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The management and creation of Marine Protected Areas (MPAs) is currently under great focus,

with international organisations aiming to protect 30% of our oceans by 2030. The success of MPAs
depends on a nuanced understanding of local ecological dynamics and threats, which can significantly
influence ecosystem balance. Herbivory can be a stressor for foundation species, namely kelp forests,
contributing to their decline in several regions of the globe. However, the dynamics inherent to
herbivory and MPA's implementation are still poorly understood. Here, the impact of protection
status, depth, kelp species, and grazer type on herbivory (occurrence, rate, and grazer frequency)

was assessed through a comprehensive experimental approach involving tethering experiments and
faunal characterisation of macro-herbivores. The research was conducted in habitats off the central
coast of Portugal: Peniche (PEN) and the MPA Berlengas Archipelago (MPA-BER). Our findings revealed
that herbivory occurrence and rate are higher within the MPA, especially at greater depths. Instead of
urchins, fish are the significant contributors to kelp consumption, showing a preference for the kelp S.
polyschides. Results provide the first experimental evidence in the Atlantic region identifying fish as
the dominant herbivores driving increased kelp biomass loss, a relationship potentially magnified by
MPA implementation. Hence, protection status may not benefit all ecosystem components, enhancing
the need for robust MPA management to balance trophic interactions and support biodiversity and
ecosystem resilience.
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The dynamic balance of marine ecosystems is maintained through intricate interactions among their biological
and physical components. Within this context, Marine Protected Areas (MPAs) have emerged as a cornerstone
of marine conservation efforts. The effectiveness of MPAs in conserving marine biodiversity and safeguarding
critical habitats has been increasingly recognised! . This prompted a global effort to expand MPA coverage as
part of broader strategies to protect marine ecosystems and ensure the sustainability of ocean resources?, and
international organisations have set the goal of protecting 30% of the ocean area by 2030°. In Europe, a recently
approved Restoration law also targets the protection of 20% of land/ocean by 2030 and all ecosystems in need
of restoration by 2050°.

MPAs’ most general purpose is to act as an effective management tool to reverse and mitigate the impacts
of overfishing and increase resilience to other stressors, such as climate change®’~°. They not only facilitate the
recovery of species directly affected by harvesting but can also indirectly promote broader ecosystem recovery
and improved ecosystem health by re-establishing lost trophic interactions, such as trophic cascades®!C.
However, a broad understanding of all ecosystem dynamics is required to achieve its full potential and benefits.
Beyond fish protection, in several regions of the globe the conservation of marine forests, particularly kelp
forests, has increasingly become a crucial point of MPA design and management!!. Kelp forests are among the
ocean’s most productive and biodiverse ecosystems, providing essential services such as habitat provision for
commercially important species and nutrient cycling. However, they are currently degraded and jeopardised
by several stressors'>"!4. Climate change, herbivory, and harvesting are the most common drivers of change
affecting kelp forests negatively!'®, and the efficacy of MPAs is contingent upon the nuanced understanding of
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these threats”!6!7. Recent advances in marine conservation have highlighted the role of MPAs in mitigating
some of the critical threats to kelp forests, including overfishing, herbivory and habitat degradation, and shown
that well-designed MPAs, with effective enforcement and management plans, can lead to significant increases
in biomass and biodiversity within kelp forests>!!. Nonetheless, climate change (heatwaves) and disturbance
caused directly by abiotic factors are more difficult to mitigate with MPAs!!, which is why it is rarely a central
goal considered when planning and designing them.

Like in terrestrial forests'®, herbivory is a key aspect to consider while perceiving the dynamics of kelp
forests'®-2!l. The grazing activities of macro-herbivores, such as sea urchins and certain fish species, can
significantly influence the health and sustainability of kelp forests. In the absence of natural predators, herbivore
populations can explode, namely sea urchins, leading to overgrazing and the potential devastation of kelps—a
phenomenon known as “urchin barrens”!*2%22, Conversely, controlled levels of herbivory are necessary for the
natural cycling and renewal of kelp forests, illustrating the complex nature of these interactions. Herbivory
can also be potentiated by other biotic and abiotic factors, including species composition of herbivores, the
availability of kelp species, and environmental conditions such as depth, temperature, and light availability?3-2°.
These interactions have significant implications for the health and stability of kelp habitats, affecting their capacity
to support diverse marine communities and provide other ecosystem services'>!42¢. With the crescent need for
MPA implementation, understanding how MPAs can affect herbivory is pivotal. Equally crucial is understanding
how fish-oriented marine protected areas will affect or are currently affecting pre-existing foundation species.
Removing fishing pressures may lead to changes in herbivore populations and impact the dynamics of these
ecosystems, as seen in some Mediterranean seagrass and other brown algae forests where MPAs increased
herbivorous fish populations, leading to a decrease in primary producers?-%,

