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Abstract 

The role of consumer-resource relationship is the basis of the structure and functioning of 

ecological communities. The traditional lens for studying such interactions have tended to omit 

the importance of the species behaviour, particularly in the case of plant-herbivore interactions. 

However, they way the herbivore exploits the plant and the way the plant responds to that pressure 

is crucial in determining the stability of the interaction. Thus, both herbivore and plant 

performances, contextualised in the environment where the interaction takes place, can act as 

drivers of the resilience of the system. This thesis focuses on Posidonia oceanica ecosystems and 

specifically on the interaction between this seagrass and its two main herbivores – the fish Sarpa 

salpa and the sea urchin Paracentrotus lividus –. I assess the importance of herbivore behaviour 

(the aggregation patterns and feeding behaviour of S. salpa and the canopy cover dependence of 

P. lividus) and the resilience provided feedback mechanisms (direct responses of the plant and 

indirect ecosystem processes) under changing conditions resulting from global change. 

Disentangling these components of the interaction allows us to assess its sensitivity to each of the 

components and to test the response and resilience of the system under different conditions. 

Chapter 1 shows the importance of body size of Sarpa salpa individuals in their individual 

feeding activity, shoaling aggregation patterns and shoal feeding strategies, as well as the potential 

consequences of this on the seagrass P. oceanica. On the one hand, the larger the individuals are, 

the more feeding activity they show. On the other hand, S. salpa individuals tend to aggregate 

with conspecifics of the same body size and group size is positively related to the size of the 

individuals in the group. In addition, feeding strategies increase in complexity with group size 

and tend to be focused on very specific spots within the meadow. Thus, as individuals grow, they 

increase their potential impact on the seagrass, both in terms of their consumption capacity and 

the formation of large shoals capable of concentrating their consumption in very specific areas of 

the meadow. This distribution of herbivory can lead to spatial heterogeneity with consequences 

for the functioning of the ecosystem dominated by P. oceanica. 

In chapter 2, a number of regulatory mechanisms arising from an episode of intense herbivory 

are found to provide resilience to Posidonia oceanica system once its canopy height is reduced. 

Four of the mechanisms evaluated function as feedback mechanisms, one of them being actively 

deployed by the plant (compensatory growth) while the other three (preference for an alternative 

resource, increased risk of predation and reduced urchin numbers due to competition for the 

resource and loss of cover) are triggered indirectly and their effectiveness is based on inducing 

changes in the behaviour of the herbivore Paracentrotus lividus. The results obtained show how 

P. oceanica is able to invest efforts in recovering part of the lost leaf biomass while the system 

itself is able to regulate herbivory pressure as long as the environmental conditions are appropriate 
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to the occurrence of these mechanisms. The role of these mechanisms is key to avoid the potential 

collapse of P. oceanica meadows under the stress caused by an episode of intense herbivory. 

In chapter 3, the effect of global warming on the Posidonia oceanica – Sarpa salpa interaction 

is assessed through a combination of gradient approaches in the field and manipulative laboratory 

experiments. On the one hand, the results show that increasing water temperature significantly 

increases S. salpa growth rates during its larval stage, reducing its larval period (fewer days in the 

water column) and limiting its dispersal, while showing no effect on feeding behaviour during its 

adult phase. On the other hand, warming negatively affects the growth rates of P. oceanica and 

makes it more palatable towards S. salpa according to the results from the preference experiment. 

Our study shows that S. salpa could develop faster in warmer environments during its most 

vulnerable stage, increasing its survival but decreasing its dispersal capacity. At the same time, it 

could increase its preference for P. oceanica in its adult stage, which, together with the reduction 

of seagrass growth, could considerably intensify the strength of the interaction under warming 

conditions. 

All in all, the results of this study have contributed to confirm the relevance of herbivores’ 

behaviour in the way they exploit P.oceanica, mainly the feeding strategies of S. salpa, and how 

feedback mechanisms, provide resilience and allow the ecosystem to be maintained in an 

vegetated state. All of this gets relevant when contextualised within the process of global change, 

with a probable strengthening of the plant-herbivore interaction. Understanding the sensitivity of 

the interaction equilibria to each of its components is crucial to decide where to invest 

conservation efforts in these ecosystems and to be able to anticipate how changes in the contextual 

conditions may alter the final balance of the interaction. 
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Resumen 

El papel de la relación consumidor-recurso es la base de la estructura y el funcionamiento de las 

comunidades ecológicas. La óptica tradicional usada en el estudio de estas interacciones ha 

tendido a omitir la importancia del comportamiento de las especies, sobre todo en el caso de las 

interacciones planta-herbívoro. Sin embargo, tanto la forma en la que el herbívoro explota a la 

planta y como la manera en que ésta responde a esa presión son cruciales para determinar la 

estabilidad de la interacción. Por lo tanto, las actuaciones del herbívoro y la de la planta, 

contextualizadas en el entorno en el que tiene lugar la interacción, pueden actuar como 

mediadores de la resiliencia del sistema. Esta tesis se centra en los ecosistemas de Posidonia 

oceanica y, concretamente, en la interacción entre esta fanerógama con sus dos principales 

herbívoros -el pez Sarpa salpa y el erizo de mar Paracentrotus lividus-. En esta tesis se evlaúa la 

importancia del comportamiento de los herbívoros (los patrones de agregación y las estrategias 

de alimentación de S. salpa y la dependencia de la cobertura foliar de P. lividus) y la resiliencia 

proporcionada por los mecanismos de retroalimentación (respuestas directas de la planta y 

procesos indirectos del ecosistema) bajo condiciones cambiantes resultantes del cambio global. 

Desentrañar estos componentes de la interacción nos permite evaluar su sensibilidad a cada uno 

de los dichos componentes y comprobar la respuesta y la resiliencia del sistema bajo diferentes 

condiciones. 

En el capítulo 1 se muestra la importancia del tamaño del cuerpo de los individuos de Sarpa salpa 

en sus tasas de consumo individual, en sus patrones de agregación y en las estrategias alimenticias 

de grupos, además de las potenciales consecuencias de estos procesos sobre la fanerógama 

Posidonia oceanica. Por un lado, cuanto mayores son los individuos, mayores tasas de consumo 

muestran. Por otro, los individuos de S.salpa tienden a agregarse con conspecíficos de la misma 

talla, mientras que el tamaño de los grupos se relaciona positivamente con la talla de los 

individuos que lo forman. Además, las estrategias de alimentación aumentan en complejidad con 

el tamaño del grupo y tienden a focalizarse en puntos muy concretos de la pradera. Así, a medida 

que los individuos crecen, aumentan su potencial impacto en la fanerógama, tanto por su 

capacidad de consumo como la formación de grandes bancos capaces de concentrar su herbivoría 

en áreas muy concretas de las praderas. Esta distribución de la herbivoría puede provocar una 

heterogeneidad espacial con consecuencias sobre el funcionamiento del ecosistema dominado por 

P. oceanica 

En el capítulo 2 se comprueba la existencia de una serie de mecanismos reguladores surgidos de 

un episodio de herbivoría intensa que aportan resiliencia al sistema de Posidonia oceanica una 

vez disminuida su bóveda foliar. Cuatro de los mecanismos evaluados funcionan como 

mecanismos de retroalimentación, siendo uno de ellos desplegado activamente por la planta 
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(crecimiento compensatorio) mientras que los tres restantes (preferencia por un recurso 

alternativo, incremento del riesgo de depredación y disminución del número de erizos por 

competencia por el recurso y pérdida de cobertura) se desencadenan de forma indirecta y su 

eficacia se basa en inducir cambios en el comportamiento del herbívoro Paracentrotus lividus. 

Los resultados obtenidos muestran como P. oceanica es capaz de invertir esfuerzos en recuperar 

parte de la biomasa foliar perdida, mientras que el mismo sistema es capaz de regular la presión 

de herbivoría siempre que las condiciones del entorno sean propicias para la aparición de dichos 

mecanismos. El papel resiliente de estos mecanismos es clave para evitar el potencial colapso de 

las praderas de P. oceanica bajo el estrés provocado por un episodio de herbivoría intensa. 

