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Abstract: Coral reef resilience is greatly influenced by herbivory. There is a need to identify key fish
species fulfilling this critical function in biogeographically distinct regions. This experimental in situ
study investigated fish herbivory in coral reefs of the lower Gulf of Thailand characterized by a
considerably low herbivorous fish biomass and diversity, but high live coral and low macroalgal
cover. This provided an intriguing situation for macroalgal browsing research. Visual census tech-
niques assessed the abundance of local herbivorous fish species, and filmed single-choice assays
using the macroalga Turbinaria evaluated mass-standardized bites (ms-bites) and biomass removal.
Multiple-choice assays offering four locally abundant macroalgae identified specific biomass re-
moval and ms-bites to uncover selection and avoidance patterns of observed fish species. The rab-
bitfish Siganus virgatus constituted only 39% of herbivore biomass but accounted for 90% of ms-
bites. In multiple-choice assays, fishes took most (61%) bites on Sargassum, followed by Padina (28%)
and Turbinaria (11%), while Lobophora was avoided. S. virgatus exhibited the most generalized
browsing pattern of all species observed. Coinciding with recent studies, our findings suggest that
S. virgatus plays a key functional role in reefs characterized by low diversity of herbivores and low
functional redundancy.
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1. Introduction

Coral reefs constitute the taxonomically most diverse ecosystems on earth [1]. The
widespread impact of anthropogenic stressors, compounded by natural disasters, can in-
itiate a cascade of events favoring shifts to macroalgae dominance [1-3]. It is well estab-
lished that herbivorous fishes play a key role ensuring the continued functioning of reef
systems, particularly in the face of negative impacts, due to their ability to remove algae,
one of the main competitors of corals [2,4-6]. Nominally herbivorous fishes have tradi-
tionally been classified into a small number of distinct functional groups, e.g., based on
dietary preferences and methods of food acquisition [7]. Grazers predominantly feed on
algal turfs and early life stages of macroalgae, thereby potentially preventing macroalgae
establishment [2]. The removal of morphologically and chemically defended mature
macroalgae is limited to the functional group of macroalgal browsers [1,7]. Chronic driv-
ers such as overfishing and nutrient pollution can lead to transitional states, with turf-
dominated reefs eventually developing into reefs dominated by macroalgae [8,9], but re-
cent literature suggests that turf can also constitute a stable regime in itself [10-12].
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Macroalgae can outgrow feeding pressure when grazing is low, thereby reducing coral
settlement, recruitment [13,14] and growth [15], and overgrowing adult corals [16-18].
Similarly, turf algae can inhibit coral larvae settlement and decrease survivorship [19,20].
Increasing reports of coral reefs shifting to macroalgae dominance following large-scale
bleaching events [5,21-23] have given rise to a growing number of studies on browsing
fishes (e.g., [24-26]; for a full list of Indo-Pacific species see [27]), of which most have been
conducted on the Great Barrier Reef (GBR, e.g., [22,25,28]). Key species have been identi-
fied based on assessments of estimated fish feeding rates (“estimated function”, [29]) or
measured loss of macroalgae biomass (“realized function”, [29], e.g., [30-32]. However,
high variability in the identity of fish species removing macroalgae together with biogeo-
graphic differences prevent generalizations [6,33,34], and herbivorous fishes can display
nuanced differences in their function across different locations [25,26,30]. Besides physi-
cal, chemical, and nutritional traits of the macroalgae coupled with herbivore gut physi-
ology that already exclude most species as potential feeders [24,35-37], numerous factors
can influence the feeding selectivity of browsing species, such as temporal and spatial
patterns of algal availability [25,28].

On the GBR, studies have repeatedly identified major browsing species to exhibit a
strong selection for the brown alga Sargassum [26,38,39]. Some of the most consistently
important macroalgal browsers in the Indo-Pacific region include Naso umnicornis
[26,39,40], Kyphosus vaigiensis [26,36], Siganus canaliculatus [38,41] and Siganus doliatus
[25,42] (see [6]). However, contrasting results exist regarding the two rabbitfish species
having an impact functionally equivalent to N. unicornis and K. vaigiensis in their efficiency
of macroalgae removal [38] (but see [43]). Species-specific feeding patterns can lead to
varying extents of dietary overlap across a herbivore community [44], resulting in differ-
ent levels of functional redundancy or complementarity within a reef system [24,30,39].
Pronounced variations in feeding selectivity may be concealed by classifying species into
broad functional groups, and assumptions of functional redundancy may be challenged
once finer degrees of niche partitioning are considered [42,43,45].

While high diversity systems provide the potential for functional redundancy, the
redundancy can be limited in some functional groups [1]. Few species or even a single
species can drive macroalgal removal irrespective of the level of herbivore diversity
[22,30,39]. Some evidence suggests that species might express greater behavioral flexibil-
ity in lower-diversity assemblages, being able to support the function of macroalgal
browsing to a similar extent compared to study sites richer in species and thereby increas-
ing resilience [6].