Based on recent research and field observations, we know that this may be the case in kelp forests in
the Northeast Atlantic. Kelp forests are degraded inside MPAs while healthy in the adjacent areas, which is
paradoxical®®. Here, the protection from fishing pressures within MPAs is hypothesised to increase the
abundance of herbivorous fish?°, which, in turn, can lead to changes in herbivory rates and potentially affect
the structure and resilience of kelp forest ecosystems. Given the crucial importance of understanding these
intricate dynamics, our study focuses on assessing the effects of protection status, depth, kelp species, and grazer
type on herbivory rates and macro-herbivore abundance. This contributes to a growing body of evidence that
emphasises the need for integrated management approaches that consider both the protection of kelp forests and
the regulation of herbivore populations within MPAs. In light of these considerations, this work contributes to
the ongoing debate on the ecological effects of MPAs, providing insights into the complex interactions between
marine herbivores and kelp forest ecosystems. Through a comprehensive analysis of herbivory dynamics inside
and outside an MPA, this research aims to enhance our understanding of marine ecosystem functioning and
inform the development of effective conservation strategies that support marine biodiversity and ecosystem
resilience.

Results

Herbivory

Site (protection status), Kelp species, and Depth had a significant effect on the occurrence of herbivory
(frequency of grazed kelp pieces) (GLMM p <0.01; p <0.05; p <0.001, respectively; dispersion parameter of 1;
Supplementary Table S1.a). The protected area MPA-BER registered 249 herbivory occurrences, while the non-
protected area of Peniche 191. A higher number of occurrences also happened in the kelp species S. polyschides
(262 counts) and in deeper zones (235 counts) (Fig. 1).

In cases where herbivory indeed occurred, the percentage of consumed biomass was significantly influenced
by the factors: Site (protection status) (GLMM p < 0.0001, Supplementary Table S1), Depth (GLMM p <0.0001,
Supplementary Table S1), Kelp species (GLMM p <0.0001, Supplementary Table S1) and grazer type (GLMM
P <0.05, Supplementary Table S1) (Fig. 2) and ultimately by the interaction of the factors Site&Depth (GLMM
p<0.0001, Supplementary Table S1) (Fig. 3) and Grazer&Kelp (GLMM p <0.05, Supplementary Table S1)
(dispersion range 0.5-2) (Fig. 4). The overall mean percentage of consumed biomass was 23.67% =+ 24.02 SD. The
protected area MPA-BER registered higher values of consumed biomass (28.08% =+ 25.96 SD) than PEN (17.03%
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Fig. 1. Occurrence of herbivory across the factors Site (protection status); Kelp species and Depth.
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Fig. 2. Percentage of consumed biomass (mean =+ SD) in both sites (MPA-BER and PEN), both depths
(Shallow and Deep), between grazer types (Fish and Urchin), and between the two kelp species L. ochroleuca

and S. polyschides.
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Fig. 3. Percentage of consumed biomass (mean =+ SD) in both sites (MPA-BER and PEN) at both depths
(S-Shallow and D-Deep).

+ 18.77 SD) (Fig. 2). Deeper reefs showed more consumed biomass (28.73% =+ 25.29 SD) when compared with
shallow (18.34% = 21.30 SD) Fig. 2). The kelp species S. ployschides also registered a higher mean of consumed
biomass (25.22% = 23.95 SD) than L. ochroleuca (21.66% + 24.04 SD) (Fig. 2). The herbivore responsible for the
higher rates of herbivory was fish (29.59% =+ 23.67 SD) in relation to sea urchins (19.35% =+ 23.39 SD) (Fig. 2).
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Fig. 4. Percentage of biomass (mean + SD) consumed by different grazers in both kelp species (L. ochroleuca
and S. polyschides).
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Fig. 5. Bitemarks frequency at each site (MPA-BER and PEN).