En el capítulo 3 se evalúa el efecto del calentamiento global en la interacción Posidonia oceanica 

– Sarpa salpa a través de una combinación de aproximaciones de gradiente en campo con 

experimentos manipulativos de laboratorio. Por un lado, los resultados muestran que el aumento 

de la temperatura del agua incrementa significativamente las tasas de crecimiento de S.salpa 

durante su etapa larval, acorta su período en dicha etapa (menos días en la columna de agua) y 

limita su dispersión, mientras que no muestra ningún efecto en la actividad herbívora durante su 

fase adulta. Por otro lado, el calentamiento afecta negativamente las tasas de crecimiento de P. 

oceanica y la vuelve más palatable frente a S. salpa de acuerdo con los resultados en el 

experimento de preferencia. Nuestro estudio muestra que S. salpa podría desarrollarse más rápido 

en su etapa más vulnerable, aumentando su supervivencia, pero disminuyendo su capacidad de 

dispersión, mientras que podría incrementar su preferencia por P. oceanica en su etapa adulta, lo 

que, junto con la reducción del crecimiento de la fanerógama, podría intensificar 

considerablemente la fuerza de la interacción. 

En definitiva, los resultados de esta tesis han servido para constatar la relevancia del 

comportamiento de los herbívoros en su forma de explotar el recurso, principalmente las 

estrategias de alimentación de S. salpa, y como los mecanismos de retroalimentación aportan 

resiliencia y permiten al ecosistema mantenerse en un estado óptimo. Todo ello cobra más 

importancia al contextualizarlo dentro del proceso del cambio global, dado el probable 

fortalecimiento de la interacción planta-herbívoro. Conocer la sensibilidad de la interacción a cada 

uno de los componentes es crucial para decidir donde hay que invertir los esfuerzos de 

conservación en estos ecosistemas y poder así anticiparnos a como los cambios en las condiciones 

de contorno pueden alterar el equilibrio final de la interacción.  
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Herbivory as a mediating agent 

The recognition of the fundamental role herbivores play in ecosystem processes has had a long 

history. For the longest time, Alexander von Humboldt’s perspective that climate conditions 

determine plant species distribution has dominated ecological thinking (Pausas and Bond, 2019), 

with the influence of herbivores as structuring agents largely ignored. It was not until the middle 

of the 20th century that this view began to change and the importance of biotic interactions took 

the spotlight. Hairston et al., (1960) introduced the Green World hypothesis, which suggested that 

the regulation of plant communities by herbivores was overshadowed by the control predators 

exerted on herbivore populations. Although this hypothesis was the foundation of much ecological 

research, it triggered an intense debate that still continues today. Currently, despite the undeniable 

influence of both environmental factors and predators, the role of herbivores is considered key if 

we are to understand the structure and composition of plant communities, as well as in their 

ecosystem processes, functions and services (Augustine and McNaughton, 1998; Elisabeth S 

Bakker et al., 2016b; Baldwin, 1990; Duffy and Hay, 2000; Maguire et al., 2015; Maron and Crone, 

2006; Olff and Ritchie, 1998; Scott et al., 2018). Herbivory is today recognized as a vital process 

in vegetated ecosystems, shaping communities and facilitating matter and energy transfer from 

producers to higher trophic levels (Hulme, 1996; McNaughton et al., 1989). Recently, herbivores 

have been shown to be more than mere shapers of plant communities, and can be the initiators of 

strong interaction cascades (Christianen et al., 2014; Huntzinger et al., 2008; Pagès et al., 2012; 

Parsons et al., 2013; Pringle et al., 2007). It is believed that the influence of herbivores on plant 

composition was even higher in the past (particularly during the Pleistocene), because of the 

greater diversity and abundance of megaherbivores both on land (Bakker et al., 2016a; Sandom et 

al., 2014) and in the sea (Malhi et al., 2016). In present times, this role is still (partially) fulfilled 

by several groups of small herbivores like insects as well as large herbivorous mammals, all over 

the planet (Bakker et al., 2006; Hobbs, 1996; Jia et al., 2018; Kelkar et al., 2013; Maron and Crone, 

2006; McNaughton, 1976; Ritchie et al., 1998). The impact of herbivory becomes acute when 

herbivores form large aggregations. For example, Hobbs (1996), reviewed the changing capacity 

of groups of ungulates in different ecosystems from grasslands to forest, and concluded that they 

could modify spatial mosaics, influence primary production and control transitions between 

alternative ecosystem states. McNaughton (1976) found strong grazing pressure by migratory 

wildebeest in Serengeti Plains, reducing up to 85% of the initial standing crop.  In marine 

ecosystems, many fish and invertebrate species forage a variety of macrophyte species in 

temperate and tropical waters (Alcoverro and Mariani, 2002; Eklöf et al., 2008; Pagès et al., 2012; 

Poore et al., 2012; Vergés et al., 2014), while large mammals and turtles are capable of depleting 

entire tropical seagrass meadows (Bakker et al., 2016b; Christianen et al., 2014). Assessing the 
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influence of herbivores is especially important in systems where plants chosen by herbivores play 

an engineering or habitat-forming role, so changes in their structure and abundance can lead to 

alterations in key ecosystem processes (Burkepile and Hay, 2008; Jones et al., 1997). 

Introduction of the different components of the plant-herbivore 

interaction 

The influence of herbivory on plant communities has traditionally been assessed as the relationship 

between consumption rates or herbivore abundance and the primary production of the system (Cyr 

and Face, 1993; Maron and Crone, 2006). However, to achieve a more nuanced understanding of 

the role of herbivores in ecosystem regulation it is necessary to go one step further by unravelling 

mechanisms driving plant-herbivore interactions. Thus, it is essential to evaluate all the 

components that may affect the interaction, from those that are specific to the ecology of each 

species (e.g. plant physiology or herbivore behavior) to those peculiar to the interaction itself (e.g. 

plant palatability and herbivore preferences). To begin with, the strength of the interaction is highly 

determined by the grazing behavior of the herbivore. The way an herbivore exploits its resource 

will depend on a series of attributes such as body size, age, diet or group foraging behaviour. For 

instance, generalist herbivores (i.e. species that are able to choose among several resources) may 

show preference for certain species or plant parts that are easier to consume or that have higher 

nutritional value (Illius et al., 1992; Provenza et al., 2003; Valentine and Heck Jr, 2001). In turn, 

if individuals can organize themselves in groups to improve their grazing efficiency, the 

consequences of that feeding might scale up to ecosystem modifications (McNaughton, 1984). 

This implies that the potential impact of herbivores on plants goes beyond the mere evaluation of 

their numbers or consumption rates, since their feeding behavior or preferences can determine the 

diversity and spatial configuration of the plant community.  

For their part, plants have evolved a suite of defensive strategies to withstand herbivory (Agrawal, 

1998; Rosenthal and Kotanen, 1994). From inherent physiological traits (constitutive responses) 

to chemical responses triggered by herbivory events (induced responses), plants are capable of 

displaying compensatory and resistance mechanisms that maintain a balanced interaction. 

Evaluating plant palatability and its strategies against herbivores is crucial to determine interaction 

dynamics and to predict if plants will be able to cope with different intensities of grazing. In 

addition, although the stability of a plant-herbivore interaction is typically mediated by the 

performance of the two interacting species, the strength of the interaction can be indirectly 

determined by extrinsic processes (i.e. environment or other species). These modified interactions 

can be the consequence of changes in environmental conditions (i.e. temperature, nutrients) or by 

changes in plant or herbivore abundances or traits induced by additional species (i.e. consumers), 

external to the interaction (Wootton, 1993). 
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Disentangling processes driving a plant-herbivore interaction become even more relevant in the 

current context of a changing world. Climate and biodiversity crises can alter each of the 

compartments within the interaction in different ways. For instance, warming induces 

physiological changes in many marine species, and can simultaneously influence their distribution 

and migration patterns (Gutow et al., 2016; Hale et al., 2011; Kordas et al., 2011; Poore et al., 

2013; Vergés et al., 2016). Whether the interaction strengthens or weakens will be determined by 

the alterations in each compartment, which, in turn, are linked to a set of individual responses of 

the species involved and indirect effects derived from trophic networks. 

