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Abstract

1. Extensive and dense macroalgal fields can compromise the ecosystem function of

habitat mosaics on reefs owing to their limiting effect on patch connectivity.

Macroalgae can maintain and increase their dominance with effective self-

reinforcing feedback mechanisms. For example, macroalgae can form dense

beds, supressing coral settlement and grazing by herbivores. This compromised

ecosystem function can lead to major socioeconomic and ecological changes.

2. Dense macroalgal beds were shaded with submerged shade sails of two sizes and

changes to the underlying benthos and feeding rates of herbivorous fishes were

recorded. The shade sails reduced the algae's ability to photosynthesize by 29%.

After 6 weeks, macroalgal cover was reduced by 24% under small sails and by

51% under large sails. Small shade sails reduced turf algal growth by 23%, while

large sails reduced growth by 82%.

3. Three months after removal of the shade sails, algal beds had almost completely

regrown. During this regrowth period, herbivore bites taken from the

experiment's substrates were recorded, with grazing impact reducing significantly

with time.

4. This study is the first to achieve macroalgal reduction via the alteration of the light

regime. While macroalgae regrew in this relatively short-term experiment, shading

may be a viable reef management approach that aims to maximize habitat mosaics

on coral reefs, particularly if used in combination with other intervention

methods.
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1 | INTRODUCTION

Tropical coral reefs are changing globally, with corals reducing in

cover and being replaced by other organisms such as algae

(Hughes, 1994; Cheal et al., 2010; Graham et al., 2015). Coral–algal

regime shifts can substantially alter the ecological, social and

economic value of reefs (Moberg & Folke, 1999; Hughes

et al., 2010; Robinson et al., 2019), especially when systems

become dominated by a few weedy algal species of low complexity

(Littler & Littler, 1988; Hughes, 1994; Mumby, 2009). With an
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increasing frequency of disturbances threatening corals (Hughes

et al., 2018), future predictions of coral-dominated systems, and

the ecosystem services they support, are uncertain (Williams &

Graham, 2019; Woodhead et al., 2019). The changing compositions

of reefs (Graham et al., 2014) may also give way to a mosaic of

habitat patches, where multiple patch reef types form an inter-

connected tropical seascape (Nagelkerken et al., 2015; Harborne

et al., 2016; Fulton et al., 2019). The mosaic can consist of habitat

types such as corals, seagrass and macroalgae that each can bene-

fit different communities or life stages of individual species within

those communities (e.g. fish) (Berkström et al., 2013; van Lier

et al., 2018). Connectivity between habitat types is critical for

functioning reef mosaics (Olds et al., 2018). Substantial reductions

in fish diversity have been observed when the distance between

coral patches was greater than 500 m for resident fish species

(van Lier et al., 2018) or 750 m when considering transient for-

agers (Berkström et al., 2013). Further, reef mosaic integrity and

overall reef ecosystem function can decrease as individual, homo-

geneous habitats extend and increase the space between patch

habitats (Olds et al., 2018). In summary, if homogenous macroalgal

patches expand and the distance between other habitat type pat-

ches, such as coral, becomes larger than their resident species’
home ranges, overall species diversity can decline. Therefore, patch

connectivity should be considered in management in order to maxi-

mize the functioning of each patch (Fulton et al., 2019).

Conceptual models suggest that macroalgae can be very effi-

cient at reinforcing their spatial dominance with feedback mecha-

nisms (Mumby & Steneck, 2008; Nyström et al., 2012; van de

Leemput et al., 2016). Feedbacks are cause–effect loops where

one aspect (A) affects another (B) which in turn feeds favouring

conditions back to the original aspect (A). Observational and exper-

imental studies have identified various macroalgal reinforcing feed-

backs (Hoey & Bellwood, 2011; Dell, Longo & Hay, 2016; Johns

et al., 2018; Loffler et al., 2018; Loffler & Hoey, 2018). For exam-

ple, once stands of the common tropical macroalgal genus Sargas-

sum reach a certain density (A), they suppress grazing by fish

herbivores (B), and the reduction of feeding pressure then allows

macroalgal fields to grow further (A) (Hoey & Bellwood, 2011). In

addition, limited space in these fields prevents benthic settlement

by other organisms such as corals (Dell, Longo & Hay, 2016), and

can lead to the development of microbe aggregations that cause

diseases in remaining corals (Smith et al., 2006). The result can be

an ever-expanding homogeneous field of weedy macroalgae

(Mumby, 2009) which can compromise reef mosaic connectivity

(Berkström et al., 2013; van Lier et al., 2018).