However, what influenced herbivory rates the most was the interaction of the factors Site (protection status) and
Depth. Herbivory rates are reported to be higher especially inside MPA-BER and at a higher depth (35.62% =+
25.22 SD) (Fig. 3). The interaction of the factors Grazer type and Kelp species also revealed to be relevant in the
degree of herbivory rate, with fish being the responsible for higher biomass consumed, especially in the species
S. polyschides (33.01% =+ 23.96 SD) (Fig. 4).

The frequency of different grazer bitemarks was also significantly different in both sites (GLMM p <0.0001;
dispersion range 1-5; Supplementary Table S2). MPA-BER registered 139 kelp pieces with fish bitemarks, while
PEN registered only 31. As for sea urchin bitemarks, these were significantly higher in PEN (121) than in MPA-
BER (99) (GLMM p < 0.05, dispersion range 1-5 Supplementary Table S2 (Fig. 5). The total N for the frequency
of bitemarks is lower than the total number of samples because it was not always possible to identify bitemarks

properly.
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Macro-herbivore abundance

Both Site (protection status) (GLM p <0.0001, Supplementary Table S3) and Depth (GLM p < 0.05, dispersion
range 1-5; Supplementary Table S3) had a significant impact on the abundance of herbivorous fish registered
in the Underwater Visual Census (UVC). As for sea urchins, Depth significantly influenced abundance (GLM
p<0.0001; Supplementary Table S3) and the interaction of Depth and Site (protection status) (GLM p <0.0001;
dispersion range 1-5; Supplementary Table S3). A higher herbivorous fish abundance was recorded inside the
MPA (21.38 +25.56 SD) especially at MPA-BER deep (26.00 +33.10 SD) and lower outside the MPA (5.85 +8.18
SD), with PEN shallow having the lowest values (4.73 +4.73 SD) (Fig. 6). Concerning sea urchins, the highest
abundance happened in PEN shallow (29.47 +33.53 SD) and the lowest at MPA-BER shallow (0.13+0.35 SD)
(Fig. 6, Supplementary Table S4). The abundance of herbivorous fish obtained using Diver Operated Videos
(DOV) was also significantly impacted by Site (protection status) (GLM p <0.0001; dispersion range 1-5;
Supplementary Table S3). The highest DOV fish abundance happened in MPA-BER deep (2.72+0.92 SD) and
the lowest at PEN shallow (1.31+0.31 SD) (Fig. 6, Supplementary Table S5).

Discussion
Our study provides significant insights into the dynamics of herbivory in marine ecosystems, particularly within
and outside Marine Protected Areas (MPAs). By examining the influence of protection status, depth, kelp species,
and grazer type on herbivory occurrence, herbivory rates, and macro-herbivore abundance in the surroundings,
we have uncovered patterns that could have broad implications for the management and conservation of these
crucial habitats. Importantly, this research offers the first empirical evidence from the Atlantic region identifying
fish as the predominant grazers in kelp forests and that this grazing can be intensified by MPA implementation.
As initially hypothesised, most herbivory occurred inside the Marine Protected Area (MPA) and was
performed by fish. In addition, it was found that a higher herbivory rate happened in depth and especially in
the kelp species S. polyschides. Importantly, protection status also significantly affected grazer marks’ frequency.
Fish bites were significantly more abundant inside the MPA-BER, and urchin ones were more abundant in PEN
(Fig. 7). The enhanced abundance of fish in deeper areas within the MPA can be explained by the increased
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Fig. 6. a Abundance (number of individuals (mean + SD)) of herbivorous fish assessed by Underwater Visual
Census (UVC) in MPA-BER and PEN. b Abundance (number of individuals (mean + SD)) of sea urchins

and herbivorous fish assessed by Underwater Visual Census (UVC) in both depths (S-Shallow; D-Deep). ¢
Abundance (number of individuals (mean + SD)) of sea urchins assessed by Underwater Visual Census (UVC)
in both sites (MPA-BER and PEN) and both depths (S-Shallow; D-Deep). d Abundance (number of individuals
(mean + SD)) of herbivorous fish assessed by Diver Operated Videos (DOV) in MPA-BER and PEN at the two
considered depths (S-Shallow; D-Deep).
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Fig. 7. Graphical representation of the higher herbivory rates and fish grazers found inside the MPA - BER
(Berlengas), especially at higher depths (image partially created with BioRender.com).

protection from any fishing and recreational activities that happen at the surface, allowing for a safer habitat
for these species®. Alternatively, the higher urchin abundance in shallower areas outside the MPA highlights
potential differences in habitat quality or predation pressures. Fish preference for the kelp species S. polyschides
can be due to the higher abundance of this species in the surroundings'2, possibly creating a consumption habit.