Coral reefs located in the lower Gulf of Thailand such as the ones of the Samui Ar-
chipelago provide an interesting research ground for macroalgal browsing, as they exhibit
low fish taxonomic diversity and face serious disturbances caused by extensive tourism,
overfishing and water pollution [46,47]. To date, little is known about key browsing spe-
cies including their feeding ecology and functional roles in this region [27]. All study sites
exhibited low diversity of herbivorous species and, most strikingly, these reefs are lacking
a major component of the herbivorous fish guild-acanthurids [26,39,40]. Based on initial
information, herbivorous biomass as well as abundance of invertebrate macroalgae graz-
ers seem to be particularly low as well [48].

The use of remote underwater video cameras has emerged as a viable tool to assess
the identity of key species and feeding behavior using transplanted macroalgae in the field
[24,26,39], and multiple-choice feeding assays offering different macroalgae species
proved a suitable method to assess feeding selectivity of fish species [24,30]. Here, we
used visual census techniques to (i) assess the abundance of locally occurring herbivorous
fish species, and (ii) filmed macroalgal single-choice assays using the macroalga Turbinaria
to identify mass-standardized bites (ms-bites) and biomass removal by grazing and
browsing fish species. This was supplemented by multiple-choice assays offering locally
abundant macroalgae (Sargassum, Turbinaria, Padina and Lobophora) to (iii) evaluate spe-
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cific biomass removal and ms-bites to uncover selection and avoidance patterns of ob-
served fish species. The findings of this study contribute to the limited body of infor-
mation for reefs with low herbivorous fish diversity, particularly in the lower Gulf of Thai-
land.

2. Materials and Methods
2.1. Study Site

Data were collected at four different sites off the island Ko Pha Ngan, namely Haad
Salad (A; 9°47'22.0” N 99°58'17.1” E), Mae Haad IV (D; 9°47'32.2” N 99°58'32.6” E), Mae
Haad II (B; 9°47'47.6” N 99°58'41.9” E) and Haad Khom (C; 9°47'53.1” N 100°00'52.0” E)
(Figure 1), and from a fifth site in the nearby marine park Ang Thong (E; 9°47'55.6” N
99°42'44.8” E) located in the lower Gulf of Thailand.

Figure 1. Map of study sites. (A) Haad Salad, (D) Mae Haad 1V, (B) Mae Haad II, (C) Haad Khom
and (E) Ang Thong Marine Park.

Macroalgae single-choice experiments were conducted between February and June
2015 to assess potential differences on the reef crest of one openly fished site (loc D) and
the marine park site (loc E). Macroalgal assays in 2018 were conducted between February
and June on the reef flat in three local fished reefs for single-choice assays (loc A-C) and
in one fished reef for multiple-choice assays (loc D). The data collection periods covered
the dry and part of a transitional season, with southeast monsoons starting from May on-
wards [49]. The four Ko Pha Ngan study sites (loc A-D) were located on fringing reefs off
the north coast of the island subjected to frequent anthropogenic activity [48] and were
chosen to investigate macroalgae browsing around the island. At those sites, the reef flat
emerges from a sandy beach at a water depth of 1-2 m and stretches into fields of macroal-
gae composed by the four macroalgal genera Turbinaria, Sargassum, Padina and Lobophora,
coral patches dominated by Porites sp. [48], and rubble. Then, it evolves into the reef crest
at a water depth of 3-6 m and slopes down to the fore reef at a water depth of 10 m.
Lobophora was the only macroalga present beyond a water depth of 3 m. The fifth study
site (loc E) was situated within a marine protected area, which is a no-take zone by law.

2.2. Fish and Benthic Surveys

For all study sites and years, fish and benthic surveys were carried out every two
weeks on the reef crest during the study period in less than 50 m from macroalgae assay
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deployment sites. The herbivorous fish community was assessed by visual census [7] on
SCUBA along three 5 m x 50 m belt transects, yielding a total of 250 m? per transect. Each
survey consisted of two divers trained in fish identification swimming left and right from
the transect tape recording all fishes identified to species level. Nominally herbivorous
fish species were considered in the surveys, including rabbitfishes (Siganidae), parrot-
fishes (Labridae: Scarinae), surgeonfishes (Acanthuridae), chubs (Kyphosidae), and
pomacanthids (genus Pomacanthus) [7]. Individual fish size was estimated and categorized
into nine different size classes (0.1-5 cm, 5.1-10 cm, 10.1-15 cm, 15.1-20 ¢cm, 20.1-25 cm,
25.1-30 cm, 30.1-35 cm, 35.1-40 cm and > 40 cm). Herbivorous fish abundance and pub-
lished length-weight data [50] were used to calculate fish biomass as g m2. The benthic
community composition was measured using line-point-intercept transects [51] along the
same transects used to assess the herbivore community in 0.5 m steps. Benthos was
grouped into “live coral cover”, “turf algae”, “macroalgae”, “rubble”, “sand” and “other
life”. Replicates per transect for each surveyed location ranged from 8 to 15 in 2018 and
from 9 to 12 in 2015. A period of heavy weather in the beginning of April 2018, with wind
speeds of up to 15 knots at the local sites, and difficult accessibility of the marine park
resulted in a variation in replicate numbers. A table with replicate numbers of all surveys
and macroalgae assays can be found in the supplementary material (Table S1).