In order to limit the extent of dense homogeneous macroalgal

fields and maximize the ecosystem function of mosaic-style habitats

(Fulton et al., 2019), studies have investigated ways to reduce algal

cover. Experiments that remove macroalgae manually have had short-

lived success owing to rapid regrowth probably from leftover algal

attachment structures (holdfasts) (Tanner, 1995; McClanahan

et al., 2001; Roff et al., 2015; Loffler et al., 2018; Loffler &

Hoey, 2018). Following an unusually long period of overcast weather

(42 days) in K�aneʻohe Bay, Hawaii, a mass-macroalgal die-off

occurred, probably caused by the lack of sufficient photosynthetically

active radiation (PAR) (Stimson & Conklin, 2008). The macroalgae did

not return for the 2 years of subsequent monitoring, suggesting that

shading may be a feasible approach to weaken macroalgal feedbacks.

Turf algae can present an additional problem because of their ability

to rapidly colonize open settlement space under favourable environ-

mental conditions (e.g. sufficient nutrient and light levels; Littler &

Littler, 1992). Turf algae can also prevent the settlement of other

benthic organisms such as corals (Birrell, McCook & Willis, 2005),

colonizing open space rapidly and potentially impairing connectivity in

relatively short time frames.

In this study an artificial shading experiment was established in a

bay of Curieuse Island, Seychelles that was entirely dominated by

dense macroalgal fields. The overarching objective was to create

macroalgal-free patches and attract herbivorous fish to these patches.

Specifically, the following questions were formulated: (i) does a shad-

ing period of 42 days (6 weeks) result in a reduction of macroalgal

cover and does the shade prevent turf algae from colonizing the

newly cleared space; and (ii) do herbivorous fish graze more in patches

of reduced macroalgal cover?

2 | METHODS

2.1 | Study site and organisms

This study was conducted from January until June 2018 at Anse

Papaie (4.28�S, 55.73�E), Curieuse Island, Seychelles. The bay was

chosen owing to its continuous, thick macroalgal beds extending to

relatively deep water (6 m at high tide) and its status as a marine park

to minimize boat traffic. The dominance by macroalgae probably

developed following the 1998 bleaching event, which led to many

Seychelles reefs shifting dominance from corals to macroalgae

(Graham et al., 2015). Prevailing winds in the inner Seychelles come

from the north west between December and March and start turning

into south-easterly winds in late March, staying from this direction

until October, followed by intense rainfall and winds through

November and December (M Belmont and V Amelie, Seychelles

Meteorological Services). With Anse Papaie on the eastern side of

Curieuse, the bay remains relatively wind-sheltered from late January

until mid-March. The macroalgae overstorey in the bay is primarily

Sargassum spp. with some Turbinaria spp. present, while the under-

storey is primarily Lobophora spp. and Dictyota spp. Sargassum spp.

often display strong seasonality in growth patterns worldwide. Sargas-

sum seasonality in the inner Seychelles appears to be tied to the prev-

ailing seasonal winds and currents (Bijoux, 2013), with senescence

during the cloudy south-east wind period (from May to October) and

regrowth during the predominantly clear-sky north-west wind period

(December to March). This drove the choice of experimental timing

of January to June, during which time skies are predominantly clear

and Sargassum is not subjected to senescence, but instead is in a

regrowth phase.
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2.2 | Experimental setup

Submerged square-shaped shade sails (>98% UV-blockage certified

according to Kookaburra Shade Sails, Sydney, Australia) of two sizes

(4 and 9 m2, five of each size) were built over continuous macroalgal

fields (Figure S1). Each shade sail was mounted on four threaded steel

rods (diameter 22 mm, length 1.5 m), with the rods hammered 50 cm

into the sediment to allow at least 1 m between the rod's end and the

water's surface at low tide (to allow boat passage) and for the algae

(�30 cm maximum height) not to touch the shade sails. Each sail was

left with enough rope tension to allow it to oscillate �20 cm above

and below the highest point of the rods to absorb some of the wave

action and reduce the chance of ripping. The shade sail structures

were put in place on 28 January 2018 and they remained fixed for

42 days until deconstruction on 11 March 2018 to prevent shifting

winds from disrupting the experiment. Control plots were constructed

solely of steel rods (no shade sails) on the same reef. The total experi-

mental setup included 16 plots (five 4 m2 treatments, five 9 m2 treat-

ments, three 4 m2 controls, three 9 m2 controls) running in rows

parallel to the shoreline, at a similar depth. Plots were separated to

ensure there was no overlap in shade and control plots were 15 m

from experimental plots. Altogether, the experiment covered roughly

450 m2.