Our analysis of grazer marks frequency and herbivory rates is further supported by the higher abundance
of fish found through UVC and DOV surveys inside the MPA-BER, particularly at greater depths. In contrast,
urchin abundance was more pronounced in PEN, especially in shallower waters.

Results showed that MPAs with fisheries restrictions alongside depth gradients significantly influence the
distribution and abundance of different herbivore groups. This underscores the importance of protection status
and grazers’ identity in shaping the dynamics of kelp forests. It suggests that herbivorous fish might play a more
dominant role in these ecosystems than previously thought, despite potential limitations in the conclusions
due to using tethered kelp to assess herbivory rates. While this method provides a standardised measure of
grazing pressure across different sites and depths, it may introduce an element of artificial food availability.
However, it is important to note that within the MPA, there is already an abundance of various algal species,
including smaller kelps like Phyllariopsis spp. Despite this natural diversity, herbivorous fish actively consumed
the tethered Laminaria ochroleuca and Saccorhiza polyschides, indicating a selective feeding choice rather than
a forced consumption due to the absence of alternatives. In addition, this method is widely used in various
studies!??1-33,

Outside the MPA, the algal community also includes a mix of kelp species and other algae®*, providing
herbivores with the same natural food options. This reduces the likelihood that the observed herbivory is solely
an artifact of tethering. Furthermore, sea urchins in both areas are known to be opportunistic and non-selective
feeders®, preying on a wide range of algal species when available. Thus, while the possibility of an artifact effect
from tethering exists, its impact is likely minimal, given the broader context of algal availability and feeding
behaviour observed in both protected and unprotected sites.

These findings suggest that the increased grazing rates inside the MPA are a reflection of actual preferences
and ecological interactions rather than an experimental artifact. Nonetheless, future studies could include
direct observations of natural feeding behaviour or additional experiments using untethered kelp to further
corroborate these results.

Although here, kelp forests are degraded inside the MPA, several studies report the opposite, namely ones
representing habitats where sea urchins are the biggest threat to kelp. For ecosystems where sea urchins pose as
the primary menace to kelp forests in terms of grazing, the implementation of MPAs with reduced/none fishing
policies can more easily have a positive effect on lowering grazing and protecting the habitat and associated
fauna, including fish and overall facilitating the recovery of kelp®!”. However, for ecosystems where herbivorous
fish have a more impactful role in kelp grazing, the implementation of MPAs has more complex dynamics
associated and can have a critical impact on these habitats. It creates an increase in fish populations, including,
inevitably, herbivorous fish. This can lead to a significant downfall of kelp forests?!:>-%.

The collapse of kelp forests due to herbivorous fish increment in MPAs can be even more accentuated in
climatic transition zones, like our case, especially when under climate change effects. In situations like this, species
distributions are often very sensitive and prone to shifts occurring due to changes in seawater temperature?.
It is well known that tropicalisation can lead to increased consumer pressure by herbivorous fish in primary
producers like kelp®’-3°.

This phenomenon is quite known in the Mediterranean Sea, where the protection of specific areas, especially
seagrass meadows and other brown canopy-forming seaweeds, promoted the ascension of herbivorous
fish populations, compromising the existing primary producers**4*4l. Despite being a relatively common
phenomenon in the Mediterranean Sea, it is relatively unknown in the Atlantic. The fact that it is happening,
namely in kelp habitats, can indicate a degree of tropicalisation and a changing habitat. A part of this problem
in the Mediterranean comes from the rise of the herbivorous fish species Sarpa salpa*?. In our case, we suggest

Scientific Reports|  (2024) 14:31217 | https://doi.org/10.1038/s41598-024-82557-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

S. salpa is also the most predominant herbivorous fish, although we could not identify precisely the amount of
biomass it consumed. This species is known to be increasing its numbers and distribution across continental
Portugal as a consequence of tropicalisation’’. However, its impacts on grazing and ecosystem dynamics are still
quite unknown and should be further investigated.

