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Herbivory assays are a valuable tool used by field ecologists to understand many of the patterns and processes
affecting herbivory, a widely recognized driving force in marine communities. However, methods vary sub-
stantially among studies in both design and operation, and the effect of these differences has yet to be evaluated.
We assessed the effects of several key components of assay design on estimates of herbivory on a tropical reef, a
system characterized by strong herbivory pressure by highly mobile grazers. Based on our results, we offer four
recommendations. First, we found assays out-planted on sequential days in both predictable and random lo-
cations within a 60m2 site experienced temporal increases in herbivory by an increasingly diverse assemblage of
fishes. Thus, we strongly advise against placing herbivory assays in the same site over a series of days. Second,
we found while the amount of biomass consumed in assays was density-dependent, but the percent loss was not.
Thus, it is our opinion that researchers should report percent consumption because this metric is robust to
differences in biomass offered and will facilitate comparisons across studies. Third, we found associational ef-
fects, where proximity of species of differing palatabilities impacted estimates of herbivory rate on one or both
species, but these impacts were not consistent across species or sites. Thus, we recommend the effect of asso-
ciation be directly tested for multi-species herbivory assays. Fourth, we found no effect of attachment method on
estimates of herbivory rate and recommend researchers continue to use the attachment method in which they
are most confident. We hope our experimental results prove useful in the future when designing, conducting, and
interpreting herbivory assays.

1. Introduction

Herbivory assays are a valuable tool enabling field ecologists to
understand many of the patterns and processes affecting herbivory.
Herbivory assays typically entail out-planting known weights or lengths
of macroalgae or seagrass and using loss and/or video recordings to
compare rates, pressure, and selectivity. Herbivory assays have been
used across a range of marine communities, including kelp forests (e.g.
Vergés et al., 2016), rocky intertidal (e.g. Aguilera et al., 2015), sea-
grass meadows (e.g. Bourque and Fourqurean, 2013), and coral reefs
(e.g. Hay et al., 1983). These assays have been used to compare spatial
and temporal patterns in herbivory pressure (a few examples include
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Hay et al., 1983, Madin et al., 2011, Aguilera et al., 2015, Catano et al.,
2016, Bourque and Fourqurean, 2013). They have also been used to
assess differences in herbivory pressure on macroalgae of different
quality, including differences in nutritional content (e.g. Chan et al.,
2012; Shantz et al., 2017), collection location (Keeley et al., 2015), or
developmental stage (e.g. Hoey, 2010). Cafeteria-style herbivory assays
have been used to assess preferences and selectivity of individual fish
species for different macroalgal species and to compare fish community
structure and function (Mantyka and Bellwood, 2007a, 2007b; Rasher
et al., 2013). Additionally, videos of these herbivory assays have been
used to identify key grazers (Mantyka and Bellwood, 2007a; Vergés
et al., 2016). In spite of intensive use, the effects of common differences
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in methods have never been evaluated.

One possible effect to evaluate is whether predictability of a re-
source can impact the resulting levels of herbivory measured using algal
assays. In order to achieve adequate replication, some researchers out-
plant herbivory assays in different locations within the same site over
sequential days or within a few days (e.g. Mantyka and Bellwood,
2007a, 2007b; Rasher et al., 2013; Plass-Johnson et al., 2015; Keeley
et al., 2015). This practice may result in the presence of the resource
becoming predictable over time and may affect measures of herbivory.
For example, a carnivorous coral reef fish responds to the occurrence of
a regular resource provided through chumming (Sweatman, 1996). In
this case, fish aggregated in greater abundances than what may be
expected naturally. Further, the community composition of consumers
measured at predictable versus unpredictable assays may differ. Al-
though, to our knowledge, there are no studies of this topic in marine
systems, evidence from terrestrial systems shows less competitive spe-
cies with broader searches specialize on unpredictable resources and
are readily observed at these unpredictable resources, while competi-
tive dominants monopolize predictable resources (Cortés-Avizanda
et al., 2012). Alternately, theory suggests the number of observed
species may increase over time for predictable assays as more species
that specialize on predictably available resources find and then return
to the assays, only saturating once the entire community has been
sampled (Efron and Thisted, 1976). Therefore, it is critical that we
understand how the predictability of a resource alters the abundance
and composition of herbivores, and the amount of resources that may
be consumed.

Herbivory assays vary in size among studies, which may impact
estimates of herbivory. For example, optimal foraging theory (OFT)
predicts as resource patch size increases, foraging increases, with in-
dividuals leaving a patch when patch intake rates equal mean intake
rates across the landscape (Charnov, 1976). Thus, herbivores should
remove more biomass from larger or denser patches, resulting in her-
bivory pressure estimates that are density-dependent, making compar-
isons among studies using different initial biomasses problematic. There
is some empirical evidence on coral reefs that herbivorous fish abun-
dance and behavior do track spatial patterns of resource availability
(Tootell and Steele, 2016). However, OFT may not govern herbivory
dynamics. For example, previous research indicates larger assemblages
of Sargassum experience reduced herbivory rates, likely due to fear of
hidden predators in large algal masses (Hoey and Bellwood, 2010).
Further, herbivory may be driven primarily by landscape characteristics
rather than abundance (Madin et al., 2011; Fong et al., 2017; Gil and
Hein, 2017). Reasons researchers vary the biomass of algae offered
include attempting to standardize size by providing equal volumes of
different species (e.g. Mantyka and Bellwood, 2007a, 2007b) or to
equalize encounter rates, especially for less mobile herbivores (Sotka
and Hay, 2002). Because the amount of resources provided in herbivory
assays varies substantially across studies (Chan et al., 2012; Keeley
et al., 2015; Madin et al., 2011; Mantyka and Bellwood, 2007a, 2007b;
Plass-Johnson et al., 2015), the importance of assay quantity should be
directly tested.