2.3 | Sampling and statistical analysis

All sampling was conducted using snorkel gear. HOBO pendant log-

gers were deployed to measure light intensity (in lux) underneath the

sails (Figure S2). The loggers were placed on PVC pipes (35 cm), keep-

ing them above the macroalgal canopy and in the centre of each plot.

Loggers were deployed in the first week of shading from 11:00 to

16:00 h and took light intensity readings every 10 min. This method

was replicated in control plots.

2.3.1 | Macroalgal cover

Planar view photographs of treatment and control plots were taken

immediately before installing and immediately after taking down the

sails. The process was repeated monthly following sail removal, with

the last picture taken on the 11 June 2018, 3 months following shad-

ing. These pictures were compared using ‘Coral Point Count with

Excel extensions (CPCe)’ (Kohler & Gill, 2006) to obtain the change in

percentage macroalgal cover over time.

To statistically investigate the effects of sail size and time (fixed

effects), generalized linear mixed models (GLMM) were fitted to the

macroalgae cover using the lme4-package in R (Bates et al., 2015).

The model was fitted with ‘plot’ nested in ‘treatment’ as a random

effect to address dependencies induced by repeated measures

through time. To avoid having a percentage-based response variable,

macroalgae cover was used as a binary response variable

(1 = macroalgae, 0 = no macroalgae) with each randomly allocated

point in the HD photographs being one observation (n = 50 per photo,

n = 4,000 in total) and fitted with GLMM with a binomial distribution.

2.3.2 | Settlement blocks: turf algal growth
potential

To simulate benthic regrowth, one settlement block (10 × 10 cm,

made from marine cement, mounted on an individual steel rod to raise

the block above the macroalgal canopy) was deployed in the centre of

each treatment and control plot when the experiment started. The

cement blocks remained under the sails for the entire time of active

shading. The blocks were collected with the shade sail removal and

analysed for algae cover using photographs and CPCe (Kohler &

Gill, 2006). A GLMM was fitted with sail size and time as fixed effects

and plot nested in treatment as a random effect. The same binary allo-

cation as for macroalgal cover data (1 = turf algae, 0 = no turf algae)

was done for the settlement blocks data (n = 30 per photo, n = 270 in

total) and a binomial GLMM was fitted to the data.

2.3.3 | Photosynthetic efficiency

Every week during active shading and one additional week after, three

random basal blades from different plants in each plot were collected

from 09:00 to 10:00 a.m., at medium to high tide (�40 cm difference).

These blades were placed in a black, optically opaque bag and, within

a maximum of 30 min, taken from the field site to a wet laboratory,

where the same light conditions were kept for the duration of the

experiment. Each blade was analysed individually with a Junior pulse-

amplitude modulation chlorophyll fluorometer (Walz, Erlangen-

Eltersdorf, Germany) using light curves that applied photo fluence

rates of 120, 192, 273, 414, 574, 903, 1,341 and 2,010 μmol PAR

m−2 s−1 consecutively, with 1 min intervals in between. The interval

time was sufficient to allow a return to a steady state following satu-

ration pulses. The values obtained from measuring the three blades

were averaged per plot. The light curves were used to obtain the

effective photochemical quantum yield (Y(II)max = ΔF/Fm0) as a repre-

sentative measurement of photosynthetic efficiency per plot per

week. A linear mixed model (LMM) was fitted to photosynthetic effi-

ciency data with sail size and time as fixed effects and plot as a ran-

dom effect. The photosynthetic efficiency [Y(II)] data met the

assumptions of the LMM as an untransformed response variable with

Y(II) recordings averaged for each plot (n = 112).

2.3.4 | Herbivore feeding following experimental
deconstruction

After removal of the shade sails, the plots were monitored in March,

April and May 2018 with six digital video cameras (GoPro Hero 4).