2.3. Algae Feeding Assays

In this study, all reported values are stated as mean + SE. In 2015, Turbinaria appeared
to be the most abundant macroalga (Puk, personal observations), which provided the rea-
son for working with this genus in single-choice assays. For consistency, single-choice as-
says in 2018 also used the then second-most abundant genus Turbinaria. As a preparatory
assessment, benthic surveys were conducted in February 2018 on the reef flat of the study
sites with a replicate number of 3. Lobophora was the most abundant macroalga on the reef
flat (6 = 1%), followed by Turbinaria (5 + 1%), Sargassum (2 + 1%) and Padina (1 + 1%) (see
results section). Sargassum has been used in various feeding experiments investigating
macroalgae browsing (e.g., [26,34]). However, Sargassum abundance was very low in both
2015 and 2018 experiments with a seasonal decline until almost completely absent, mak-
ing the use in assays not feasible [52]. While Lobophora was the most abundant alga, its
foliose and encrusting morphology makes it difficult to handle in assays [53].

An initial assessment of the diel activity pattern of herbivorous fishes was conducted
in February 2018 to determine the most suitable time for macroalgae assays. An underwa-
ter video camera of the type GoPro Hero 3+ was deployed after sunrise (7:00) and recorded
until sunset (18:30), with battery changes every 2 h. Recordings were analyzed counting
the number of herbivorous fishes within each 2 h-block. A Kruskal-Wallis test detected
no significant differences in the abundance of fishes between the observed 2 h-blocks (Ta-
ble 52). Subsequently, assays were performed between 9:00 and 17:00 for 2 h without in-
terruption. Longer recording times would have required battery changes leading to dis-
turbance of potential feeding events, and previous studies using filmed assays have
shown the highest bite rate within the first hour of deployment [24,54].

Macroalgae thalli for all assays were collected in adjacent shallow water habitats and
kept in a saltwater tank with surface current no longer than 24 h until deployment. Suita-
ble sizes of thalli were chosen, covering the natural variety of different sizes of the respec-
tive macroalga found in the study area (see Table S3 for initial weights). Macroalgae thalli
were tied onto pieces of coral rubble with fishing line and deployed at the study sites
within an area of 1 m2. Per assay, one camera was mounted on a tripod built out of PVC
and placed in approximately 1 m distance from the used macroalgae to record feeding. To
account for biomass loss during 2 h deployment, wet weight of algae was determined to
the nearest 0.01 g before and after the assays with an Ohaus Pioneer digital scale. Excess
water was removed by spinning algae in a salad spinner for 10 s before weighing. One
alga for each genus was covered with a mesh bag and deployed next to each assay, acting
as a control accounting for growth and biomass loss not attributed to herbivory (handling
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loss). Deployment spots were chosen haphazardly at the respective water depth, with at
least 10 m distance to previous spots. A size reference held into the view frame at the
beginning of each recording allowed length estimations of feeding fish. Proportionate and
absolute biomass loss due to herbivory were calculated accounting for the biomass loss of
the control, which simulated biomass loss due to handling: Tiss = 1 — Aa / (Ai x [1 = Hoss]),
where Tioss is the proportion of biomass lost, As is the algae biomass left after 2 h, Aiis the
initial biomass measured before deployment and Hiss is the mean percentage of handling
loss, calculated based on the controls [25].

Single-choice Turbinaria assays conducted in 2015 on the reef crest (3—6 m water
depth) were used to compare feeding on Ko Pha Ngan (D; 44 assays and 88 h of video
recordings) with the marine park (E; 18 assays and 36 h of video recordings).

In 2018, single-choice assays were placed on the reef flat (1-2 m water depth) in loca-
tions A-C (total of 93 assays; 186 h of video recordings) to assess the rate of herbivory in
the reef zone in which all four macroalgal genera naturally occurred during the time of
the experiment.

Additionally, multiple-choice assays at location D used all four genera of macroalgae
(Turbinaria, Sargassum, Padina and Lobophora) in one setup to investigate selection and
avoidance of deployed macroalgae. As Lobophora was the only macroalga occurring in
water depths beyond 3 m, multiple-choice assays were also conducted on the reef flat (39
assays; 78 h of video recordings). Feeding selectivity was defined by the likelihood that a
fish chooses an alga of one genus over another macroalgae genus, if offered on an equal
basis [55]. “Proportional-sized” specimens of algae were selected to reflect variation in
growth form and size between species at the study site D as required for measures of
preference [24] rather than “equal-sized” specimens in terms of biomass and size [54].