Herbivore attributes 

Herbivore abundance, physiology and preference 

The strength of herbivory a system sustains will vary with herbivore attributes at population, 

behavioural and physiological levels. Perhaps the most critical population characteristic is the 

natural abundance of herbivores within a landscape. As herbivore numbers soar and decline, 

herbivory will track these changes (Berger, 1978; Kelkar et al., 2013; Molvar and Bowyer, 1994; 

Prado et al., 2008a). Changes in abundance have been associated with huge overgrazing events, 

linked to boom-and-bust population cycles of herbivores (Hobbs, 1996; McNaughton, 1976). 

Other herbivore characteristics such as home range, mobility and migrations will influence how 

this pressure is distributed across the landscape. For example, green turtle population large-scale 

migrations have been associated to an increased impact in herbivory, changes in species 

composition and even meadow extinction in seagrass meadows (Fourqurean et al., 2010; Kelkar 

et al., 2013).  In terrestrial systems, wildebeest herd migrations produces seasonal changes in plant 

physiology and community structure (Inglis, 1976; McNaughton, 1984, 1976). At a smaller scale, 

factors related to herbivore behaviour and performance become essential in determining the 

strength of herbivory.  

Herbivores have a set of inborn physiological and behavioural attributes that influence their 

feeding decisions (Launchbaugh and Howery, 2005; Scott and Provenza, 1998). Herbivores are 

capable of choosing among different resources depending on their nitrogen content (Greenstone, 

1979; Tenore, 1977), but plant palatability and defence can also determine food choice (Provenza 

et al., 2003; Villalba et al., 2002). For example, herbivores are able to choose among patches or 

from more than one resource species (Burkholder et al., 2012; Hulme, 1996; Illius et al., 1992; 

Kursar et al., 2006; Preen, 1995; Senft et al., 1987; Verlaque, 1990), which can translate into 

reduced plant competition, increased plant species diversity and a release from herbivory pressure. 

The ability to select among resources can heavily influence the structure and functioning of an 

ecosystem (Jones, 2000; Pieper, 1994), even leading to overgrazing episodes in preferred areas 
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(Bailey and Sims, 1998; Walker, 1995). Ontogeny can be a major driver of preference, since 

requirements and abilities of herbivores may change through the lifetime of an individual. For 

instance, young herbivores gain experience from their grazing environment and improve their 

foraging skills (Launchbaugh and Howery, 2005). In addition, many herbivorous species show 

strong diet shifts as they grow (Arthur et al., 2008; Cazcarra and Petit, 1995; Gning et al., 2008; 

O’Brien, 1994). At the same time, age is closely linked to body size in most of animals, so older 

individuals will probably be larger and need larger amounts of food (Demment and Greenwood, 

1988; Shipley et al., 1994; West et al., 2002). Both for their physical characteristics (allometry) 

and in order to satisfy their larger nutritional requirements, large individuals will remove greater 

amounts of food resource than smaller ones. Since grazing impacts most possibly increase with 

age/size, assessing population structure and changes in behaviour through a species lifetime is 

necessary to understand the overall herbivory impact. 

Herbivore grouping behaviour 

Many grazers capable of shaping vegetated ecosystems tend to forage in groups (Bastrenta et al., 

1995; Hempson et al., 2017; Hobbs, 1996; Kelkar et al., 2013; McNaughton, 1984) (Fig. 1). 

Although grouping is associated with significant competitive costs (Beauchamp, 2005) it usually 

provides advantages in terms of fitness and survivorship. For instance, searching for food in groups 

can increase the success of finding quality and abundant resource sites since more eyes make 

finding food easier (Packer and Ruttan, 1988; Pitcher et al., 1982; Ranta et al., 1993; Ward and 

Zahavi, 1973). Furthermore, cooperative foraging may also improve feeding efficiency of the 

group as has been convincingly shown for hunting species (Cook et al., 2017; McInnes et al., 

2017). This profitable collective behaviour is described in Tsubaki and Shiotsu (1982), where the 

larvae of the burnet moth (Pryeria sinica) optimises food exploitation when a large group focuses 

on a single shoot of the plant rather than when many small groups attack multiple shoots at once. 

At the same time, group foraging provides protection against predators, either by diluting the 

likelihood of individual predation or by increasing group vigilance (Croft et al., 2003; Krause and 

Godin, 1995). A typical mechanism of group foraging is that animals at the edge of the group 

spend more time scanning for predators and less feeding than conspecifics in the centre, which 

reduces group predation risk (Black et al., 1992; Underwood, 1982). 

The critical decision of joining a group is determined by the individuals’ needs and abilities, which, 

as noted above, change with age. Therefore, it is likely that ontogeny plays a major role in the 

organization of foraging aggregations. The outcome of this dynamic individual decision-making 

is a wide range of group sizes determined by population composition within an area (Ward and 

Webster, 2016). This is an area that requires considerable additional study since the role of 

ontogeny in herbivore group composition and ecosystem processes remains relatively 
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underexplored, except for some fish species (see Hoare et al., 2000; Peuhkuri, 1997).  

Both group and individuals’ body sizes will eventually be a determinant factor in the assessment 

of herbivory extent. Apparently, large aggregations of large herbivores will imply much greater 

impacts on plants, at least in terms of biomass reduction, than if individuals fed alone or if 

individuals within the group are small. Some herbivorous species form dense groups that exploit 

vegetated areas, modifying their structure and even leading to a complete depletion of resources 

(Filbee-Dexter and Scheibling, 2014; Hempson et al., 2017; Kelkar et al., 2013; McNaughton, 

1984). Such behaviours can shape plant communities at landscape-level by creating a mosaic of 

patches, which, in turn, can alter related ecosystem processes at broader scales (Christianen et al., 

2014; Kelkar et al., 2013). Determining the composition of grazing groups is far from trivial, since 

the interaction between individual size and number can have far-reaching implications in vegetated 

ecosystems, particularly if the efficiency of foraging behaviour scales with group and body size. 

 

Figure 1.- Feeding aggregations. Left: a herd of 5000 steers feeding in north Texas (URL: 

beefmagazine.com). Right: aggregation of a freshwater turtle aggregation (Pseudemys 

concinna suwanniensis) foraging on hydrilla (Hydrilla verticillata) in Gilchrist Blue Springs 

Park. Photo by J.M. Adler (Johnston et al., 2018). Below: the wildebeest (Connochaetes 

taurinus) in their hundreds spreadout in the Masai Mara - Serengueti savannah plains (URL: 

https://gorillasafarisrwanda.com/). 

 

 

https://gorillasafarisrwanda.com/)
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Plant defensive strategies 

Despite the grazing pressure that some plant communities experience, most plant species have 

mechanisms to counter it (Agrawal, 1998; Fritz and Simms, 1992; Rosenthal and Kotanen, 1994). 

These mechanisms can be classified into constitutive defenses, traits the plants display constantly; 

or induced defenses, which only manifest after an herbivory attack (Karban and Baldwin, 1997). 

Constitutive defenses limit the initial intensity of the herbivory episode and are commonly 

displayed in the most valuable tissues of the plant or in those that are more prone to be attacked 

(Darnell and Heck Jr, 2013; Wittstock and Gershenzon, 2002). In contrast, induced defenses tend 

to decrease the consumption of subsequent attacks after the onset of the episode (Karban and 

Baldwin, 1997). Additionally, defenses can be further grouped in two main categories: resistance 

strategies, which reduce herbivore performance; and tolerance strategies, which aim at 

compensating the negative effects of herbivory (Fritz and Simms, 1992; Strauss and Agrawal, 

1999). Defensive strategies are not mutually exclusive, however, the investment on them can trade 

off with other physiological processes, such as growth (Coley et al., 1985; Herms and Mattson, 

1992; Mauricio and Rausher, 1997). 