Associational effects occur when herbivory rate depends on proxi-
mity of species of different palatability, and may arise when multiple
species are out-planted together. An associational defense occurs when
a more palatable species experiences decreased herbivory when asso-
ciated with a less palatable species (e.g. Hay, 1986). An associational
susceptibility occurs when herbivory on a less palatable species in-
creases when associated with a more palatable species (see Barbosa
et al., 2009 for review). Many assays comprise a mixed assemblage
where associational effects may arise, including cafeteria-style assays
that are used to assess herbivore preference and selectivity (Mantyka
and Bellwood, 2007a, 2007b; Chan et al., 2012; Keeley et al., 2015).
While associational defenses are well established in marine commu-
nities (e.g. Littler et al., 1986; Littler et al., 1987; Fong et al., 2006;
Bittick et al., 2010; Loffler et al., 2015), the frequency of associational
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susceptibilities is unclear. Regardless of directionality, whether asso-
ciational effects of either type affect the outcome of herbivory assays
has not been established and warrants direct assessment.

Operationally, herbivory assays must be attached to something for
deployment, and it is possible the considerable variation in methods
used may impact estimates of herbivory rate. For example, herbivorous
fishes may rely on visual cues for foraging, and variation in attachment
method may influence those cues, adding variation to estimates of
herbivory pressure across methods. Attachment methods include cable
ties and rope (e.g. Chan et al., 2012; Keeley et al., 2015; Plass-Johnson
et al., 2015), clothes pins (Hay et al., 1983, Madin et al., 2011, Catano
et al., 2016), rope twists (Sluka and Miller, 2001), rubber bands and
lead weights (Hoey, 2010), and gardening wire (Bennett and Bellwood,
2011). While attachment methods vary substantially across studies,
how this variation affects experimental outcomes has never been tested.

Although herbivory assays are commonly used, methodological
variation has never been evaluated. However, both theoretical predic-
tions and empirical evidence suggest varying the design of assays in
ways that may alter resource predictability, optimal foraging, and as-
sociational context may affect resultant measures of herbivory. At a
more operational level, methods for attachment and deployment of
assays vary substantially among studies but comparisons of these
methods are lacking. Here, we determined how 1) temporal and spatial
predictability of resources, 2) resource quantity as different initial
biomasses, 3) associational effects due to proximity of species of dif-
fering palatability, and 4) method of attachment affect measures of
herbivory in the field.

2. Materials and methods

This study was conducted in Moorea, French Polynesia in January-
February 2016 and June-July 2017. We chose to work on a tropical reef
because herbivory is a strong structuring force (Lewis, 1986).

2.1. Study sites

We conducted our studies on four fringing reefs along Moorea's
north shore to test the generalizability of our findings (Fig. 1). Taa-
hiamanu reef is a patch reef and we worked on the seaward reef slope at
approximately three m depth. Stone Pier is also a patch reef system
approximately two m deep and we worked in the middle of the reef

3 km
—

Fig. 1. Map of Mo’orea, French Polynesia with letters denoting our field sites:
a.) Taahiamanu; b.) Stone Pier; c.) Hilton; d.) Green Marker; e.) Gump; and f.)
Maharepa reefs. Scale bar is 3 km. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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away from the slope. Green Marker reef is a shallow reef with con-
tinuous hard structure and limited sand approximately two m deep
before a drop off into the bay. Maharepa reef is also a continuous reef
and we worked on the seaward slope ~ two m deep before a drop off
into a boat channel. Previous research indicates these sites vary in
herbivore abundance (Bergman et al., 2016). We used two additional
sites for algal collection, Gump reef and Hilton reef, both patch reefs
with high diversity and abundance of macroalgae.

2.2. Study species

We used different combinations of three species of macroalgae in
our experiments to determine the generalizability of our findings across
algal species of different morphologies. We used Padina boryana,
Sargassum mangarevense, and Galaxaura divaricate (Guiry and Guiry,
2020) because they are common, vary in palatability, and have been
used in other studies in Moorea (e.g. Fong and Fong, 2014; Fong, 2015;
Keeley et al., 2015). P. boryana is a highly palatable foliose brown
macroalga with light calcification (Fong and Fong, 2014). This species
has been frequently used in herbivory assays in Moorea (e.g. Fong and
Fong, 2014; Keeley et al., 2015). S. mangarevense is also a brown
macroalga; it is in the thick/leathery functional form group (sensu
Littler and Littler, 1980) and previous research indicates it is less pa-
latable than P. boryana (Keeley et al., 2015). Our final species is a re-
latively unpalatable calcified red alga in the articulated calcified
functional group (Steneck and Dethier, 1994; Fong and Fong, 2014),
and previous research indicates Galaxaura congeners are less palatable
than Sargassum congeners (Loffler et al., 2015).