Our results are based on a specific region, but they are supported by other studies’ outcomes, suggesting
that they can accurately reflect the reality of ecosystems in transitional temperate zones. Similar examples in
the Mediterranean, as mentioned above, as well as other temperate regions, show increased herbivorous fish
populations due to MPA implementation. For instance, in New Zealand’s oldest marine reserve, a growing
number of herbivorous fish was registered over time inside the reserve*’. In Australia, studies evaluating the
effects of marine reserves on herbivorous fish populations and their grazing activities on temperate reefs also
revealed higher numbers of several herbivorous fish and grazing rates inside the reserves as opposed to outside®.
Perhaps the most relevant example here is the one from the coast of Galicia, Spain, where the kelp forests inside
the MPA reached a degraded state due to overgrazing by herbivorous fish inside the reserve, despite the protection
status®"?°. Although there are few studies with conditions directly comparable to ours, this does not undermine
the validity of our findings. As demonstrated by the studies cited, the impacts of MPAs on herbivorous fish
populations and their grazing pressure are context-dependent and well-documented in various regions.

While our tethering experiments provided valuable insights into herbivory rates within and outside the
MPA, we acknowledge that this approach does not fully capture long-term ecological dynamics or the broader
impacts of increased herbivory on kelp forests. The observed increase in herbivorous fish populations within
the MPA and their selective grazing on kelp species indicate a potential shift in trophic interactions. However,
to comprehensively understand the implications of these interactions, long-term studies are necessary. Future
research should focus on monitoring changes in kelp cover, shifts in fish populations, and the overall ecosystem
structure over extended periods. This will help to clarify whether increased grazing pressure leads to sustained
reductions in kelp abundance or triggers shifts in the ecosystem over time.

MPA implementation can facilitate the establishment of herbivorous fish more rapidly*S, contributing to a
more accelerated phase shift and potential collapse of kelp populations. It is essential to be aware that different
ecosystem types require different MPA implementation strategies and that inferring implementation success can
be misleading and should be made focusing on key groups!®*’, not solely on fish populations.

Macroalgae, such as kelp, can be indeed a vital indicator species when assessing MPA implementation success
since they are sessile, react very strongly to biotic and abiotic factors, and can increase or reduce biomass and
biodiversity very quickly?’-*. In addition, the prevalence and resilience of macroalgae forests, namely kelp, is
a very crucial issue nowadays, given their unarguable value in terms of oxygen production®, potential carbon
sequestration®!, and habitat for other species. Associated with kelp loss, a myriad of ecosystem services are also
lost!>14,

Given this, and since MPAs may not guarantee that every component of the ecosystem will see a benefit!>32,
there is a clear need for further efforts to a better understanding of ecosystem interactions, namely the interactions
of kelp within the food web and abiotic factors. Interactions within the top-down cascades?” are a critical
research point that needs to be addressed. Changes in trophic relationships resulting from the implementation
of no-take/ controlled fisheries MPAs and the importance of these processes in habitat restoration need to
be well comprehended since differing habitats are expected to exhibit differing interactions between primary
producers and herbivores according to benthic habitat type and desired habitat goals?>*%. This highlights
the need for MPA-specific management for different habitats and possible outcomes if fisheries are reduced or
totally restricted. Moreover, to fully understand the dynamics of the ecosystems that are targeted for restoring
an increase in resilience and stability, it is mandatory to have consistent and complete long-term studies and
information about these habitats to understand the time frames and successional pathways involved”*%.
Besides the study of biological interactions and trophic relations, it is also important to address the interaction
with abiotic parameters such as depth and seawater temperature, among others, in a way that climate change
adaptation can be incorporated into MPA design®.

In cases where the balanced status is already disturbed, some measures can be taken to mitigate the rise of
herbivorous fish and increase the number of primary producers. These measures are quite complex and need to
be adapted for each scenario.

Methods like fish-deterring devices can protect seaweeds from fish grazers; however, they are expensive and
difficult to scale up?*?®>7. Transplantations or other reforestation methods, such as green gravel®®, can also work,
but they need to be applied together with other population measures so that new recruitments can thrive and
surpass the shift threshold?**7.

