; 1988). Another study exang the deterrence effect of natural
phloroglucinol and its oligomers and also bromopmhemn the feeding activity of the
gastropodTurbus cornutus, evidenced varying, or even opposite, effects atying
phenolic compounds’ concentration (Shibata et24114). Namely, the authors found
that phloroglucinol and phlorotannins at concerdrat occurring in algal tissues had
feeding deterrent activity again$t cornutus, but that the highest deterrence effects
were found for bromophenols that are only presenalgal exudates. Furthermore they
suggest that at low concentrations some of thesnglic compounds can even
stimulate the feeding behavior of the studied gasid.

Although our results show a clear effect of the emditorne presence of synthetic
phloroglucinol on the food-dependent movement o #nail T. tridentata under
laboratory conditions, distinct herbivores can pere differently the presence of
phenolic compounds in the seawater (Jennings &nBéeg, 1997). Furthermore, in
nature the water movement can strongly affect piseption (Macaya & Thiel, 2008;
Swanson & Druehl, 2002), since the content of pithinins can be influenced by
temporal variation on water movement (Dubois & k2012). Therefore, in order to
test if our findings apply to other herbivores aodthe natural environment, future
studies should in the first place, focus on thesitu measurement of the seawater
concentration of polyphenolic compounds in harnasé@d non-harvestetlessonia
trabeculata beds, with similar hydrodynamic conditions. Thisuld allow verifying the
assumption that the reduction in the number of tadelp sporophytes, due to
harvesting, can reduce the concentration of digsbherbivore-deterrent polyphenolic
compounds within the kelp bed. The major limitatiftor such a study is, for the
moment, methodological. It would be necessary topa and further concentrate high
amounts of seawater in order to obtain a conceoraif polyphenolic compounds
falling within the detection limits of the Folin-Gzalteu method (Tala, pers. comm.). It
is possible that the use of different methods ffier éxtraction of kelp phenols, such as
HPLC (Shibata et al., 2006; 2014), or the use dfedint standards in the Folin-
Ciocalteu method, would allow improving the pheartraction procedure. In addition,
in situ studies should be conducted in order to evallegeadsponse OF. tridentata or
other important herbivores (e.g. fishes) to theelewf exuded phenolic compounds into
the surrounding seawater.

5. Conclusion

Kelps are key organisms in marine ecosystems asdaftee major conduits of energy
between autotrophs and the rest of the food web. ifitensity ofLessonia harvesting
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along the Chilean coast has been rapidly increanitige last few years, as this species
is used by several growing industries. This studyvigles a deeper insight into the
ecosystem-level effects of the commercial harvgstahL. trabeculata in Chile. We
demonstrated that harvesting activities may haver@ound direct and indirect
influence on the dynamics of kelp-associated oggasifor this kelp species. Moreover,
our experimental studies suggest that harvestirghtgignificantly alter the chemical
composition of the seawater in a way that influenttee spatial distribution of some
abundant herbivores like the marine snisyula tridentata. Due to the removal of
whole sporophytes, harvestingloftrabeculata may lead to a decrease in the number of
adult sporophytes exuding polyphenolic compoungsp&tceiving this reduction in the
seawater concentration of herbivore deterrent nubdscT. tridentata may select areas
where the levels of kelps defenses are lower, ngotavards harvested kelp beds. If
this proves to be a more generalized responserpatfeherbivores, kelp harvesting
above certain thresholds may produce a shift onsthecture of the kelp associated-
communities, which can compromise the growth andeld@ment of new kelp
sporophytes due to the grazing activities.
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Highlights:

Density of invertebrate herbivores increased in harvested grounds of L. trabeculata.
L. trabeculata exudates soluble phenolic compounds to the surrounding seawater.
T. tridentata avoided the presence soluble phloroglucinol in the seawater.

Kelp harvesting may lead to reduction in levels of herbivore deterrents in seawater.

Kelp harvesting may indirectly trigger kelp herbivory via water-borne chemical cues.