2.3. Evaluating handling loss

We conducted a series of caged control experiments in 2017 to
ensure the effectiveness of our herbivory assay experiments. In these
assessments, we out-planted 5.0 g of P. boryana in cages at Maharepa in
2017 (n = 19). Algae were collected from Gump reef, cleaned of epi-
bionts, spun in a salad spinner for 60 s, and wet weighed into 5.0 g
subsamples. Subsamples were attached inside a cage and out-planted
near our experiments. Cages were cylinders (ten cm diameter, ten cm
height) constructed from hardware cloth with one x one cm openings.
Prior studies confirmed that no herbivores were able to enter cages
constructed from this material (Fong et al., 2016; Bittick et al., 2020).
Cage controls were left in the field for between two and four hours, with
an average deployment of 3.17 * SD 0.668 h. Afterwards, cage con-
trols were collected and algae respun and reweighed to quantify
handling loss. Handling loss was calculated as percent loss per hour
[(initial-final)/initial] x 100/h deployed.

2.4. Resource predictability

We evaluated whether temporal and spatial predictability affected
herbivory rates at two sites. The two sites were Maharepa and
Taahiamanu reefs, where we presented a single species of palatable
macroalgae to herbivores in predictable and unpredictable locations
within a 30 m by 2 m (60 m? experimental site. Qualitatively,
Maharepa reef appeared to have a greater abundance of herbivorous
fishes than Taahiamanu reef, though we did not conduct surveys.

The first experiment was conducted at ~two to three m depth along
Taahiamanu fringing reef from 31 January to 5 February 2016. A pa-
latable macroalga, P. boryana, was offered to herbivores daily between
900 and 1500 h. Each day, whole thalli of P. boryana were collected
haphazardly at Gump reef. Thalli were cleaned of epibionts, spun in a
salad spinner for 60 s, and wet weighed into 5.0 g subsamples. Each
subsample was attached with cable ties to a 0.5 m length of rope and
tied to the benthos, avoiding damselfish territories (Ceccarelli et al.,
2005). Half the assays were assigned to be unpredictably available and
deployed at new random locations chosen daily within the
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experimental site. The other half of the assays was assigned as pre-
dictably available and new assays were placed in the same locations
every day for six days. Once a predictable marker was lost, the location
was no longer used, resulting in uneven replication across days. For this
and all subsequent experiments, replication is listed in figure captions.
After two to four hours, assays were collected, spun, and wet weighed
as above. Deployment time shortened over the course of the experiment
as herbivory rate increased (see results); however, time deployed was
the same within each day. Herbivory pressure was calculated as percent
loss per hour [(initial-final)/initial] x 100/h deployed.

We conducted a second experiment on Maharepa reef from 9 to 14
July 2017 to determine the generalizability of this pattern. While our
objective was the same, this second experiment expanded on the first in
two ways. First, we video-recorded a subset of our predictably-available
assays to determine which herbivorous fishes were responsible for loss
of macroalgae and whether that changed over time. We only recorded
predictable assays because these assays effectively went from un-
predictable on the first day to increasingly predictable over the course
of the experiment. We took a total of 15 videos of ~90 min each, with
n = 2 or 3 for each of six days (some videos were not successful). Using
these videos, we counted the number of fish species eating our pre-
dictable assays as well as number of bites. We were unable to enu-
merate individual fish because our video field of view was relatively
small, and therefore, the same individual could swim in and out of the
field of view, making it impossible to ensure we were counting in-
dividual fish. As before, once a predictable assay site marker was lost,
the site was no longer used, resulting in uneven replication across days.
Second, to determine if fish continued to respond to consecutive assay
availability, after a six day break, we out-planted more assays in the
same predictable and new unpredictable locations on a single day (20
July 2017).

We used a linear model to analyze herbivory pressure over the six
day predictability experiment, with treatment and day as fixed effects
and percent change per hour as our response variable; we did this for
each experiment separately because both year and site varied between
experiments. Data were square root transformed, after which residuals
were normally distributed (see Table S1 for details). Data were ana-
lyzed with the ‘car’ package in R because lost replicates resulted in an
unbalanced design (Fox and Weisberg, 2019). We also related fish
species diversity to assay day with a linear model because our data was
normally distributed (see Table S2 for details). To determine if the
temporal pattern we observed at Maharepa reef over the course of our
six day experiment (see results) was still detectable six days later, we
conducted a t-test comparing herbivory pressure on day six versus day
12 across all predictable and unpredictable replicates. This test was
appropriate because we found no effect of our predictability treatment
in this site (see results).