2.4. Data Analyses

Video recordings were analyzed for fish species feeding on deployed macroalgae, the
size of consumers, and the number of bites taken. Mass-standardized bites (ms-bites) were
calculated by multiplying biomass (estimated using fish size and published length-weight
relationships, [50]) with observed number of bites (ms-bites = biomass of fish (in kg) x
number of bites) following Hoey and Bellwood [39] to account for the herbivory impact
of each fish species. Statistical analyses were performed using the software R [56]. Signif-
icance level a was 0.05 for all tests. In advance, data were tested for normal distribution
using the Kolmogorov-Smirnov test, and homogeneity of variances was tested using
Levene’s test. Statistical tests were chosen accordingly. Differences in absolute algae bio-
mass before and after feeding assays associated with ms-bites were tested for single-choice
assays at site E in 2015 and for multiple-choice assays at location D in 2018 using a Wil-
coxon signed-rank test for dependent samples. Remaining locations were not tested due
to insufficient sample sizes. A Wilcoxon rank sum test was performed to compare the
number of total ms-bites from all fish species together and per fish species separately on
single-choice Turbinaria assays at location D with location E in 2015 to test for differences
in feeding activity between a local reef and the marine protected area. Correlation between
ms-bites from all assays and years and associated proportionate biomass loss was tested
using a Spearman correlation test.

Feeding selectivity of individual fish species in multiple-choice assays at location D
in 2018 was evaluated according to selection and/or avoidance of offered macroalgae. Pos-
itive selection, avoidance, or random selection of offered macroalgae in multiple-choice
assays was tested using the Strauss’ Linear Selection Index L = ri - pi, where ri is the pro-
portion of the i-th food type consumed and pi is the proportion of the i-th food type avail-
able in the environment [57]. This electivity index was chosen because it is more robust to
sampling errors at low r and p values compared to other indices [58]. Due to an overall
low number of observed bites, L values could only be calculated for the most dominant
browser S. virgatus. In addition, the non-parametric Friedman test was performed to test
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for a difference in the number of ms-bites taken from the four offered macroalgae Turbi-
naria, Sargassum, Padina and Lobophora. The non-parametric Friedman test for dependent
samples was chosen because the selection of one macroalgal genus may be dependent on
the presence of other algal genera during a trial [59,60]. Further, the Friedman test was
used to evaluate the feeding selectivity of the most dominant browser S. virgatus accord-
ing to ms-bites. A Friedman post hoc multiple comparison test according to the Nemenyi
method [61] was conducted to perform pairwise comparisons of ms-bites taken by S. vir-
gatus on Turbinaria, Sargassum and Padina.

3. Results

Six rabbitfish species (Siganus virgatus, Siganus javus, Siganus corallinus, Siganus gut-
tatus, Siganus vermiculatus and Siganus stellatus) and two parrotfish species (Scarus rivula-
tus and Scarus ghobban) were observed in all herbivore surveys across years and sites.
Sightings of Naso unicornis, Kyphosus vaigiensis and Pomacanthus sexstriatus occurred rarely
(three individuals or less in all assays, <2% of biomass).

3.1. Key Browsers and Macroalgae Removal in the Fished vs. Protected Reef

In 2015, the marine park showed a herbivorous fish biomass of 14.1 + 1.4 g m?. S.
rivulatus made up 36% of herbivorous fish biomass at that site. It was followed by S. vir-
gatus (31%), S. javus (14%), S. ghobban (8%), S. stellatus (4%), S. corallinus and S. guttatus
(each 2%) (Figure 2, full details in Table S4). The marine park had a high live coral cover
(49 + 4%), 8 £ 2% of turf algae and no macroalgae (Table 1). The Ko Pha Ngan site D
showed less than half of the herbivorous fish biomass of the marine park (6.3 + 0.6 g m?2).
Additionally, S. rivulatus (59%) and S. virgatus (30%) made up most of the herbivore bio-
mass. Benthic community composition showed high live coral cover (43 + 3%), but also
high turf algae cover (32 +2%). Lobophora was the only macroalga present (12 + 4%).

Table 1. Benthic community composition on the reef crest in the local reef (loc D) and the marine
park (loc E) in 2015. Given are % of total cover for live coral cover (LCC), turf algae, sand, rubble,
other life and macroalgae, whereas macroalgae are split into the genera Turbinara, Lobophora,
Padina and Sargassum. Replicate number n =12 atloc D and n =9 at loc E.

Re:i?ésrest Single-Choice
LocD LocE
Benthos % Cover % SE % Cover % SE
LCC 42.75 3.21 48.96 3.85
Turf Algae 32.44 1.95 7.76 2.09
Sand 1.34 0.53 20.66 5.08
Rubble 10.65 3.18 6.34 1.42
Other Life 0.67 0.3 16.28 2.76
Macroalgae 12.15 3.51 - -
of which
Turbinaria - - - -
Lobophora 12.15 3.51 - -
Padina - - - -

Sargassum - - - -
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Figure 2. Herbivore biomass surveyed on the reef crest in the marine park (loc E) (a) and in a local reef (loc D) (b) in 2015.
Values are given in mean g m™2. The boxplot shows the median and 25% quantile, the black cross indicates the mean.
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In the 2015 single-choice experiments on the reef crest, a total of 438.74 ms-bites dur-
ing 124 h of recording (3.54 + 0.68 ms-bites h') were observed (Figure 3). S. virgatus took
by far most bites from deployed Turbinaria assays, accounting for 93% of all ms-bites (3.29
+ 0.37 ms-bites h), followed by S. corallinus (5% of all ms-bites, 0.16 + 0.09 ms-bites h')
and S. guttatus, S. rivulatus, S. ghobban and S. javus which took less than 5% of all ms-bites,
respectively. The bite rate by all fish species combined was 17-times lower at location D
(0.63 +0.36 ms-bites h') than at the site E (10.64 + 1.14 ms-bites h''; p= 0.002, Table S5). This
difference was mainly driven by S. virgatus, which took 10.37 + 0.71 ms-bites h-' at location
E and 0.39 + 0.26 ms-bites h-! at location D (p< 0.001, Table S5).