The corner rods were left in place to outline the 4 or 9 m2 plots. To

quantify the herbivore feeding impact per square metre on the
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experimental plots, the cameras were deployed on PVC arms which

were mounted on one of the corner steel rods (Figure S1) of each plot,

and filmed for 4 h between 10:00 and 14:00. A 1 h film segment situ-

ated at least 30 min after deployment and at least 30 min before the

end of filming was analysed. Each bite taken by an individual fish and

respective species was recorded. An LMM of herbivore bite data with

sail size and time as fixed effects and plot nested in treatment as a

random effect was fitted. The response variable of herbivore bites per

square metre was log10-transformed with every fish being an individ-

ual observation (n = 3,859).

Models were not or were only weakly biased by collinearity (Zuur,

Ieno & Elphick, 2010). The residual plots of all four models suggested

good model fits. Pair-wise comparison Tukey post-hoc tests were

conducted for the four models using the emmeans-package in

R (Lenth et al., 2019). All analyses were conducted in R version 3.5.3

(R-Core-Team, 2019). R-scripts and data are provided at an open

source repository (https://github.com/JanDajka/SeyShading-2018).

3 | RESULTS

3.1 | Macroalgal cover

Macroalgal cover significantly declined from before shading (January)

to after shading (March) on small plots of 4 m2 (Figure 1, 23.6% reduc-

tion January vs. March shaded 4 m2: Tukey pair-wise comparison

z-Δ4 = 4.72, P = 0.003) and large plots of 9 m2 (51.2% reduction

January vs. March shaded 9 m2: z-Δ9 = 10.25, P < 0.001), while the

controls showed non-significant increases in macroalgal cover (3.33%

increase January vs. March controls 4 m2: z-Δ4 = −0.52, P = 1; 2.67%

increase January vs. March controls 9 m2: z-Δ9 = −0.41, P = 1).

Macroalgal cover returned following shade removal but with signifi-

cant differences still present after 2 months (12% reduction January

vs. May shaded 4 m2: z-Δ4 = 4.24, P = 0.012; 20.4% reduction January

vs. May shaded 9 m2: z-Δ9 = 4.08, P = 0.02). Three months after shade

removal, both plot sizes had returned to similar macroalgal cover com-

pared with before shading (1.2% reduction January vs. June shaded

4 m2: z-Δ4 = 0.24, P = 1; 7.6% reduction January vs. June shaded 9

m2: z-Δ9 = 1.52, P = 0.99). Controls showed little change throughout

the experiment.

3.2 | Settlement blocks: turf algal growth potential

Turf algae covered most of the area on the previously clear settlement

blocks in control plots (Figure 2). In the small shade sail plots, turf

algae covered on average 67.8% (23. 37% reduction control

vs. shaded 4-m2 tiles: z-Δ4 = 2.7, P = 0.02), while in the larger shade

plots turf only covered 8.89% (81.9% reduction control vs. shaded

9-m2 tiles: z-Δ9 = 7.1, P < 0.001). The rest of the cement block surface

remained bare, apart from negligible bryozoan cover.

3.3 | Photosynthetic efficiency

The photochemical quantum yield of photosystem II [Y(II)] of

macroalgae in shaded conditions changed over the duration of the

experiment, with noticeable decreases occurring in week 5 (Figure 3).

The diversion from baseline measurements taken before the experi-

ment (week 1) was not significant throughout the experiment for

F IGURE 1 Macroalgal cover (in per cent)
changes observed monthly in shaded plots and
unshaded control plots of different sizes (4 and
9 m2) over the active shading period (grey area)
and post-removal/algal regrowth period (white
area). Central line, mean; boxplot boundaries,
interquartile range; outside dot, value is >1.5
times and <3 times the interquartile range beyond
either end of the box; whiskers, ± standard error

F IGURE 2 Turf algae cover (in per cent) observed on settlement
blocks that were deployed in shaded plots of different sizes (4 and
9 m2) and unshaded control plots and collected following
deconstruction of the experiment in March 2019. Central line, mean;
boxplot boundaries, interquartile range; whiskers, ± standard error
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shaded macroalgae in small plots (12% reduction week 1 vs. week 5:

t-Δ4 = 2.6, P = 0.51). For large plots on the other hand, the depression

in photosynthetic efficiency for shaded macroalgae in week 5 was sig-

nificant (29% reduction week 1 vs. week 5: t-Δ9 = 5.8, P < 0.001) and

remained significant until week 6 (18% reduction week 1 vs. week 6:

t-Δ9 = 0.1, P = 0.04). One week after removal of the shade sails (week

7), photosynthetic efficiency was not significantly different from

values in week 1 for both plot sizes (small: 6% reduction week 1 vs.

week 7: t-Δ4 = 1.6, P = 0.987; large: 9% reduction week 1 vs. week 7:

t-Δ9 = 2.65, P = 0.5). The Y(II) of macroalgae in control plots did not

change significantly throughout the experiment.