2.5. Resource availability

To assess if macroalgal quantity, defined as differences in initial
biomass, affected estimated rates of herbivory, we varied weight (g)
offered in assays containing P. boryana or S. mangarevense in a total of
five experiments. We conducted these experiments on Taahiamanu reef
because this reef had abundant herbivorous fishes. We chose these two
species of macroalgae because previous research has shown that, while
both are palatable, P. boryana is more readily consumed than S. man-
garevense (Keeley et al., 2015), and we wanted to determine if palat-
ability affected response to resource availability. Assays comprised 5.0,
10.0, or 20.0 g of algae. P. boryana thalli were collected from Gump reef
and offered to herbivores at Taahiamanu reef between 930 and 1330 h
on 27 January 2016. Because of low availability on Gump reef, S.
mangarevense was collected from Taahiamanu reef and offered to her-
bivores between 1030 and 1430 h on 28 January 2016. Experimental
units for both species were deployed haphazardly at Taahiamanu reef
on their respective dates. After four hours, algae were collected and



C.R. Fong, et al.

final weight was determined. For both species, we analyzed both grams
consumed per hour and percent of initial mass consumed per hour
because 1) both of these metrics are reported in the literature and 2)
optimal foraging theory predicts herbivory rate should be highest on
larger/denser resource patches (greater percent consumed). Thus, final
weights of herbivory assays should be the same irrespective of initial
weights because herbivores forage at a patch until the rate of return is
equal to the landscape average. The P. boryana data met assumptions of
parametric statistics (see Table S3 for details). Thus, we analyzed the
data with a one-way ANOVA and subsequent Tukey HSD post hocs for
both grams lost per hour and percent lost per hour. S. mangarevense data
did not meet assumptions of parametric statistics, even after transfor-
mations, and was thus analyzed with a Kruskal-Wallis test with Dunn
Test post hocs, with corrections for multiple comparisons.

To test the generalizability of the pattern we documented, we re-
peated the above experiment with just P. boryana at 3 additional sites in
2017: Maharepa, Green Marker, and Stone Pier reefs, on the 30th of
June and the 3rd and 4th of July 2017, respectively. Methods for col-
lection, assembly, deployment, and retrieval remained the same, and all
thalli were collected from Gump reef. We deployed and then retrieved
assays as before. Data for all three species across all three sites met
assumptions of normality for both grams and percent after a square root
transformation; prior to transforming, we added the minimum value to
all data to ensure all responses were positive (See Table S3 for details).
Thus, we analyzed each site separately with a one-way ANOVA for both
grams consumed per hour and percent consumed per hour as separate
response variables.

2.6. Associational defenses and susceptibility

We evaluated the impact of associational defenses, where the pre-
sence of a less palatable species decreases herbivory rate on a more
palatable species, or associational susceptibility, where the presence of
a more palatable species increases herbivory rate on a less palatable
species, on estimates of herbivory. In our first two experiments, we
tested for the presence of an associational effect. In our next three ex-
periments, we varied distance between thalli to determine how far any
associational effect extended.

In our first experiment, we used P. boryana, a more palatable spe-
cies, and S. mangarevense, a less palatable species (Keeley et al., 2015).
These species can co-occur on these reefs, with P. boryana growing near
the holdfast of S. mangarevense (C. Fong, personal observation). Both
species were collected haphazardly within the same area of Taahia-
manu reef to minimize initial differences in susceptibility to herbivory
that may be associated with location (Keeley et al., 2015). Algae were
collected, cleaned of epibionts, spun, weighed, and assembled into as-
says. Experimental treatments were 10.0 g P. boryana > one m apart
from any other assay, 10.0 g S. mangarevense > one m apart from any
other assay, and 5.0 g of each species together, or zero cm apart, with
thalli touching. Assays were deployed at Taahiamanu reef on 28 Jan-
uary 2016 from 1030 to 1430 h. Algae were then collected, spun, re-
weighed, and percent loss per hour was calculated.

In our second experiment, we used P. boryana and G. divaricata, a
red alga that is less palatable than S. mangarevense (Mantyka and
Bellwood, 2007a, 2007b for congeners). These species can co-occur,
with species touching and with P. boryana even growing epiphytically
on G. divaricata (C. Fong, personal observation). Both species were
collected from Gump reef and assays were assembled as above. Ex-
perimental treatments were 6.0 g P. boryana > one m apart from any
other assay, 6.0 g G. divaricata > one m apart from any other assay, or
3.0 g of each species zero cm apart. Assays were deployed at Taahia-
manu reef on 4 February 2016 from 1100 h to 1400 h. Algae were then
collected, spun, reweighed, and percent loss per hour was calculated.

To explore the spatial extent of any associational effects, we con-
ducted similar experiments at three additional sites using four distance
treatments to determine at what distance associational effects
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dissipated. We used P. boryana and S. mangarevense and had treatments
where thalli were 0 cm, 10 cm apart, 20 cm apart, and > 1 m apart.
Assays comprised 5.0 g of each species; P. boryana was collected at
Gump reef while S. mangarevense was collected at the Hilton reef where
it was readily available. Assays were deployed at Maharepa, Green
Marker, and Stone Pier reefs on 5, 6, and 8th of July 2017 respectively.
Assays were deployed between 1100 h and 1400 h, collected after two
to four hours, reweighed, and calculated percent consumed per hour.
Due to loss in the field, replication varied across treatment and sites
(sample sizes are listed in figure captions).