(b) local reef (loc D)
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= ==
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Si.ganus 5{'90""5 :9‘-“-"’“5 Siganus Siganus Scarus
Javus virgatus rivulatus corralinus virgatus rivulatus

Figure 3. Bite rate (ms-bites h'') for recorded fish species in single-choice assays on the reef crest in the marine park (loc E)
(a) and in a local reef (loc D) (b) in 2015. Fish species are color-coded. The boxplot shows the median and 25% quantile,
the black cross indicates the mean.

3.2. Key Browsers and Macroalgae Removal in Local Reefs
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Across the four Ko Pha Ngan sites in 2018, the average herbivorous fish biomass was
10.8 +2 g m? and ranged from 3.9 + 0.2 g m? to 13.8 + 0.6 g m2. S. virgatus made up 49%
of herbivorous fish biomass. It was followed by S. rivulatus (32%), S. ghobban (16%), S.
guttatus (3%), and less than 2% for S. corallinus, S. stellatus and S. javus, respectively (Figure
4, full details in Table S6). Benthos community composition on the reef flat showed high
turf algae cover (39 + 4%), moderate live coral cover (22 + 7%) and 12 + 3% macroalgae
(Table 2). Benthic data for sites A-D on the reef crest in 2018 was within a similar range as

in 2015 for the fished reef (Table S7).
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Table 2. Benthic community composition surveyed on the reef flat at locations of single-choice (loc A—C) (a) and multiple-
choice assays (loc D) (b) in 2018. Given are % of total cover for live coral cover (LCC), turf algae, sand, other life and
macroalgae, whereas macroalgae are split into the genera Turbinara, Lobophora, Padina and Sargassum. Replicate number 1

=3 at each site.

RezeleSlat (a) Single-Choice (b) Multiple-Choice
Loc A LocB LocC LocD
Benthos % Cover % SE % Cover % SE % Cover % SE % Cover % SE
LCC 51.8 13.75 7.57 3.27 22.11 7.83 4.95 1.98
Turf Algae 33.44 6.91 37.5 497 56.77 3.81 27.06 1.32
Sand 0.98 0.57 4441 3.01 5.61 1.19 54.13 3.68
Other Life 2.62 1.31 0.66 0.66 0.99 0.57 - -
Macroalgae 11.15 3.88 9.87 3.89 14.52 2.35 13.86 2.51
of which
Turbinaria 3.61 0.87 428 1.32 4.95 1.14 5.61 0.66
Lobophora 6.23 2.15 4.61 2 8.25 0.33 6.6 1.19
Padina 1.31 0.87 0.99 0.57 1.32 0.87 - -
Sargassum - - - - - - 1.65 0.66

3.2.1. Single-Choice Assays

While no bites were recorded at locations A and C, a single feeding event of S. vir-

gatus was recorded at location B (3.60 ms-bites in 186 h of assays).

3.2.2. Multiple-Choice Assays

Overall, 31.48 ms-bites in 78 h of assays (0.40 + 0.73 ms-bites h-') were recorded in multiple-
choice assays on the reef flat in 2018. The most important macroalgal consumer in all con-
ducted assays was S. virgatus, which took 52% of all ms-bites (0.21 + 0.09 ms-bites h1),
followed by S. quttatus (19% of all ms-bites, 0.08 + 0.32 ms-bites h?), S. rivulatus (12% of all
ms-bites, 0.05 + 0.17 ms-bites h') and S. corallinus (11% of all ms-bites, 0.05 + 0.14 ms-bites
h1). S. ghobban and S. javus took less than 4% of all ms-bites (Figure 5).

multiple-choice (loc D)

0.25

0.20

0.00

Siganus

.

corallinus  guttatus

— oo =

Siganus  Siganus  Siganus Scarus

javus virgatus  rivulatus

Figure 5. Bite rates (ms-bites h™') for recorded fish species in multiple choice-assays (loc D) in 2018.
Fish species are color-coded. The boxplot shows the median and 25% quantile, the black cross in-
dicates the mean.
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(a) all species

2.50
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1.00

0.50
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+
Sargassum sp. Turbinariasp. Padinasp. Lobophora sp.