3.4 | Herbivore feeding following shade sail
removal

Regardless of plot size or herbivore functional group, bites taken from

plots reduced with time following experiment deconstruction

(Figure 4). Browser and grazer feeding did not differ significantly

between control plots and plots that were previously shaded for small

(control vs. shaded 4 m2: z-Δ4 = −1.415, P = 0.96) or large plot sizes

(control vs. shaded 9 m2: z-Δ9 = −0.732, P = 0.99). However, there

were significant differences between control and previously shaded

plots in scraper feeding on large plots 1 month after shade-sail

removal (control vs. shaded 9 m2 for scrapers in April: z-Δ9 = −4.78,

P = 0.001) which had subsided 2 months after removal (control vs.

shaded 9 m2 for scrapers in May: z-Δ9 = −1.602, P = 0.99).

4 | DISCUSSION

This study demonstrates that macroalgal reduction can be accom-

plished using submerged shade sails within 42 days or less, and that

reduction scales with shade sail size. Shading also limits turf algal

regrowth, potentially making space available to other benthic settlers.

Once the shade sails were removed, a significant increase in herbivore

grazing was not detected in the experimental plots, which indicates

that the macroalgae-reinforcing feedback was not sufficiently weak-

ened. The algal reduction method presented here may be used in a

reef management approach that pursues the maximization of ecosys-

tem services drawn from a habitat mosaic reefscape.

The prolonged shading probably hindered the algae's metabolic

ability to a point where net-positive photosynthesis could not be

sustained (Littler & Littler, 1992; Shiu & Lee, 2005; Teichberg, Fricke

& Bischof, 2013). Initially, Sargassum was able to acclimatize to the

light regime changes and did not show a loss of photosynthetic effi-

ciency for 4 weeks, although a darkening in blade coloration was visi-

ble from week 2 (pers. obs.). The initial acclimatization to a darker

light regime could be possible because the plant increases its light-

harvesting pigment content to maximize photosynthesis when PAR is

limiting (Littler, Littler & Lapointe, 1988; Littler & Littler, 1992;

Abal et al., 1994; Lirman & Biber, 2005). This photoadaptation in

macroalgae is probably achieved by diverting energy away from

growth and towards maximizing photosynthesis, as reported for

other tropical marine macroalgae (e.g. Halimeda; Littler, Littler &

Lapointe, 1988; Teichberg, Fricke & Bischof, 2013). At week 5, the

PAR that Sargassum plants were able to harvest in shaded conditions

proved insufficient to sustain photosynthesis levels required to pre-

vent biomass loss. It is possible that reactive metabolic by-products,

such as oxygen radicals, caused oxidative damage to the plant's pho-

tosystems (Shiu & Lee, 2005). In addition, the constant variations in

light intensity reaching the algae induced by movement of the shade

sails in wave action may have proven challenging to photoadaptation

and the maintenance of net-positive photosynthesis (Taylor &

Long, 2017). In some cases, intermittent light regimes in seaweed can-

opies have been shown to stimulate growth and result in higher pro-

ductivity within canopy environments (Bennett et al., 2015); however,

the evidence presented here suggests the opposite.

The decrease in photosynthetic efficiency probably resulted in

the observed discoloration of the plants and eventually led to a disin-

tegration of the algal thalli. This may have affected the palatability of

the plants to herbivores. The palatability of macroalgae to herbivores

F IGURE 3 Photochemical quantum yield of photosystem II [Y(II)] of experimental Sargassum macroalgae throughout weeks of active shading
(grey area) and 1 week after (white area) in shaded plots of different sizes (4 and 9 m2) and unshaded control plots. Central line, mean; boxplot
boundaries, interquartile range; outside dot, value is >1.5 times and <3 times the interquartile range beyond either end of the box; whiskers, ±
standard error
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seems to partly depend on the carbon-to-nitrogen ratios (C:N ratio)

within the plant tissue (Vergés et al., 2011). Lower C:N ratios have

been experimentally associated with increased herbivore palatability

(Barile, Lapointe & Capo, 2004; Van Alstyne, Pelletreau & Kirby, 2009).