For the first experiment with P. boryana and S. mangarevense, re-
siduals were normally distributed and were thus analyzed with a two-
way ANOVA with species and association as main effects. Because we
had an unbalanced design, we used the car package in R (Fox and
Weisberg, 2019). However, the data for the second experiment with P.
boryana and G. divaricata did not meet assumptions, even after trans-
formation. Thus, we analyzed grams remaining because these data were
zero inflated due to total consumption of P. boryana in several assays.
We used a GLM with a Poisson distribution, where species and asso-
ciation were main effects and grams remaining was the response vari-
able. For the third and fourth experiments (P. boryana and S. mangar-
evense) at Maharepa and Stone Pier, data were assumed normal after a
square root transformation (Table S4) while data at Green Marker were
assumed normal after a log transformation. Thus, data from these three
sites were analyzed with a two-way ANOVA with species and associa-
tion as main effects.

2.7. Attachment

We determined if herbivory pressure varied with three methods of
attachment: cable ties, clothespins, or twisted into a rope twine. We
conducted this assay at three sites to ensure generalizability of the
pattern: Stone Pier, Green Marker, and Maharepa reefs on the 16th,
21st, and 24th of July 2017, respectively. We used P. boryana collected
haphazardly at Gump reef the day of each experiment. Algae were
cleaned, spun, weighed, and 5.0 g subsamples were attached with one
of the three methods, and out-planted haphazardly. As before, assays
were offered between 930 and 1330, and collected before all algae were
consumed. Algae were spun and reweighed, and percent loss in weight
per hour calculated. Due to loss in the field, replication varied across
treatments and among sites (see figure captions for details). Stone Pier
residuals met assumptions of normality without transformation, while
residuals from Green Marker met assumptions of normality after a
square root transformation (see Table S5) and were thus analyzed with
a one-way ANOVA. Data from Maharepa could not be successfully
transformed. Herbivory rate was comparatively low. Amount lost (in-
itial-final) was zero inflated due to this lower herbivory pressure; thus,
these data were analyzed with a GLM with a Poisson distribution.

3. Results
3.1. Evaluating handling loss

Our average handling loss was 5.8 = SE 0.8% of the macroalgal
assay per hour.

3.2. Resource predictability

Herbivory increased over time in both of our resource predictability
experiments, though this rate of increase did not statistically differ
between our predictable and our unpredictable assays (dayp < 0.0001
in both cases) (Fig. 2, Table S1). At Taahiamanu reef, herbivory on the
first three days of the experiment was low and comparable between
predictable or unpredictable resources (Fig. 2A). However, by day four,
herbivory began to increase and appeared to diverge between treat-
ments. By the end of the experiment (day six) overall herbivory almost
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Fig. 2. Percent of Padina boryana consumed per hour for unpredictably (open)
and predictably available resources (black) at a.) Taahiamanu in 2016 and b.)
Maharepa in 2017. Points are means + SE. At Taahiamanu reef, on days one
through six, n = 14, 14, 14, 14, 12, 11 for predictable locations and 15, 15, 14,
15, 14, 14 for unpredictable locations. At Maharepa reef, on days days one
through six, n = 15, 15, 14, 14, 14, 13 for predictable locations and 15, 13, 15,
15, 14, 15 for unpredictable locations. After six additional days (day 12), re-
plication was n = 13 for predictable and 15 for unpredictable treatments.

tripled, and herbivory on predictably available resources was ~25%
greater than on unpredictably available resources, though this differ-
ence was not significant. At Maharepa reef, herbivory was also lowest
on the first day; however, herbivory rate increased more rapidly in-
itially than at Taahiamanu reef and by day two, herbivory rate had
already increased by > 50% per hour for both treatments (Fig. 2B).
Overall, herbivory doubled by the end of both experiments.

We did not detect a difference in herbivory between the final day of
our experiment and the assays out-planted six days after cessation of
our experiment at Maharepa reef (t-test, p = 0.8488); rather, herbivory
remained similar to the enhanced rate measured at the end of our six-
day experiment, and elevated compared to the beginning of the ex-
periment (Fig. 2 B).

At Maharepa reef, we documented a total of six species of fish taking
bites on our assays: Naso lituratus (60% of bites), Naso unicornis (26% of
bites), Leptoscarus vaigiensis (9.4% of bites), Chlorurus sordidus (3.6% of
bites), Balistapus undulatus (0.1% of bites), and Ctenochaetus striatus
(0.1% of bites) (Froese and Pauly, 2019). Over time, as our assays be-
came more and more predictable, we found a significant positive, linear
relationship between date of the experiment and number of species of
fishes observed (p = 0.02181, Table S2, Fig. 3).