Herbivore population control is, to date, the best-suited option to control herbivore impact. This has been
widely applied in temperate reefs where sea urchins have decimated kelp forests?>**¢°, However, for herbivorous
fish, particularly inside an MPA, this strategy is not as efficient and is much more complicated to set in practice.
For this case, a good approach could be to promote the commercial value and applications of herbivorous fish,
namely S. salpa, within the local population so it could gain value in fish markets®’. This would increment
fisheries of S. salpa instead of only being fished by bycatch and most likely thrown away. In addition, applying
fisheries’ restrictions to key herbivore predators like seabass could also be an option to consider. However, this
requires a multidisciplinary approach and a proper assessment done beforehand.

Here, the observed variations in herbivory rates and herbivore abundance across different sites and depths
underline the need for tailored conservation strategies that consider the specific ecological dynamics of each
marine habitat. The observed higher numbers of fish populations, mainly herbivorous species, within the MPA
boundaries underscores the efficacy of fisheries protection in conserving aquatic life. However, this conservation
success story harbours a nuanced ecological dilemma. While MPAs are a very important tool that aims to bolster
fish populations by offering refuge from fishing pressures, the resultant surge in herbivorous fish could lead to
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heightened herbivory, potentially destabilising kelp forest ecosystems. As such, the design and management of
MPAs should be informed by understanding these complex interactions to ensure the effective conservation of
marine biodiversity and the sustainability of kelp forest ecosystems.

Materials and methods
Study area
The study was conducted in the region of central Portugal both in the coast of Peniche (PEN) (39.34°N, - 9.36°W)
and in Berlengas’ archipelago (MPA-BER) (39.45°N, — 9.53°W) (Fig. 8). Peniche is situated in a coastal upwelling
area and is characterised by sheltered rocky shores and open reefs that support dense forests of the kelp species
Laminaria ochroleuca and Saccorhiza polyschides'. This kelp presence is consistent with past records?®*. This
site has no fisheries protection status. The Berlengas Archipelago, located about 10 km off the coast of Peniche,
became a Marine Protected Area (MPA) in 1981 with restricted fisheries. It consists of several rocky islands and
reefs with very scarce kelp (especially Phyllariopsis spp.) and more prevalence of foliose/turf-forming seaweeds
such as Asparagopsis armata®>®1-%%. There are minimal differences in abiotic factors between the MPA and non-
MPA sites®*. Although the MPA is located around an archipelago and the comparison site is on the mainland,
the two areas share similar physical and oceanographic characteristics. Both regions experience the same coastal
upwelling events, which drive nutrient-rich waters into the area, and their rocky bottoms have comparable
compositions and substrate types®!. High wave dynamics are consistent in both locations, contributing similarly
to nutrient mixing and habitat structuring®®. Additionally, seawater temperatures across the sites remain
within the optimal range for Laminaria ochroleuca, and Saccorhiza polyschides?, supporting kelp populations
historically in both areas.

Although nowadays, kelps inside MPA-BER are scarce, and mainly the genus Phyllariopsis spp. this was not
always the case and records of the species Laminaria ochroleuca and Saccorhiza polyschides exist and indicate the
presence of kelp forests in the past®¢>-¢7.

Underwater tethering experiment
During the summer (August) and autumn (September) of 2022, fieldwork was conducted at the two selected
sites, PEN and MPA-BER. All experimental procedures were replicated for both periods.

In each season, before deployment, seaweed fronds were collected from 180 L. ochroleuca and S. polyschides
individuals, totalling 360 samples (n=360). Upon collection, fronds were immersed in aerated seawater tanks at
15 °C overnight to minimise potential seaweed degradation. Each blade was cut into a ~ 25 cm x 10 cm sample in
the laboratory, and its initial weight was determined. Subsequently, using standard pegs, 10 samples were fixed
to each of 36 stainless steel chains (Supplementary Fig. 1). Standard pegs were secured to the chain using plastic
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Fig. 8. Study sites (Berlengas archipelago MPA-BER and Peniche PEN) and reefs where the experiment
occurred. Outward dots represent deep reefs, while inward dots represent shallow reefs.
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cable ties, with every chain accommodating 5 samples from each kelp species, placed alternated. Samples were
enclosed in seawater-damp fabric bags within a cooling box for transportation.

For deployment, two depths were selected at each site: shallow (5-10 m) and deep (15-25 m) (Fig. 8). Within
each depth, three reefs were randomly chosen (n=12), and in each of these reefs, three stainless steel chains
(n=36) containing previously weighted fragments of both kelp species attached were deployed on the substrate
(approx. 3 m distance from each other) during 72 h. After this period, chains were retrieved and placed inside
fabric bags in a cooling box until processed at the lab. The final weight and the presence/type of grazer bite marks
were assessed for every sample.