Given that changing light-regimes affect plants’ photosynthesis and

therefore their ability to maintain a C:N ratio (Teichberg, Fricke &

Bischof, 2013), this ratio can be expected to have changed in this

experiment. Unfortunately, palatability using C:N ratios could not be

quantified in this experiment owing to the lack of necessary equip-

ment on Curieuse (e.g. a −80�C freezer).

In addition to the decrease in photosynthetic efficiency, herbivo-

rous fish, which are abundant in the area (Robinson et al., 2019), could

have grazed on the experimental algae and thus contributed to the

reduction in macroalgal cover observed. While grazing footage of her-

bivorous fish was obtained after the removal of the shade sails, this

could not be done while the shade sails were in place. A camera angle

that could balance a view far above the macroalgal canopy (�30 cm

maximum height) to see the substrate clearly enough to identify the

fish grazing and still be below the lowest point of the shade sail (the

sail was �60 cm above the substrate) could not be set up. In order to

obtain grazing footage while the shade sails were in place, the shading

structures would have needed to be built higher above the substrate,

which then would have reduced the shading efficiency and the ability

of boats to pass overhead. In addition, the HD photographs enabled

macroalgae to be identified to genus level, which was more than 90%

Sargassum cover in our experiment. Therefore, the majority of the

results relate to Sargassum. However, since the photographs were

taken from a planar view, this only represents the overstorey and

inferences cannot be made about the understorey that might have

been growing under the Sargassum canopy. Lobophora algae, for

instance, can grow in the understorey of other algae (Roff et al., 2015)

and this could have affected the preferred food source of some

herbivores.

The macroalgae-reinforcing feedback was not weakened suffi-

ciently, as the experimental plots with reduced macroalgal cover after

shading did not show significantly higher feeding rates by herbivorous

fish compared with the controls. The macroalgae regrew to roughly

pre-experimental cover levels within 3 months. After deconstruction

on the 11 March 2018, herbivorous fishes remained in the plot areas

for the first post-experimental month and grazed more intensely on

both the shaded and control plots in March, before declining gradu-

ally. There are some plausible mechanisms for this. Firstly, the experi-

mental design may simply have lacked statistical power, resulting in

the large variability in the dataset. As mentioned, browsing herbivores

may have been involved in the macroalgal reduction while the shading

structures were in place. Their involvement after shade sail removal

may not have been detectable by the experimental setup because,

with returning light, the macroalgae may have been able to re-

establish their unpalatability through secondary metabolites. Scraping

parrotfish on the other hand seemed to preferentially target large

F IGURE 4 Bites per square metre taken by three herbivore fish functional groups (browsers, grazers, scrapers) from shaded and control plots
of different sizes (4 and 9 m2) in 1 h video samples. Recordings were taken monthly following shade sail deconstruction; error bars, ± standard error
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shaded plots in the March surveys. Since scraping parrotfish target

turf algae and microbial communities in dead reef structures

(Bellwood & Choat, 1990; Streelman et al., 2002; Bonaldo, Hoey &

Bellwood, 2014; Clements et al., 2017), and the experiment cleared

most macroalgae and exposed more open settlement space that could

readily be colonized after sail removal, resources for scrapers would

be abundant in the experimental plots. Another explanation could be

that herbivores may have become used to feeding around the struc-

tures, such that the intense grazing in March was a lag effect of the

structural attraction, as reef fish can be attracted by structures similar

to ours (Kerry & Bellwood, 2015). As distance between control and

experimental plots is probably incorporated within fish foraging

ranges, declines in feeding rates occurring gradually for both plot

types may be expected. Future studies could employ alternative con-

trol structures to help reduce the uncertainty in the above-described

issue. This could include controls without any structure, not even

rods, in addition to controls with non-shading, transparent sails to

account for the movement of the sail and for potential fish scaring.