3.3. Resource availability

At Taahiamanu reef, grams of macroalgae consumed increased
significantly with initial weight of algae offered for both P. boryana and
S. mangarevense, though there was some variability in which treatments
differed from each other (p < 0.0001, Table S3 A,B, Fig. 4 A,C. As
expected, at Taahiamanu reef, P. boryana was consumed more rapidly
than S. mangarevense (note Y axis scale change). Grams of P. boryana
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Fig. 3. Number of fish species observed in all videos over the six days of our
predictable/unpredictable experiment (n = 15).

consumed per hour at Taahiamanu reef was highest for the 20 g assay
while the 5 g and 10 g were consumed at a statistically similar rate
(Table S3 A, Fig. 4 A). Similarly, grams of S. mangarevense consumed
per hour increased with increasing assay weight; however, in this case,
the 10 and 20 g assays were consumed at a similar rate with more than
a five-fold increase over the rate of the 5 g assays (p = 0.03171, Table
S3 B, Fig. 4 C). In contrast, we did not detect an effect of initial algal
biomass on percent consumed per hour for either macroalgal species
(p = 0.8826 and 0.05463 for P. boryana and S. mangarevense, respec-
tively, Table S3 A,B, Fig. 4 B,D). For P. boryana, percent loss was sta-
tistically indistinguishable among treatments, with an average loss of
14.7 = SE 1.1% per hour across treatments (Table S3A, Fig. 4 B). Like
P. boryana, hourly percent loss per hour for S. mangarevense was the
same among treatments, albeit at a much lower average of 3.6 + SE
0.8% (Table S3B, Fig. 4 D).

Overall, we found similar patterns for consumption of P. boryana at
Maharepa and Stone Pier reefs as at Taahiamanu reef, where grams
consumed increased with increasing initial weights, though like before
the specific treatments that differed varied (p = 0.00878 and 0.00045,
respectively, Table S3 C,E, Fig. 5 A,E). However, this pattern was only
marginally significant at Green Marker (p = 0.0546, Table S3 D,
Fig. 5C). Across all three sites, herbivory on 20 g assays was at least
three times greater than on 5 g treatments (Fig. 5 A,C,E). As in the prior
experiments, we did not find a significant effect of initial amount of-
fered on percent loss per hour (p = 0.799, 0.484, and 0.642 for Ma-
harepa, Green Marker, and Stone Pier, respectively, Table S3 C,D,E,
Fig. 5 B,D,F). However, herbivory rate appeared to vary across sites,
with most rapid hourly consumption at Stone Pier, followed by Ma-
harepa, and then Green Marker (Fig. 5). Hence, herbivores generally
consume macroalgae in proportion to relative availability.

3.4. Associational defense and susceptibility

Our first two experiments testing for effects of interspecific asso-
ciations by placing algae either adjacent (zero cm) or > one m apart
had species-specific results (Fig. 6). While we found an interaction
between association and species identity for P. boryana with S. man-
garevense (p = 0.457, Table S4 A), there was no interaction in the P.
boryana and G. divaricata experiment (p = 0.07558, Table S4 B). As-
sociation with the more palatable alga, P. boryana, more than doubled
herbivory on the less palatable S. mangarevense (Fig. 6 A). However,
there appeared to be no reciprocal effect of S. mangarevense on P. bor-
yana as there appears to be equal herbivory on P. boryana with or
without S. mangarevense. In contrast, we found a significant effect of
species and association for our experiment with P. boryana and G. di-
varicata, but no interaction. In this experiment, P. boryana was more
heavily grazed than G. divaricata both when alone and when associated
(p = 0.02069, Table 4S B). However, overall herbivory rate was re-
duced for both species when together compared to when apart
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Fig. 4. Grams and percent macroalgae consumed per hour for a,b.) Padina boryana (n = 10, 9, 10 for 5, 10, and 20 g treatments respectively) and c,d.) Sargassum
mangarevense (n = 10, 11, 8 for 5, 10, and 20 g treatments respectively) at Taahiamanu. Bars are means + SE.

(p = 0.00159, Table 4S B, Fig. 6 B). The lack of interaction indicates the
associational defense was equally positive for both species.

In our second set of experiments, where distance between species
ranged from zero cm to > one m, the associational susceptibility S.
mangarevense experienced when adjacent to P. boryana only occurred in
one of the additional three sites (Fig. 7, Table 4S C-E). At Maharepa and
Stone Pier we found no effect of distance on herbivory rate on P. bor-
yana or S. mangarevense (p = 0.0922 and 0.2870 respectively, Table S4
C, D), just a species effect showing that P. boryana is more palatable
than S. mangarevense (p < 0.001 for both, Fig. 7 A,C, Table S4 C,E).
However, we did find an associational susceptibility at Green Marker,
shown by a significant interaction between species identity and dis-
tance (p = 0.0219, Fig. 7 B, Table 4S 4D). As in all other experiments,
herbivory on P. boryana was always greater than herbivory on S.

mangarevense and equal across all levels of association. In contrast,
herbivory on S. mangarevense depended on association, with herbivory
rate increasing with increasing proximity to the more palatable P.
boryana, at least in the zero to 20 cm range of distances. However, this
pattern did not continue with the experimental units set at a distance
of > one m; rather herbivory on these units was as high as the closest
association.

3.5. Attachment

We found herbivory rate did not statistically differ with attachment
method at any of the sites we tested (p > 0.3 for all, Table S5 A,B,C,
Fig. 8 A,B,C). As in previous experiments, herbivory rate appeared to be
highest at Stone Pier followed by Maharepa then Green Marker.