Once at the laboratory, bite marks in the samples can be distinguished between sea urchins and fish
(Supplementary Fig. 2). Every sample was placed on a white surface, and the bite pattern was analysed following
Franco et al.!? to assess one of the two grazing categories: ‘urchin’ or ‘fish

The measured parameters allowed the estimation of ‘Herbivory Occurrence’ by comparing the number of
kelp with and without grazer marks; ‘Herbivory Rate’ by assessing the percentage of consumed biomass in each
kelp; and ‘Frequency of Grazer’ by counting the frequency of kelp with different grazer marks.

Faunal characterisation of the area—macro-herbivore abundance

A faunal characterisation of each reef was performed using Underwater Visual Census (UVC) and Diver-
Operated Videos (DOV). UVC was done to assess the abundance and diversity of fish and macroinvertebrates
and consisted of 5x 25 m radial transects, 4 m wide for fish and 2 m wide for sea urchins'2. A total of 12X 25 m
transects were performed each season, ~2400 m? of transects for fish and ~1200 m? of transects for urchins.
For DOV surveys and video analysis, a swimming stereo camera system adapted for two GoPros from SeaGIS
company (www.seagis.com.au) was used as well as SeaGIS EventMeasure software for the assessment of species
abundance and diversity through counts and species identification®®®. Video recording and analysis can also
be done with a standard camera and video software. Videos were recorded through 525 m radial transects in
each reef. Due to logistic constraints, the DOV surveys were only performed in autumn, totalling ~ 1200 m? of
transects.

For faunal characterisation, the sea urchin species Paracentrotus lividus and Sphaerechinus granularis were the
target invertebrate species since it is the species present in this region. Regarding fish, both strictly herbivorous
and omnivorous were considered: Boops boops, Diplodus spp., Sarpa salpa, and Spondyliosoma cantharus. Sarpa
salpa is the only species regarded as strictly herbivorous. The other species are considered omnivorous and
are also known to consume seaweeds. For example, Diplodus spp. predominantly feeds on seaweed during its
juvenile stage!®?1:70. All the mentioned species are commonly fished outside the MPA and occasionally within
it, by recreational anglers. However, Sarpa salpa is mainly caught incidentally, as it holds little commercial value

compared to the other species’’.

Statistical analysis

All analyses of herbivory occurrence, herbivory rate, frequency of grazer, and herbivore abundances were done
with generalised linear mixed models (GLMM) and generalised linear models (GLM) and appropriate data
distributions using the R package glmmTmB”2

Model diagnostics, essential for validating the model’s assumptions, were conducted using visual inspection
and the ‘DHARMza’ package for residual analysis.

We evaluated the occurrence of herbivory by comparing cases where consumed biomass was zero against
cases where it registered any positive value. Here, fixed factors were Site (protection status), Depth, and Kelp
species; random factors were Reef and Season and a binomial distribution was used. As for herbivory rate and
frequency of grazer, the percentage of consumed biomass and frequency of different types of bitemarks were
considered, respectively. Here, the considered fixed factors were Site (protection status), Depth, Kelp species, and
Grazer. Random factors remained the same.

For the herbivore characterisation of the study areas, abundance of herbivorous fish and sea urchins was
compared between the factors Site (protection status) and Depth.

A gamma distribution was chosen for the herbivory rate and a negative binomial for the remaining ones.

To ascertain the robustness of our findings, we explored various configurations of GLMMs and GLMs,
assessing different combinations of factors. This model selection process utilised the ‘MuMIn’ package’,
allowing the estimation of variable importance through model averaging. This method integrates results from
multiple models, identifying the most parsimonious model based on the Akaike Information Criterion (AIC)
and its importance weights. The best-fitting model was tested for model assumptions using visual inspection and
the DHARMza’ package. In addition, post hoc tests to identify specific group differences for the factors in the
model were performed using the R ‘emmeans’ (Estimated Marginal Means) package.

All plots and figures were created using Python and the packages ‘pandas) ‘seaborn, and ‘matplotlib.

Data availability
A part of data is provided within supplementary information, the rest of the dataset generated during and/or
analysed during the current study is available from the corresponding author on reasonable request.
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