Resistance mechanisms 

Plants have developed a set of physical, chemical and nutritional strategies in order to decrease 

herbivore consumption (Fritz and Simms, 1992). Particularly frequent in terrestrial plants, spines 

and thorns are useful morphological attributes to deter herbivores (Cooper and Owen-Smith, 1986; 

Milewski et al., 1991). Toughness has also been described as a successful morphological feature 

against herbivory (Coley, 1983; Peeters, 2002) mainly due to its high fiber contents.  Fibers (e.g. 

lignins or cellulose) are structural compounds of leaves basically composed of carbon, so its 

presence increases C:N ratio and decreases nutritional quality of the food (De Los Santos et al., 

2012). Furthermore, plants with high fiber contents are usually avoided by herbivores due to it 

being difficult to digest (Lincoln, 1993). Plants are capable of synthetizing other chemical organic 

compounds (e.g. terpenoids and alkaloids) which are effective against herbivory (Bennett and 

Wallsgrove, 1994; Nykänen and Koricheva, 2004). Considered secondary metabolites since they 

do not play any role in primary metabolism, these compounds can decrease plant palatability or 

make plant tissues toxic and as a result modify grazing behavior (Feeny et al., 1992). As in the 

case of fibers, poor leaf nutritional quality becomes a deterrence mechanism itself against 

herbivores. Plants with high C:N ratio will not provide enough nutrients to meet herbivore 

requirements (Mattson Jr, 1980), consequently being less susceptible to consumption. However, 

environments with low availability of nutrients or without an alternative resource can motivate 

herbivores to increase their feeding to fulfill their nitrogen demands by compensatory feeding 

(Boada et al., 2017; Cruz-Rivera and Hay, 2000). 
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Tolerance mechanisms 

The ability of plants to regrow and reproduce after an herbivory attack is a widespread defensive 

strategy (Strauss and Agrawal, 1999). Tolerance mechanisms include translocation of nutrients 

and carbon from belowground to vegetative organs (Strauss and Agrawal, 1999; Tiffin, 2000), 

improvement of photosynthetic capacity (Tiffin, 2000), enhancement of growth (compensatory 

growth) and activation of dormant systems (McNaughton, 1983; Tiffin, 2000). While 

compensatory growth implies a maintenance of basal primary production, herbivory can stimulate 

growth (overcompensatory growth) in some plant species (Gadd et al., 2001). However, tolerance 

strategies are subject to external conditions such as the availability of resources or herbivory 

intensity (Rosenthal and Kotanen, 1994). Thus, the capacity to invest in compensatory growth is 

highly limited by the availability of essential resources (Wise and Abrahamson, 2005) and can be 

inhibited under very intense grazing episodes (Vergés et al., 2008; Williams, 1988). 

Interaction dynamics, feedbacks and resilience 

At its simplest, we would expect a linear relationship between herbivory pressure and plant 

biomass reduction. However, plant-herbivore interactions are often much more complex and have 

a series of indirect effects and often show non-linear responses. In fact, most studies based on the 

dynamics of vegetated ecosystems in response to perturbations show non-linear relationships, with 

potentially abrupt changes and alternate stable states (Burkett et al., 2005; Holland et al., 2013; 

McGlathery et al., 2013; Porporato et al., 2004; Scheffer et al., 2001). This type of dynamics is 

governed by the existence of feedback mechanisms capable of attenuating (stabilizing) or 

accelerating (destabilizing) changes in ecosystem state caused by a disturbance (Bakun and Weeks, 

2006; Egelkraut et al., 2018; Maxwell et al., 2017; van de Leemput et al., 2016). A feedback or 

feedback loop occurs when the current value of a state variable directly or indirectly determines 

the direction and rate at which that same variable changes (Meadows, 2008). For instance, 

Maxwell et al. (2017) describe how marine plants develop a series of stabilizing feedback 

mechanism to reduce water turbulence by trapping particles and nutrients in the water column, 

improving water clarity, and, in turn, increasing growth rate. However, although feedbacks are 

useful in maintaining ecosystem state, they can stop functioning beyond a certain threshold of 

disturbance, leading to abrupt changes. For example, a combination of high flow velocity 

conditions and low shoot density reduces the consumption of epiphytes by mesograzers, that in 

these case act as a stabilizing feedback (Jiménez-Ramos et al., 2018). In the case in which 

herbivory acts as a biotic disturbance (macroherbivores or megaherbivores), defensive 

mechanisms developed by the plant can act as a feedback, acting as regulators of the interaction. 

However, an episode of herbivory may also trigger a series of indirect mechanisms that dampen 
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such pressure (stabilizing feedbacks). For instance, grazing pressure on the dominant plant within 

a system can promote the growth of alternative resource species (Valdez et al., 2020), which can 

lead to herbivores’ partial preference (Belovsky, 1997; Illius et al., 1999; Stephen and Krebs, 

1986). According to Atsatt and O’Dowd (1976), those plants are known as “attractant-decoy” and 

their presence reduces the herbivore impact on other plants in the neighbourhood. In multi-species 

assemblages, it is likely that an intervention of external species can be the origin of indirect 

processes affecting the interaction. Trait-mediated indirect interactions (TMIIs) are those in which 

traits of the species involved in the interaction are modified by the presence of a third (Abrams et 

al., 1996). Harrison and Karban (1986) observed that tiger moth feeding behavior on host plant 

during early spring negatively affected the tussock moth larvae, which feeds on the same plant two 

months later, by decreasing its larval growth, pupal weight and fecundity. Although TMIIs in 

plant-herbivore interactions are commonly mediated by the presence of a second herbivore species, 

the occurrence of a third species from another trophic level (e.g. predator) can also alter the 

interaction (Peacor and Werner, 2001). For instance, Pessarrodona et al. (2019) found that the mere 

presence of fish predators modified sea urchins behavior by decreasing its consumption rates, even 

in large individuals, for whom the risk of being eaten was negligible (Fig. 2). Understanding how 

feedback mechanisms drive plant-herbivore dynamics is challenging, particularly in complex 

trophic network systems where direct and indirect effects are present. 

 

 

Figure 2.- Representation of indirect effects in a tri-trophic interaction from Pessarrodona et 

al. (2019). Grazing impact of different sizes of sea urchin Paracentrotus lividus (b) is controlled 

by the fish predator Diplodus sargus in two ways: direct predation (a) and fear of being predated 

(c). Predators have size-mediated consumptive and non-consumptive indirect effects on algal 

assemblages (d). 
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Global change influence on trophic interactions 

Despite the influence of biotic interactions in the Humboldtian perspective of vegetation 

distribution, all organisms and their interactions are ultimately determined by environmental 

factors (Fig. 3). This effect is clearly observed through the dramatic changes in worldwide species 

diversity and distribution triggered by global change (Chapin Iii et al., 2000; Franklin et al., 2016; 

Sala et al., 2000; Tittensor et al., 2010; Trumbore et al., 2015). Anthropogenic pressure has led to 

a steep rise in global temperature, an overexploitation of resources and an increase in pollution, 

which has resulted in the degradation of ecosystems at many levels. These changes have the 

capacity to alter the stability of ecosystems by directly affecting physiological, morphological, 

behavioural (movement, feeding behavior, etc.) and population (survivorship, growth, 

reproduction and recruitment) processes that eventually will translate in altering the distribution 

of biodiversity (Duarte et al., 2016; Jiménez-Ramos et al., 2017; Midgley and Bond, 2015; 

Parmesan, 2006; Vergés et al., 2016; Wernberg et al., 2016). In addition, a growing body of work 

is showing that such perturbations are significantly modifying biotic interactions, which can have 

a disproportionate impact on community assembly patterns and key ecosystem functions (Araújo 

& Luoto, 2007; Memmott et al., 2007; Tylianakis et al., 2008, Massad & Dyer, 2010; Estes et al., 

2011). 

 

 

 

 

Figure 3.- Schematic representation of compartments within a plant-herbivore interaction and 

how environmental conditions can modify each one by separately. 
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While global change is affecting all ecosystems, its effects on marine and coastal systems are 

particularly harsh. Over the last 100 years, the increase in temperatures around the world has been 

unparalleled (Change, 2014). In addition heat wave episodes in most seas and oceans are more 

frequent (Oliver et al., 2018), with future predictions predicting a further worsening of conditions 

(Fig. 4). Ocean acidification and eutrophication caused by human activity only exacerbate the 

impacts of global change on marine systems (Duarte, 2014; Gruber, 2011; Halpern et al., 2008). 