3.2.3. Feeding Selection and Avoidance

During the 78 h of recordings, 65% of all ms-bites (0.26 + 0.26 ms-bites h') were observed
on Sargassum, 25% of all ms-bites were taken on Padina (0.10 + 0.07 ms-bites h™?), followed
by Turbinaria with 10% of all ms-bites (0.04 + 0.48 ms-bites h-'), and Lobophora was avoided
in all assays (Figure 6). The Strauss’ Linear Selection Index (L) showed a nominal positive
selection for Sargassum and Padina, as well as a slight avoidance of Turbinaria, by the most
dominant browser S. virgatus (Table 3). The Friedman test revealed a significant selec-
tion/avoidance pattern for S. virgatus (p< 0.001, Table S8). Sargassum (55% of all ms-bites)
and Padina (41% of all ms-bites) were selected with a similar frequency by S. virgatus,
while Turbinaria seemed to be less attractive (4% of all ms-bites; Sargassum - Turbinaria p
=0.008 and Padina - Turbinaria p= 0.001, Table S9) and Lobophora was always avoided. Due
to an overall low number of observed bites, statistical tests could only be performed for
the most dominant browser S. virgatus. Based on observations in the field, the siganids
were highly selective for Sargassum. S. javus took 86% of all its ms-bites on Sargassum,
while S. guttatus and S. corallinus exclusively selected Sargassum. The parrotfish S. rivulatus
fed mainly on Turbinaria (73% of all ms-bites exerted by S. rivulatus) but was also observed
to take bites on Padina (15% of ms-bites) and Sargassum (12% of ms-bites). S. ghobban was
observed to feed on Padina only.

(b) Siganus virgatus

2.50

2.00

1.50

ms-bites

1.00

—‘7 X
52 0.50
= L T e
—X—

0.00
Sargassum sp. Turbinariasp. Padina sp. Lobophora sp.

Figure 6. Ms-bites in multiple-choice assays (loc D) in the reef flat in 2018 taken on the four offered macroalgae genera (Sargassum,
Padina, Turbinaria and Lobophora) for all fish species (a) and for the most dominant browser S. virgatus (b). No bites on Lobophora
were recorded. The boxplot shows the median and 25% quantile, the black cross indicates the mean.

Table 3. Strauss” Linear Selection Index (L) tested for positive or negative selection of the four of-
fered algae genera Sargassum, Padina, Turbinaria and Lobophora by S. virgatus in multiple-choice
assays in the reef flat (loc D) in 2018. Ri is the proportion of the i-th food type consumed and P is
the proportion of the i-th food type available in the environment.

Macroalga Ri Pi L
Sargassum sp. 0.548 0.260 0.003

Padina sp. 0.413 0.105 0.003
Turbinaria sp. 0.039 0.622 -0.006
Lobophora sp. 0.000 0.014 0.000

3.3. Biomass Removal

The difference in biomass for single-choice assays in the marine park (loc E) in 2015
was significant (0.15 + 0.05 g h1[0.2 + 0.01% h']; p< 0.001, Table S10).
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Further, multiple-choice assays conducted on the reef flat (loc D) in 2018 showed a
significant difference in absolute biomass loss of 0.04 + 0.07 g h~* (0.38 + 0.07% h-") (p<0.01,
Table S10), whereby Padina had the highest removal rate (0.21 + 0.03% h), followed by
Sargassum (0.15 + 0.04% h™) and Turbinaria (0.03 = 0.01%h™). For Lobophora, no biomass
loss associated with herbivory was detected. Values for biomass loss are given in Table 4
(2015) and Table 5 (2018).

No correlation was found between ms-bites and measured biomass loss for all assays
(Table S11).

Table 4. Biomass loss of macroalgae in single-choice assays in a local reef (loc D) (a) and in the
marine park (loc E) (b) on the reef crest in 2015. Given are absolute biomass loss in g h™ + SE as
well as biomass loss in % h! + SE per algae genus. Locations with significant biomass loss are
marked with *.

2015 .
Reef Crest Biomass Loss
Macroalga Abs. g h1 +SE % h-1 +SE
(a) locD Turbinaria sp. 0.066 0.010 0.060 0.001
(b) locE * Turbinaria sp. 0.146 0.053 0.201 0.009

Table 5. Biomass loss of macroalgae in single-choice assays at loc C (a) and multiple-choice assays at loc D (b) on the reef
flat in 2018. Given are absolute biomass loss in g h™' + SE as well as biomass loss in % h™' + SE per algae genus. Locations
with significant biomass loss are marked with *.

RezeleSlat Biomass Loss
Macroalga Abs. g h! *SE % h-1 +SE
(a) single-choice loc C Turbinaria sp. 0.003 0.000 -0.018 0.000
(b) multiple-choice loc D* Turbinaria sp. 0.013 0.002 0.026 0.007
Sargassum sp. 0.009 0.001 0.147 0.035
Padina sp. 0.020 0.003 0.209 0.031
Lobophora sp. 0.000 0.000 0.000 0.000

4. Discussion
4.1. Identification of Key Browsers and Macroalgae Removal

The herbivorous fish biomass at all sites of this study was lower than the average
herbivore biomass in locations accessible to fisheries throughout the Indo-Pacific (10.8 +2
g m2vs. 29.0 g m, [62,63]). Fishing has been observed at all sites including the marine
park as the fishing ban is typically not enforced. The group of rabbitfishes made up 53%
of total herbivore biomass on average, and S. virgatus alone constituted 49% of that bio-
mass. Parrotfishes comprised 47% of the herbivore community, whereas surgeonfishes,
which constitute an important group of herbivores in other reef systems [33,39,64], were
absent. S. virgatus was the single most important browser observed at all study locations,
exerting 90% of all ms-bites at all locations combined, ranging from 97% at location E and
62% at location D in single-choice assays in 2015 to 52% in multiple-choice assays in 2018.