The observed regrowth rate of 3 months roughly matches that

of a previous study that also used percentage cover as a metric:

Sargassum, 2 months (McClanahan et al., 2001); S. herporhizum,

<1 month; S. sinicola, >3 months (McCourt, 1985). However, macro-

algal biomass, and associated feedback mechanisms, may take longer

to re-establish (Loffler & Hoey, 2018). The 6-week shading method

led to a significant reduction of macroalgal cover and we can sug-

gest a combination of possible reduction mechanisms. An interesting

question remains as to whether the algae regrew because of low

herbivory, or the herbivores moved because the macroalgal

feedbacks were not sufficiently weakened. Along with our previous

reasoning, we believe the latter. It could be that with the removal

of the shade sails, the return to a normal light regime allowed the

macroalgae to again reinforce their unpalatability to herbivores

which then led to herbivore disengagement and regaining of

strength in the self-reinforcing feedback.

While other studies have reduced macroalgal cover by manual

removal (McClanahan et al., 2001; Loffler et al., 2018; Loffler &

Hoey, 2018), the present study is the first to do so via shading for

a limited time frame. The time to physically keep the shade sails in

place was restricted by the increase in wave action. While this

study confirmed that localized macroalgal reduction can be

achieved within 42 days as indicated by an observational study

(Stimson & Conklin, 2008), the clearing of the plot of holdfasts

could not be achieved. Given the resistant nature of the algae's

holdfasts (Ceccarelli et al., 2018), we think that it would be inter-

esting to see whether a longer shading time would result in a

reduction of holdfasts, since most of the observed macroalgal

regrowth following shade sail removal probably came from leftover

holdfasts (Loffler et al., 2018). Alternatively, since the shorter

6 week time frame might be particularly interesting to management

as the longer time frame might not be a realistic management tool

(Ceccarelli et al., 2018), perhaps a combination with other interven-

tion methods, e.g. shading areas manually cleared of holdfasts,

could be of greater management use. Based on the photographs

before and after shading, we believe that holdfast densities

decreased.

Notably, the efficiency of macroalgal reduction did scale with

shade sail size. Future studies could consider using significantly larger

sails to maximize macroalgal reduction and perhaps enable them to

record a clearing of holdfasts as well. Scientifically, it would be inter-

esting to see whether the increasing trend of macroalgal reduction

with sail size continues. From a management perspective, we do not

believe that shade sails much larger than 9 m2 would be practical.

The 9 m2 shade sails did present a slight loss in tension towards the

end of the experiment. This could result in the centre of the shade

sail dragging on the substrate and abrading macroalgae and other

benthic organisms. While the loss in tension in this experiment was

not drastic enough for sails to make contact with the substrate or

the algae, shade sails larger than 9 m2 may well present this problem.

In addition, coral reef managers may find the short 6 week time

frame and relatively small 9 m2 shade sail size particularly appealing.

As suggested throughout this manuscript, this method does hold

most potential for management pursuing a mosaic reefscape

approach.

That other benthic settlers (e.g. corals) can grow on the cleared

settlement space could not be demonstrated because of the limited

experimental period. Based on coral settlement studies that moni-

tored coral settlement for 5–29 months (Babcock & Mundy, 1996;

Mangubhai, Harrison & Obura, 2007; Yadav et al., 2016), we suggest

that future studies find sites and/or shading structures that allow for

a longer period of uninterrupted shading to be able to observe a

potential increase in coral recruits.

This study tested a novel method of macroalgal reduction that

could be used and further developed for localized intervention

approaches that aim to manage productive reefs made up of a mosaic

of interconnected habitat patches. We recognize the importance of

natural macroalgal reefs (Fulton et al., 2019) and that macroalgae will

increasingly be a part of ecological (Nagelkerken et al., 2015;

Harborne et al., 2016) and socioeconomic reef potential (Robinson

et al., 2019). However, since self-reinforcing feedbacks can lead

macroalgae to dominate continuous stretches of reef and thereby

expand beyond connectivity thresholds that are critical for a produc-

tive mosaic, reef management needs ways to address macroalgal

expansion. While the method presented here did not interrupt

macroalgae-reinforcing feedbacks to the point where feeding rates by

herbivorous fish significantly increased, it weakened them so that

macroalgal cover could be significantly reduced. The presented

method reduced macroalgal cover by altering the light regime and

may be useful as part of a suite of intervention strategies, particularly

to shade areas cleared of holdfasts, and perhaps aiding coral recruit-

ment on newly provided settlement substrates.
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Additional supporting information may be found online in the

Supporting Information section at the end of this article.
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