These changes in water physicochemical properties, along with human overexploitation of marine 

resources (e.g. overfishing), are altering biodiversity and trophic networks of coastal ecosystems. 

Taken together, these changes call into question the integrity of its dominant benthic communities, 

sometimes triggering abrupt changes with irreversible consequences (Estes et al., 2011; Kroeker 

et al., 2013; McGlathery et al., 2013; Peters et al., 2019; Scheffer et al., 2001; Wernberg et al., 

2016). These conditions are reflected in herbivory processes, influencing every element of the 

plant-herbivore interactions described in this review.  

 

 

Figure 4.- Map created with NOAA's Ocean Climate Change Portal shows changes in the mean 

sea surface temperature for the latter half of the 21st century as compared to the latter half of 

the 20th century. Ocean warming will be greatest in the northern Hemisphere where changes 

are more than 3 degrees celsius. Less intense warming is predicted in the North Atlantic and 

the Southern Ocean. 

(URL:https://research.noaa.gov/article/ArtMID/587/ArticleID/1188/mediaid/780). 

 

https://research.noaa.gov/article/ArtMID/587/ArticleID/1188/mediaid/780
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For a start, warming can alter the physiology and behavior of organisms. A strong body of literature 

indicates that variations in seawater temperature influences survivorship, growth, reproduction and 

recruitment of both producers and consumers (Andrews et al., 2014; Bignami et al., 2017; Hannes 

Höffle et al., 2011; Howe and Marshall, 2002; Jordà et al., 2012; Poloczanska et al., 2013; Pörtner 

and Knust, 2007). There are some species whose physiology will be impaired by temperatures that 

exceed their comfort range (Pagès et al., 2018), while others may improve their performance in 

these conditions (West and Post, 2016). Generally, plant performance is negatively correlated to 

high temperatures (Collier and Waycott, 2014; H. Höffle et al., 2011; Olsen et al., 2012; Ontoria 

et al., 2019a), while in some cases warming can produce positive effects in species abundance and 

distribution (see Parmesan, 2006). For herbivores, high temperatures can modify their movement 

and feeding behavior by increasing their consumption rates to keep up with changing consumer 

metabolic requirements (Dell et al., 2014; Gutow et al., 2016; Mary I O’Connor, 2009; O’Connor 

et al., 2011; Poore et al., 2013; West and Post, 2016). Since the sensitivity to warming differs 

across trophic levels (Voigt et al., 2003), mismatches in physiology and behavior between 

consumer and resources will be expected, consequently unbalancing plant-herbivore interactions 

(Pagès et al., 2018). Consequently, differences in the response to warming between plants and 

herbivores can lead to a strengthening or weakening of the interaction when consumption scales 

faster or slower than plant performance (O’Connor, 2009; Gutow et al., 2016).  

Furthermore, global change is leading to marine biodiversity losses and alterations in biotic 

interactions, mainly due to overfishing. Predator release through overfishing promotes the 

proliferation of herbivores that in turn increases grazing pressure on macrophytes. Indeed, episodes 

of macrophyte overgrazing triggered by herbivore population outbreaks (attributed to absence of 

predator species) have been frequently described worldwide in recent years (Boada et al., 2017; 

Carnell et al., 2020; Eklöf et al., 2008; Filbee-Dexter and Scheibling, 2014; Fourqurean et al., 

2019). Moreover, the increase in water temperature in temperate latitudes together with the 

facilitation of species arrival (channels, ship transport, etc.) is triggering poleward shifts in species 

distribution with associated migrations of invasive herbivore species (Hyndes et al., 2016; 

Parmesan, 2006; Pinsky et al., 2020). In the case of the Mediterranean Sea, the arrival of herbivore 

fish species Siganus spp. through the Suez channel is causing reductions in macroalgal 

communities (Vergés et al., 2014; 2019). This process, known as tropicalization, is reshaping 

trophic networks and unbalancing biotic interactions by overgrazing macrophyte communities and 

displacing autochthonous herbivores.  

For a better understanding of plant-herbivore interactions in a changing context it is necessary to 

study the regulatory processes of the ecosystems, integrating biological interactions and 

environmental changes that are taking place. 
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Plant-herbivore interactions in seagrasses 

Seagrasses are considered habitat-forming or engineering species and provide a wide range of 

ecosystem services (Fig. 5) such as productive fisheries (Unsworth and Cullen, 2010), 

improvement of water quality (Orth et al., 2006), reducing coastal erosion (Fonseca and Koehl, 

2006) or carbon sequestration (Duarte et al., 2013; Fourqurean et al., 2012). These ecosystems 

host a large community of animals (Mtwana Nordlund et al., 2016; Nagelkerken et al., 2015) 

among them, several herbivores that can exert a high extractive pressure on meadows (Alcoverro 

& Mariani, 2002; Eklof et al., 2008; Bakker et al., 2016). Traditionally, seagrasses ecosystems 

dynamics were believed to be dominated by decomposition processes (Koike et al., 1987; Pollard 

and Moriarty, 1991), while herbivory played a negligible role, probably because it was believed 

that seagrass had a low nutritional value (Duarte, 1990; Valiela and Valiela, 1995). There has been 

a paradigm shift in our understanding of herbivory in seagrass meadows, and it come to be 

recognised as a key structuring agent of the ecosystem (Valentine & Duffy, 2006; Fourqurean et 

al., 2010; Kelkar et al., 2013, Scott et al., 2018; Valentine & Heck, 2020). This reinforces the 

observation that herbivory pressure is usually higher in aquatic ecosystems than in terrestrial 

(Cebrian and Lartigue, 2004; Cyr and Pace, 1993). This difference between terrestrial and marine 

realms is likely due to the complexity of food webs in aquatic systems, where plants are directly 

influenced by herbivores and indirectly by predators (trophic cascades,Shurin et al., 2006, 2002), 

and due to the strong control derived from high plant-herbivore consumption-production ratios 

(Cyr & Pace, 1993). In fact, from urchins to mammals, a wide range of herbivores exert different 

levels of pressure in seagrass meadows (Alcoverro & Mariani 2002; Prado et al., 2007; Eklof et 

al., 2008; Kelkar et al., 2013; Carnell et al., 2020). The complexity in trophic networks is especially 

remarkable in seagrass systems (Heck & Valentine, 2006; 2020), where the presence of different 

intervening species characterizes plant-herbivore dynamics with direct and indirect interactions 

that can be particularly strong in some cases (Prado et al. 2007; Pagès et al. 2012). In addition, 

many marine herbivores form feeding aggregations that can even cause a total loss of seagrass 

meadows (Christianen et al., 2014, Fourqurean et al., 2019). Seagrass species display a number of 

defensive strategies to counter herbivore pressure (Valentine & Heck, 2020) although these are 

probably not as strong as those observed in most woody terrestrial plants (Augustine and 

McNaughton, 1998; Cyr and Pace, 1993). While constitutive strategies (e.g. spines or toxins) have 

been well studied in terrestrial plants (Bixenmann et al., 2016; Kaplan et al., 2008; Kempel et al., 

2011), few have been described for seagrasses (e.g. leaf toughness) and most studies focus on 

induced responses by herbivory (Cebrián et al., 1998; Ravaglioli et al., 2018; Ruiz-R et al., 2008; 

Sanmartí et al., 2014). After herbivore damage, seagrasses can invest in resistance (e.g. secondary 

metabolite compounds) or tolerance mechanisms (e.g. compensatory growth), and whether species 

display one or the other depends on the species, the environment and intensity of herbivory (Moran 
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& Bjorndal, 2005; Vergés et al., 2008; Steele et al., 2012; Sanmartí et al., 2014, Hernan et al., 

2019). For instance, fast-growing species as Cymodocea nodosa, choose to invest in compensatory 

growth rather than in deterrent mechanisms (Sanmarti et al., 2014). Studies in temperate waters 

have shown that Paracentrotus lividus and Sarpa salpa grazing can increase Posidonia oceanica 

compensatory growth up to a threshold, after which growth declines (Vergés et al., 2008). As in 

other macrophytes, global change is leading into a decline of many seagrass species around the 

world (Waycott et al., 2009; Jorda et al., 2012; Ruocco et al., 2018). Indeed, the total area covered 

by seagrass is estimated to have declined by 30–60%, including total loss in some places (Evans 

et al., 2018; but see de los Santos et al., 2019). Seagrasses are particularly sensitive to ocean 

warming, which directly influences production/respiration ratios (Greve et al., 2003; Lee et al., 

2007; Olsen et al., 2012; Ontoria et al., 2019b), enhances plant mortality, reduces shoot growth 

(H. Höffle et al., 2011; Nejrup and Pedersen, 2008; Olsen et al., 2012) and modifies C:N ratio in 

leaves (Hernan et al., 2017). In addition, tropicalization and the proliferation of herbivores due to 

overfishing are likely to substantially increase herbivory pressure on these systems in the future 

(Eklof et al., 2008; Ozvarol et al., 2011). 