The single-choice experiments aimed to gain insight into key herbivores and to assess
rates of herbivory. The bite rate on the reef crest of location D of Ko Pha Ngan was 17
times lower than at the marine park site and was driven largely by S. virgatus. Addition-
ally, higher background densities of algae at the Ko Pha Ngan sites may have deterred
feeding [65,66]. In turn, the deployed Turbinaria at the protected marine park site E, which
harbored turf algae in low abundance (<10%) and no macroalgae, appeared to have been
an attractive subsidy. Feeding on the Turbinaria algae from the assays may be beneficial
compared to the day-to-day foraging strategy of herbivorous fish, as the effort needed to
crop small algae in complex reef habitats entails a significant risk of predation and/or a
lower feeding efficiency [67,68]. Transplanted assays are also likely to be more apparent
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and may attract browsers from beyond their normal foraging range [64]. Biomass removal
at location E was significant (0.2 £ 0.01% h).

The single-choice experiments on the reef flat, the reef zone with the highest macroal-
gae cover and in which all genera were naturally occurring, showed virtually no feeding.
This is in line with previous studies, in which significantly lower rates of herbivory com-
pared to other reef habitats were recorded on the reef flat (e.g., [69]). The reef crest gener-
ally has the highest diversity of fishes [70,71], extensive territoriality with fishes protecting
preferred feeding locations [72], the highest rates of primary productivity [73,74], and it
often is the preferred feeding habitat for macroalgae browsers [42,69]. The overall high
availability of algae in the Ko Pha Ngan reef flats likely led to a low attractiveness of the
algae assays compared to the surrounding, resulting in diluted feeding pressure as assays
are likely to be less apparent [25,64,75]. Similarly, macroalgal removal may decrease with
higher macroalgal density due to higher predation risk and/or the reduced ability of her-
bivores to detect predators [65,69,76]. However, variation in initial algae biomass in sin-
gle-choice assays may have influenced feeding rates as resource quantity can influence
herbivory [77], hence leading to a difference in observed patterns between the single-
choice assays at different sites.

Turbinaria was selected for the single-choice assays due to its higher relative abun-
dance compared to other macroalgae and because of the low seasonal abundance of Sar-
gassum, which is regularly used in feeding assays. However, the use of Turbinaria could
be an explanation for the rather low feeding rates in our study, since it is usually not pre-
ferred by herbivores such as S. virgatus as it has a rather low palatability due to several
morphological and chemical defenses [78-80] and is mainly consumed by large herbivores
such as N. unicornis and K. vaigiensis not present in this study [30,36,42]. We therefore
suggest further feeding assessments using single-choice assays of Sargassum as well as of
Turbinaria during different times of the year to uncover possible variations in herbivory
linked to macroalgae genus and algae condition in the studied reefs [52,81,82].

The capability to digest macroalgae varies between herbivores and may determine
the benefit gained by feeding on them. The analysis of short chain fatty acid (SCFA) levels
of different herbivores places siganids in between browsers, such as kyphosids and acan-
thurids feeding on large macroscopic algae including fucoids, and scarine parrotfishes
which feed on detritus, indicating a mixed diet with algal components [83]. The three si-
ganid species observed at the study sites, S. guttatus, S. corallinus and S. javus, may not
have been capitalizing on the subsidies due to different feeding preferences, as they are
considered omnivorous [41,84,85] or primarily feed on turf [86]. All assays tested the con-
sumption of macroalgae only. Since turf algae is a major component of coral reef systems,
further investigation to elucidate grazing on turf algae on the flat and crest of the studied
reefs would yield interesting results.

The browsing rabbitfish S. virgatus contributed 97% of mass-standardized bites at site
E. S. virgatus is a mixed herbivore feeding on both macroalgae and the epilithic algal ma-
trix [87]. In recent years several studies have emerged on the role of S. virgatus contrib-
uting towards macroalgal (i.e., Sargassum) removal within various ecosystems in the cen-
tral Indo-Pacific region, and it has been concluded that S. virgatus is the most functionally
important macroalgal remover along a gradient of reef degradation, under varying envi-
ronmental conditions and over different spatial and temporal scales [34,76,82,88].

Our results clearly show that S. virgatus thrives in surroundings with virtually no
edible macroalgae present, such as the reef flat of this study, feeding on turf algae and
small thalli of macroalgae species, but is also capable of consuming adult macroalgae
stands. S. virgatus is closely related to S. doliatus, and their division into separate species
is considered incipient [89]. Although S. doliatus has been previously identified as an algal
cropper [41,70,90] and its functional impact has been questioned [41,43], S. doliatus is ca-
pable of consuming adult macroalgal stands and its abundance in many inshore regions
of the GBR has led to the suggestion that macroalgal browsing in those reefs might be
reliant on S. doliatus as a single species [91].Like its sister species S. doliatus, S. virgatus is a
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mixed herbivore with high functional plasticity, and its prevalence and feeding habits
may prove useful in low-diversity systems to sustain important functions in the absence
of more specialized herbivores such as K. vaigiensis and N. unicornis [41,42].