Fig. 5. Grams and percent macroalgae consumed per
hour at Maharepa (a, b), Green Marker (c, d) and Stone

Pier (e. f) sites. Bars are means = SE. For 5, 10, and 20 g
treatments, n = 9, 10, 9 at Maharepa; 9, 8, 10 at Green
Marker; 9, 9, 8 at Stone Pier. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6. a.) Percent macroalgae consumed per hour for a) Padina boryana (black)
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Galaxaura divaricata (white) when offered in herbivory assays either alone or
together. Replication for P. boryana and S. mangarevense was 9 while n = 9 for
P. boryana alone, 10 for G. divaricata alone, and 9 for both when together.

4. Discussion

Our evaluation of current methodologies to estimate herbivory in
the field revealed that existing variation among approaches in several
critical components strongly impacts these estimates, limiting com-
parison across systems and studies. We found support for our theore-
tical predictions that assays that varied resource predictability and as-
sociational context influenced resultant measures of herbivory. In
contrast, predictions from optimal foraging theory were not supported
by our data, which may allow comparisons among assays of variable
size. Similarly, we did not find that an operational source of variation,
differences in attachment method, impacted estimates of herbivory. An
important caveat to our findings is that the research was conducted on a
tropical system characterized by strong herbivory by highly mobile
herbivores; these results should be interpreted with some caution when
applied to other systems. However, based on our results, we make four
recommendations for future research, which we will discuss below. 1.)
We recommend researchers not conduct herbivory assays in the same
site over a series of days, especially if the study's objective is to compare
results over space or time or to characterize fish communities. 2.) It is
our opinion that researchers should report, either in the main text or
supplement, percent consumption because this is a density-independent
metric, facilitating comparisons among studies. 3.) We recommend re-
searchers make an effort to explicitly test site and species-specific as-
sociational effects if herbivory assays must be assembled with multiple
species in close proximity. 4.) Our data supports continued use of the
attachment method in which you are most confident or adept. We hope
our experimental results prove useful in the future when designing,
conducting, and interpreting herbivory assays.

First, we strongly advise against placing herbivory assays in the
same general location (i.e. a 30 X 2 m swath like this study) over a
series of days if the objective of the study is to compare herbivory rates
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Fig. 7. Percent macroalgae consumed per hour for a) Padina boryana (white)
and Sargassum mangarevense (black) when offered at varying distances from
each other at Maharepa (a), Green Marker (b), and Stone Pier (c). Bars are
means * SE. For P. boryana > 100 cm away, S. mangarevense > 100 cm
away, and P. boryana and S. mangarevense at 0, 10, and 20 cm apart, replication
was 10, 8, 9, 10, 9 at Maharepa, 10, 10, 8, 8, 9 at Green Marker, and 10, 9, 10,
10, 10 at Stone Pier. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

over space or time or to characterize fish communities. The con-
sequences of repeating herbivory assays in the same location are
boosted and more variable estimates of herbivory rates and fish di-
versity. Overall, our data implies that repeating assays in the same lo-
cations influences measurements of herbivory, and even randomly
changing assay locations on sequential days within a site of the size we
evaluated may not be sufficient to get independent, replicable mea-
surements.

One pattern we discovered that may limit our ability to compare
studies is that herbivory estimates increased and became more variable
as resources in a given area became more predictable. Further, re-
plication in the same location (i.e. the same attachment point) on se-
quential days can be even more problematic, though this pattern was
weak and not consistent between sites. In previous studies, including
our own work, assays were often out-planted on successive days in the
same overall location to compare estimates of herbivory pressure be-
tween sites or species (e.g. Mantyka and Bellwood, 2007a, 2007b;
Rasher et al., 2013; Plass-Johnson et al., 2015; Keeley et al., 2015; Fong
et al., 2018). The practice of repeated assays within a site is a common
solution to achieve adequate replication; however, our findings suggest
that, going forward this practice be limited or even abandoned.

Another pattern that will limit our ability to compare measures of
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referred to the web version of this article.)

fish diversity or components of fish behavior or function across re-
peated assays is that fish diversity increased as our assays became more
predictable over time. This result can strongly affect the characteriza-
tion of fish community structure and function if the underlying me-
chanisms are not taken into account. For example, it is possible that the
increase in species diversity over time will resemble a species accu-
mulation curve and eventually saturate when the full herbivore as-
semblage is observed (e.g. Efron and Thisted, 1976). In this case, the
reason that diversity increases over time may be because some species
are better at finding predictable resources (e.g. Cortés-Avizanda et al.,
2012); thus over time, the full complement of good and bad searchers
may be observed. One way to turn this into a positive outcome is to use
repeated assays when assessing grazing selectivity, because repetition
may allow researchers to increase the diversity of fishes observed (Fong
et al., 2018). However, another possibility is that repetition may also
generate competitive interactions, and exclusion may eventually arise,
suggesting the increase in diversity over time may not persist. Re-
gardless of the mechanism, our data implies that repeating assays in the
same locations will change the fish community observed, and that this
must be taken into account in future research.