 

 

Figure 5.- Conceptual diagrams for (a) tropical and (b) temperate seagrass ecosystems, detailing 

key ecosystem services and major mechanisms of seagrass loss. (c) Temperate and tropical 

seagrass genera (and family names), from ephemeral to persistent (Orth et al., 2006). 
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Plant-herbivore interactions in Mediterranean seagrasses 

Mediterranean seagrass meadows are a particularly interesting ecosystem due to a relatively low 

number of herbivores that play critical roles ecosystem functioning (Box 1). The simplicity of the 

system makes it ideal to study. In addition, the temperature of the Mediterranean is increasing at a 

rate that is two to three times faster than the global ocean (Marbà et al., 2015). Of the plant species 

present, the endemic Posidonia oceanica (L.) Delile seagrass is the most abundant, highly valued 

for its role as a foundation species and for the number of ecosystem services it provides (Box 1). 

This species is subject to high herbivore pressure exerted mainly by the fish Sarpa salpa and the 

urchin Paracentrotus lividus (Box 1), whose interactions have been previously analyzed from a 

variety of perspectives. To begin with, physiology, abundance, distribution and population 

dynamics of the three species have been widely studied (Marbà et al., 1996; Prado et al., 2012, 

2008a; Raventos et al., 2009).  S. salpa and P. lividus show very high consumption rates on 

macroalgal communities, even controlling algal populations (Boada et al., 2017; Santamaría et al., 

2018) and in P. oceanica. Herbivory in P. oceania is particularly high in marine protected areas 

(Planes et al., 2011; Prado et al., 2008b, 2007b; Tomas et al., 2005a) and show clear preferences 

for different components of the ecosystem that vary with the herbivore species, the type of tissue 

and nutrient conditions (Marco-Méndez et al., 2016; Piazzi et al., 2000; Prado et al., 2010; Vergés 

et al., 2007). The role played by the landscape in their interactions has also been studied, 

highlighting the disparate preferences for sandy and rocky matrices and the linking capacity of S. 

salpa between habitats (Pagès et al., 2014). Plants also play a role in this interaction either with 

their intrinsic defensive capacity or by producing a series of defensive mechanisms. In a series of 

clipping experiments, Vergés et al 2008 found that P. oceanica is also able to react to herbivore 

pressure by increasing their growth (compensatory growth) with contrasting result in their capacity 

to induced defenses. A few studies have assessed the role that predators exert on the plant-

herbivore interaction, highlighting the regulatory role of predators (e.g. Diplodus sargus) on P. 

lividus, mediated by fish herbivory that controls the canopy height (Pages et al., 2012; Farina et 

al., 2014). Overall, this interaction takes place against the backdrop of a warming Mediterranean 

that has been observed, on the one hand, to clearly affect the seagrass P. oceanica (Marbà et al. 

2010; Hernan et al., 2017; Ontoria et al., 2019) and on the other hand, affects the interaction with 

sea urchins (Pages et al., 2018). How temperature modifies the interaction between P. oceanica 

and S. salpa is yet to be fully explored. 

There has been, thus far, a large and growing interest on the interaction between P. oceanica and 

their herbivores. However, there are still essential elements of this interaction that are still 

unexplored, and which my thesis attempts to tackle.  For one, although it seems evident that 

herbivore behaviour will influence patterns of herbivory, it has received little attention.  As we 

have seen, feeding behaviour, particularly when animals aggregate to feed, can be critical in 
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determining the impact of herbivory on plant communities. For another, it remains unclear to what 

extent herbivory is maintained by any regulatory system within these ecosystems. This becomes 

particularly critical when herbivory is strong and can dramatically modify the system. Finally 

understanding the role of temperature on fish herbivory is challenging, particularly because of the 

difficulty of working on wide ranging mobile species. To address these knowledge gaps, in this 

thesis I attempt to unpack different components of the seagrass-herbivore interaction, focusing 

particularly on animal behavior and ecosystem feedbacks, and on assessing the effects of current 

and forecasted temperature conditions on the fish-plant compartments of the interaction. Taken 

together, these studies give us a more detailed understanding of plant-herbivore interactions, 

critical to determining how these dynamics will shift as the oceans change. 
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Box 1. Study system of this thesis 

 

Posidonia oceanica 

The seagrass Posidonia oceanica (L.) Delile is an iconic, 

foundational species in the Mediterranean Sea that dominate 

sandy and some rocky bottoms from 0 to 50 m (Pasqualini et 

al., 1998). This species forms vast meadows that provide a 

range of valuable ecosystem services as well as food, shelter 

and substrate to a wide range of species (Francour, 1997; 

Lavery et al., 2013; Marbà et al., 1996; Martínez-Crego et al., 

2008). Over the last half century, P. oceanica has lost an important part of its extent (Boudouresque et al., 

2009; Marbà and Duarte, 2010; but see de los Santos et al., 2019) mainly as consequence of trawling, 

anchoring, pollution and warming. Indeed, this species shows high thermal sensitivity (García et al., 2013; 

Jordà et al., 2012) ; decreasing its growth rate (Olsen et al., 2012; Ontoria et al., 2019a; Pagès et al., 2018) 

and increasing its shoot mortality with temperature (Marbà and Duarte, 2010).  
 

Sarpa salpa 

Sarpa salpa (Linnaeus 1758) is a demersal marine fish typically 

found on sandy bottoms, rocky reefs and seagrass meadows 

from 0 to 70 m (Hureau et al., 1984), forming schools of up to 

hundreds of individuals (Raventos et al., 2009). Its range 

extends from the Eastern Atlantic, from the North Sea to the 

Western Indian ocean, and is very common in the 

Mediterranean and the Black seas (Braum, 1987; Hureau et al., 

1984). It is a generalist herbivorous fish species, with a diet based on macroalgae and P. oceanica, with 

young individuals mostly choosing rocky macroalgae while adults prefer to feed on seagrass leaves 

(Verlaque, 1990; Havelange et al., 1997). S. salpa is the main consumer of P. oceanica, contributing up to 

75% of the total herbivory on the seagrass (Havelange et al., 1997; Prado et al., 2007) and in some cases 

defoliating >40% of the seagrass’ annual production (Prado et al., 2007). 
 