4.2. Selection and Avoidance of Macroalgae in Multiple-Choice Assays

S. virgatus and S. rivulatus displayed a broader feeding pattern in multiple-choice as-
says at location D, consuming three out of four offered macroalgae, while the other herbi-
vores observed were highly selective. Biomass loss in multiple-choice assays (0.4 + 0.01%
h-1) was considerably low [54]. Only a few studies have been able to find a relationship
between feeding intensity and biomass loss of macroalgae ([39], but see [38]). However,
the variation of initial weights in algae assays needs to be considered as well, as it can
influence the rate of herbivory and lead to lower biomass removal [77].

In line with previous observations [24,34,41], the brown alga Sargassum was most
readily consumed in this study (65% of all ms-bites and 0.15 + 0.04% h~' biomass loss) and
selected for by five out of six species, including all siganids. S. virgatus fed on Sargassum
(55% of ms-bites), Padina (41% of ms-bites) and to a smaller extent on Turbinaria (4% of
ms-bites), while the remaining siganid species almost exclusively selected Sargassum.
Only 10% of all ms-bites in multiple-choice assays and a biomass loss of 0.03 + 0.01% h-!
were observed on Turbinaria, which was targeted mainly by S. rivulatus (73% of ms-bites).
Parrotfishes such as S. rivulatus and S. ghobban can readily consume macroalgae with
strong structural defenses [36,92], and they consume various substrates to obtain their
main food source endo- and epilithic microbial resources. Despite few reports of parrot-
fish species feeding on macroalgae on the GBR [24,54], macroalgae removal is considered
incidental [37,83,93]. Epibionts living on Turbinaria constitute a secondary food source for
browsing species [94], and epiphyte loads are known to shape feeding patterns [28]. Since
epibionts were observed in the assays, there is a high likelihood that both S. rivulatus and
S. virgatus were targeting epibionts in our assays, rather than Turbinaria itself, leading to
incidental low biomass removal and explaining why no relationship between ms-bites
and biomass loss could be found [22,28,38,90].

S. ghobban fed on Padina only, which was the second most targeted alga (25% of all
ms-bites) and showed the highest biomass loss (0.2 + 0.03% h-'). Lobophora was highly
abundant at the study sites and no herbivory was observed in our assays. Indeed, most
herbivore species are not able to derive nutrients from Lobophora [36,83,95] and a recent
study showed different grazing fishes removing Lobophora recruits to varying degrees,
while removal of adult Lobophora was very low [96].

Our study found low removal of algal biomass by herbivores on the reef crest and
almost none on the reef flat, which questions whether the essential ecosystem function of
macroalgal removal (the “realized function” [29]) in the fished reefs is maintained. How-
ever, the single-choice assays investigated feeding on Turbinaria, which is strongly de-
fended and usually not a preferred macroalga [80]. As indicated by the results of our mul-
tiple-choice assays, at least two of the other occurring macroalgae genera are likely to be
effectively removed from the reef crest, as corroborated by the observation that only Lo-
bophora occurred at depths >3 m. The local reefs in our study showed a relatively high live
coral cover and low macroalgae cover, indicating that herbivores successfully prevent
macroalgae establishment by grazing on algal turfs and early life stages of macroalgae.
However, further investigation is crucially needed to quantify overall grazing pressure of
the fish species across different habitats. Our results corroborate the role of S. virgatus as
an opportunistic herbivore, thriving in environments with varying turf algae and
macroalgae availability and feeding on a range of algae, and hence demonstrating func-
tional plasticity in response to environmental and biological variations. S. virgatus dis-
played a generalized feeding pattern in a herbivore community characterized by low bio-
mass and diversity and consisting mostly of specialized species. S. virgatus appears to
constitute a key consumer species in the study region and likely is of great importance in
herbivore-depauperate reef systems such as the investigated sites.
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Previous studies found the functional role of species to be highly context dependent
[24], e.g., differing between locations and depending on co-occurring species [34,86]. Po-
tential functional groups may be revealed in experiments, but anthropogenic and natural
disturbances increasingly alter coral reef systems towards macroalgae being a dominant
component [93,97]. The potential of herbivore species to exert critical functional roles in
benthic communities, such as macroalgae browsing, may only be fully exposed when con-
ditions change, and might be essential for coral reef resilience in the present and future.

5. Conclusions

Currently, the ecosystem function of macroalgae control seems sufficiently sup-
ported by the herbivorous fish community in the studied reefs. Based on the important
role S. virgatus appears to play on the studied reefs, it should be given particular consid-
eration in spatial and species-specific management efforts. This could be relevant to en-
sure provision of ecosystem functions and to bolster the resilience of reefs harboring spe-
cies differing from the most consistently identified browsing species in times of frequent
overfishing and increased anthropogenic disturbances.
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