If repeated assays in the same site are logistically necessary, we
recommend that researchers explicitly evaluate how many days apart
and how distant these assays must be deployed to ensure independence.
We found herbivory rates remained elevated six days after our repeated
assays, but did not evaluate longer intervals. Thus, additional research
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is needed to provide guidelines on how long researchers should wait
before deploying further herbivory assays at a site.

Second, while the appropriate metric for reporting herbivory will
depend on the overall objective of each specific study, we recommend
researchers also report percent consumption because studies often offer
different initial masses, and percentages will allow comparisons of es-
timates across studies as well as aid any potential future meta-analyses.
Contrary to the predictions of optimal foraging theory (e.g. Charnov,
1976), we found herbivory rate was constant irrespective of biomass of
algae out-planted when expressed as percent consumed per hour. This is
not unexpected, as optimal foraging models are quite simplistic and
assume only foraging is being optimized, while in reality, behavior is
much more complex (Pierce and Ollason, 1987). Further, OFT assumes
foraging behavior is the primary driver of fitness, which also may not be
true (Pyke, 1984). We find it likely composition of the assay itself is the
driver of our estimates of herbivory. For example, estimates of her-
bivory pressure can be driven by nutritional quality (e.g. Chan et al.,
2012; Keeley et al., 2015) that can vary along an algal thallus. For
example, apical portions of P. boryana can be nutrient-dense and less
defended by calcification, and herbivores have been found to graze the
high-quality apices, leaving the basal portions intact (Clausing et al.,
2016). In this case, grazing may be a constant percent as fishes move on
after eating the more nutritional/less defended portions. Thus, the
nature or value of the resource offered is critical and known to effect
estimates of herbivory (Chan et al., 2012, Keeley et al., 2015, Clausing
et al., 2016). Whatever the mechanism, we found percent consumed
proved to be a robust, density-independent metric of herbivory rate,
and reporting this metric will facilitate comparisons across studies with
varying initial masses.

Operationally, our finding is particularly useful for studies that use
variable initial weights both within species and among species, which
most often occurs for species with complex morphology that make
matching initial weights difficult (e.g. Mantyka and Bellwood, 2007a,
2007b; Clausing et al., 2016). Further, some workers have varied the
biomass of algae offered in an to attempt to standardize size by pro-
viding equal volumes or surface area to mass ratios of different species
(e.g. Mantyka and Bellwood, 2007a, 2007b; Sotka and Hay, 2002),
which our results indicate would have no effect on percent consumed.
In summary, the lack of effect of initial weight on percent consumed
facilitates comparisons of herbivory rates across sites, species, and
amounts used within and between studies.

Third, we recommend site and species-specific evaluation of the
effect of association if multi-species herbivory assays are employed. We
found that, while associational effects could be strong, they were not
generalizable across species pairs or sites. The presence of associational
effects varied between macroalgal species pairs of differing palatability;
further, patterns varied across sites. Prior research indicates associa-
tional relationships on reefs may be common, though the focus has
generally been on defenses. For example, Bittick et al. (2010) found
Turbinaria ornata stands harbored increased diversity of macroalgae
because T. ornata protected palatable species from herbivores. Further,
Littler et al. (1986) found the chemically defended Stypopodium zonale
increased diversity of macroalgae within a ten cm radius by protecting
associated species from herbivory, indicating this protective effect can
extend some distance. Similarly, Fong et al. (2006) found association
with epiphytic cyanobacteria decreased herbivory on the palatable
Acanthophora spicifera. Finally, Loffler et al. (2015) found proximity of
Acanthophora spicifera to Galaxaura rugosa protected A. spicifera from
herbivory. Here, we present the first evidence known to us in the
marine environment of an associational susceptibility (see Barbosa
et al., 2009 for a review in terrestrial plant communities). In our assay,
we found increased herbivory on a less palatable species due to asso-
ciation with a more palatable species, highlighting the need to consider
increased susceptibility to herbivory with association. However, we
found that this associational susceptibility was not consistent between
species pairs or sites; thus, proximity effects should be tested and
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considered when assembling multi-species herbivory assays, and pat-
terns of association should continue to be evaluated.

Fourth, we recommend researchers continue to use the attachment
method in which they are most confident or adept. We found attach-
ment method did not affect the outcome of herbivory assays. This is
good news, as attachment method is quite variable across studies (e.g.
Hay et al., 1983; Sluka and Miller, 2001; Hoey, 2010; Bennett and
Bellwood, 2011; Madin et al., 2011; Chan et al., 2012; Keeley et al.,
2015; Plass-Johnson et al., 2015; Catano et al., 2016). Lack of an at-
tachment method effect in our study indicates studies with different
methods are comparable.

5. Conclusion

Herbivory is well established as a strong controlling process in many
marine communities. Since herbivory assays are a common tool used in
field ecology to build this body of knowledge, it is essential to under-
stand the outcomes of methodological choices. We hope our experi-
mental results prove useful in the future when designing, conducting,
and interpreting herbivory assays in tropical systems and inspire similar
work in temperate systems that may differ in intensity of herbivory and
mobility of herbivores.
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