Paracentrotus lividus 

Paracentrotus lividus is a sea urchin distributed along the 

Mediterranean Sea, north-eastern Atlantic and Canary Islands, 

found in P. oceanica meadows and rocky substrates from 0 to 

up to 80 m (Boudouresque and Verlaque, 2007). It lives in 

shallow habitats where it can reach very higher densities (>50 

individuals · m2) (Gago et al., 2001; Harmelin et al., 1980). This 

species is a voraceus generalist herbivore capable of feeding on 

a wide range of algae, seagrass and macrophyte species (Boudouresque & Verlaque, 2007). Overall, P. 

lividus consumption correspond to 30% of the total herbivory in P. oceanica (Prado et al., 2007). 
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The Mediterranean Sea 

Bordered by Europe, Africa and Asia, the Mediterranean is the 

largest and deepest enclosed sea on Earth (Coll et al., 2010). Its 

basin is mainly oligotrophic (particularly in the eastern), 

although temporal thermoclines, currents and river discharges 

can enrich some coastal areas (Bosc et al., 2004; Danovaro et 

al., 1999; Zavatarelli et al., 1998). The Mediterranean Sea is 

highly vulnerable to warming, with warming rates of three times that of the global ocean (Change, 2014; 

Vargas-Yáñez et al., 2008) and temperatures expected to increase up to 3ºC by the end of the century 

(Shaltout and Omstedt, 2014; Somot et al., 2006). Warming, along with other factors derived from global 

change (e.g. water acidification or overfishing) is threatening biodiversity of the Mediterranean Sea, which 

equals to 4-18% of all known marine species (Bianchi and Morri, 2003). This biodiversity includes marine 

plants that dominate sandy bottoms, such as P. oceanica, and that host a large number of species, including 

a few but voraceous herbivores such as S. salpa and P. lividus. 
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The aim of this thesis is to deepen the knowledge of plant-herbivore interactions from herbivore 

behaviour to plant responses and to assess how global change can alter the stability of 

Mediterranean seagrass meadows. My study system, the Mediterranean endemic seagrass 

Posidonia oceanica and its two main herbivores, Sarpa salpa and Paracentrotus lividus, is 

particularly appropriate due to (i) the important role of P. oceanica as a habitat engineering 

species in the Mediterranean, (ii) the strong interaction with their herbivores and (iii) the critical 

conditions of the Mediterranean Sea under global change scenarios. 

 

Specifically, this thesis can be divided in three objectives: 

 

 Objective 1: To study aggregation patterns and group foraging behaviour of 

Sarpa salpa and their possible consequences on Posidonia oceanica meadows 

(Chapter 1). 

Through the analysis of fish body length and the number of individuals per shoal, we aim to 

understand what factors determine the composition of S. salpa groups, an unexplored theme for 

this interaction. At the same time, we evaluate whether feeding behaviour differs between 

individual (body) and shoal sizes and if this has any implication on how the herbivore exploits P. 

oceanica patches. Given its role as main herbivore of P. oceanica and the ability to remove a 

large amount of this species’ biomass, this study will be the base to further functional research on 

the impact of S. salpa herbivory. 

 

 

 Objective 2: To test the existence and direction of feedback mechanisms in P. 

oceanica system against intense herbivory episodes (Chapter 2). 

To achieve this objective, a series of direct defensive mechanisms, i.e. deployed by the plant, and 

indirect ones, i.e. triggered in the system as a result of the herbivory episode, will be explored 

experimentally, which presumably can act as feedbacks and might provide resilience to the system 

against disturbances. A detailed study of the functioning of each mechanism will allow us to see 

their effectiveness in buffering the system. 
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 Objective 3: To analyse how warming may alter different components of a 

seagrass-herbivore interaction and assess its stability under forecasted conditions 

(Chapter 3). 

For S. salpa – P. oceanica interaction, we examine how alterations derived from global warming 

affect the physiological and behavioural processes of each species as well as the interaction itself. 

We evaluate how temperature can alter larval development, herbivore behaviour, and plant 

growth rate and strengthen or weaken the interaction itself through variation in plant palatability. 

The results in Chapter 1 are obtained from an observational study in the field, part of Chapter 3 

is also obtained from a natural gradient of temperature, while the rest of the results in Chapter 3 

and those in Chapter 2 come entirely from field and mesocosm experiments. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 1 
The dominant seagrass herbivore Sarpa 
salpa shifts its shoaling and feeding 

strategies as they grow 
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Abstract 

The relative benefits of group foraging change as animals grow. Metabolic requirements, 

competitive abilities and predation risk are often allometric and influenced by group size.  How 

individuals optimise costs and benefits as they grow can strongly influence consumption patterns. 

The shoaling fish Sarpa salpa is the principal herbivore of temperate Posidonia oceanica seagrass 

meadows. We used in-situ observations to describe how ontogeny influenced S. salpa individual 

feeding behaviour, shoaling behaviour and group foraging strategies, and its potential 

consequences to seagrass meadows. Shoaling was strongly influenced by body length: shoals 

were highly length-assorted and there was a clear positive relationship between body length and 

shoal size. Foraging strategies changed dramatically with shoal size. Small shoals foraged 

simultaneously and scattered over large areas. In contrast, larger shoals (made of larger 

individuals) employed a potentially cooperative strategy where individuals fed rotationally and 

focused in smaller areas for longer times (spot feeding). Thus, as individuals grew, they increased 

their potential impact as well, not merely because they consumed more, but because they formed 

larger shoals capable of considerably concentrating their grazing within the landscape. Our results 

indicate that ontogenetic shifts in group foraging strategies can have large ecosystem-wide 

consequences when the species is an important ecosystem modifier. 

 

Keywords 

Group foraging strategies, herbivory, fish shoal, size assortative grouping, ontogenetic shifts, 

Posidonia oceanica  
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Introduction 

While feeding in groups has clear immediate and evolutionary advantages, it is not without its 

challenges (Clark and Mangel, 1986). The benefits of locating resources, facilitating consumption 

and diluting predation risk have to be offset against strong competitive pressures within the group, 

particularly when resources are scarce (Bertram, 1978; Svanbäck and Bolnick, 2007). For 

herbivores that spend a good portion of their time either trying to find food or feeding, group 

foraging has additional advantages. For one, it increases the success of finding feeding sites – 

either because there are more eyes to search, or because some individuals  are better experienced 

(Ward and Zahavi, 1973). Once a resource is found, cooperative feeding can also maximize the 

foraging efficiency of the group (Arsenault and Owen-Smith, 2002; McInnes et al., 2017). 

Feeding is a particularly risky activity in predator-prone areas, and groups help both to dilute the 

risk of individual predation as well to increase overall group vigilance (Croft et al., 2003; Hoare 

et al., 2000; Krause and Godin, 1995). However, as the size of the group increases, so do the costs 

of joining it (Beauchamp, 2005). For instance, the increased vigilance and dilution that groups 

provide needs to be balanced against higher conspicuousness as groups grow (Ioannou et al., 

2009); odd sized individuals or those in a weak physical state may be easy pickings in larger 

groups (Landeau and Terborgh, 1986; Peuhkuri, 1997; Rodgers et al., 2011). Also, in resource-

limited environments, group foraging can enhance intraspecific competition (Bertram, 1978; 

Svanbäck and Bolnick, 2007). How individuals optimise costs and benefits is linked to the size, 

composition and behaviour of the group (Beauchamp, 2005; Hoare et al., 2000), and can 

determine how key functions are distributed across the habitat. Large herbivore aggregations can 

radically modify vegetation structure (Christianen et al., 2014; Kelkar et al., 2013), leading, in the 

extreme, to complete habitat collapse (Kelkar et al., 2013; Strong, 1992). These dense 

aggregations lie at one end of a spectrum; many herbivores show remarkable flexibility in group 

size, from foraging alone to forming herds or schools of thousands of individuals (Jarman, 1974). 

Determining what characterises variability in group size and how it influences foraging decisions 

requires an understanding of how costs and benefits change with resource distribution, within-

species interactions, and with an individual’s metabolic needs and abilities. 

The costs and benefits of group living can alter through life since they scale strongly with 

individual size. Smaller individuals face considerably higher risks of predation (Christensen, 

1996; Sogard, 1997) and may respond by choosing either safety-in-numbers or inconspicuousness 

strategies by foraging in large or small groups respectively. As individuals grow, their 

susceptibility to predation typically reduces due to decreasing predator-prey body size 

relationships (Radloff and Du Toit, 2004; Woodward and Hildrew, 2002). Many species may find 

size an ultimate refuge – with no predators serving a realistic threat beyond a threshold. (Chase, 
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1999; King, 2002; Owen-Smith and Mills, 2008; Sala, 1997). However, these larger individuals 

may still find it to their advantage to forage in groups if it increases their ability to find and access 

resources or if, despite having reached a size refuge, they still perceive predation a threat 

(Pessarrodona et al., 2019). This may be particularly true when consumption scales with size or 

if there are major ontogenetic shifts in metabolic requirements as individuals age. Finally, smaller 

individuals may not be able to hold their own in competitive interactions with larger conspecifics 

in groups of mixed sizes and may find themselves at a disadvantage while foraging (Landeau and 

Terborgh, 1986; Mittelbach, Gary, 1981; Peuhkuri, 1997), while larger individuals may face no 

such competitive pressure. Thus, body size can play an important role in the group-foraging 

decisions that individuals make. 

The result of this dynamic individual decision-making is that group size can vary widely as a 

function of the composition of the population within an area (Ward and Webster, 2016). This can 

have far-reaching implications for the landscape matrices within which herbivores forage 

(Alcoverro and Mariani, 2002; Eklöf et al., 2008), particularly if the impact of foraging behaviour 

scales with group size. For instance, the size of a group may determine how it moves across the 

matrix, the time it spends within each patch and the time it spends foraging (as opposed to being 

vigilant, looking for other patches, etc.). In addition, increasing group size is often linked to 

cooperative feeding and higher degrees of specialisation, which might result in highly efficient 

forage extraction (Dornhaus et al., 2012). While evaluating the total impact of herbivory on a 

system, herbivore density, and the quality and quantity of resources (both primary and alternate) 

is essential (see Fig. 6). However, given how variable foraging decisions can be, the pattern and 

intensity of herbivory within a landscape may well be strongly influenced by group foraging 

strategies (Christianen et al., 2014; Kelkar et al., 2013; Strong, 1992). 

We explored the effect of fish size in grouping and foraging behaviour in the fish Sarpa salpa in 

Mediterranean seagrass meadows. S. salpa is the primary vertebrate herbivore in shallow 

Posidonia oceanica seagrass meadows (Abecasis et al., 2012; Jadot et al., 2006) and rocky 

habitats (Tomas et al., 2011; Vergés et al., 2009), often forming groups of hundreds of 

individuals(Verlaque, 1990). It consumes a large proportion of annual primary production of P. 

oceanica (Prado et al., 2007b), which can drastically reduce seagrass canopies, impact plant 

fitness (Planes et al., 2011), and result in cascading effects to other meadow-dwelling organisms, 

such as increasing predation risk (Pagès et al., 2012). In this paper, we used extensive field 

observations of S. salpa foraging shoals of different size classes in several meadows to explore 

how ontogeny influences individual feeding behaviour, shoal length-assortment, shoal size, 

shoaling feeding behaviour and shoal-specific impacts (Fig. 6). 
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Figure 6.- Factors influencing the total impact of herbivory on plant-dominated ecosystems 

like seagrass meadows. Our study focuses on unpacking how ontogeny influences individual 

and collective feeding behaviours. 

 

Methods 

Study system and study design 

Sarpa salpa (Linnaeus 1758) is a demersal marine fish (Sparidae) that lives mostly in groups on 

sandy bottoms, rocky reefs and seagrass meadows from the surface to around 70 m (Hureau et al., 

1984). It extends from the North Sea to the Cape of Good Hope, found in several locations from 

the Eastern Atlantic to the Western Indian Ocean (south of Mozambique), and is also abundant in 

the Black Sea and the Mediterranean (Braum, 1987; Hureau et al., 1984). It is one of few strictly 

herbivorous fish species in the Mediterranean Sea, basing its diet on macroalgae (Vergés et al., 

2009) and the seagrass Posidonia oceanica (L.) (Velimirov, 1984). It is a major consumer of P. 

oceanica,  contributing to 75% of total herbivory consumption of the plant (Prado et al., 2007b). 

S. salpa food preferences change with age, with young individuals choosing a higher proportion 

of macroalgae, while adults tend to feed mainly on seagrass leaves (Havelange et al., 1997; 

Verlaque, 1990). Although adult S. salpa have few  existing fish predators in the Mediterranean, 

juveniles and young fish may still experience predation pressure from large predatory fish. The 

species is not typically targeted by commercial fishing but does get extracted as bycatch by 

artisanal and recreational fishers (Criscoli et al., 2006; Pallaoro et al., 2008; Raventos et al., 2009). 

As a result, its populations are often highest inside fishery reserves and Marine Protected Areas 

(Raventos et al., 2009). 
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Figure 7.- Distribution of study sites across the Spanish coast in the Western Mediterranean 

Sea. Sample sites are located across the Catalan coast, Balearic Islands and the coast of 

Murcia. Map was created using ggmap package in R software (Kahle and Wickham, 2013) (R 

version 3.6.3 https://cran.r-project.org/bin/windows/base/) 

To determine if S. salpa ontogeny influences its feeding and shoaling behaviour and describe its 

potential consequences on seagrass meadows, we conducted extensive field observations of S. 

salpa individuals that differed in their body lengths and studied their foraging behaviour 

(individual feeding activity, shoaling behaviour, group feeding strategies and potential impact, 

summarised in Fig. 6). We used fish length as a measure of ontogeny since there is a clear 

relationship between age and length in S. salpa (Mendez Villamil et al., 2002). The study was 

conducted in 5 locations dominated by seagrass meadows across the NW coast of Spain (Fig. 7), 

chosen for their high abundances of S. salpa (Prado et al., 2008b). Our observations were limited 

to shallow P. oceanica seagrass meadows (5-8 m). Shoals (or rare solitary individuals) were 

chosen as encountered in a random swim through the meadow (always maintaining the same 

depth and always within the meadow). Since all fish observed during our study shoaled in assorted 

sized groups (see Results) we tracked the behaviour of entire shoals. We allowed a few minutes 

(3-4 minutes) for the shoal to acclimatise to the observer’s presence and then followed the shoal, 

recording it with a hand-held underwater video recorder (average of 7 minutes of footage per 

shoal). We stopped recording when the shoal travelled across large patches of sand or toward 

deeper areas. Across all locations we followed a total of 93 feeding shoals. Recordings differed 

in their level of observable detail and duration so some were excluded for analyses that required 

finer scale observation or were not long enough. However, all observations were considered to 

determine the overall S. salpa shoal distribution in each meadow (Fig. S1). Our observations were 

conducted in summer (June-August 2016), when feeding S. salpa are most active (Prado et al., 

2007b; Tomas et al., 2005a). For each shoal we estimated group size (number of fish individuals 

https://cran.r-project.org/bin/windows/base/
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per shoal) and used the fork length as a measure of individual body lengths (cm) within each shoal 

(from multiple randomly selected individuals). Shoal size was estimated by counting the total 

number of individuals in the shoal whenever the entire group was visible in a single frame. For 

large shoals (more than 50 individuals) several counts were conducted of different visible frames 

in order to reduce errors associated with estimating shoal size. Shoals were then classified based 

on the number of individuals (shoal size): small (< 15 individuals), medium (15-50 individuals), 

large (51-150 individuals) and very large (>150 individuals). Within each shoal, the length of 

individuals was estimated from screen captures using the software ImageJ (Abràmoff et al., 2004). 

We used the width of P. oceanica leaves as a standard reference, given that they are relatively 

consistent in size (~1cm); we only measured fish that were on the same plane as the leaf to avoid 

estimation error. Whenever possible, we attempted to measure 15-30% of individuals in each 

shoal assuming that it is an accurate representation of its composition. Shoals were also classified 

based on the average body length of the fish composing them: class 1 (<14.6 cm), class 2 (14.6-

20.2 cm), class 3 (20.3-26 cm) and class 4 (>26 cm). In addition, for each observation (i.e. each 

video), we visually classified seagrass cover within three categories: continuous (100-80% of 

substrate covered by P. oceanica), fragmented (80-30%) and very fragmented (<30%).  

Individual activity 

We used three metrics to assess individual feeding: i) bite rates per individual (number of bites 

per unit of time), ii) bout duration per individual (i.e., time each fish spent between its first descent 

into the seagrass leaves to feed and its exit towards the water column), and iii) number of bouts 

during the feeding time. Bite rate and bout assessments were done separately, since the quality of 

the video needed to accurately estimate bite rate was considerably higher than for determining if 

a fish was feeding within the meadow or not (bout duration and number of bouts). Therefore, for 

the bite rate analysis, we selected clips of any duration where the mouthparts of individual fish 

could be clearly seen. We were less restrictive with the quality of the video for estimates of bout 

duration and number, but sought a minimum video length (i.e., 30 seconds) in order to standardise 

our assessment. From 1 to 5 individuals were visually followed from each shoal to measure 

individual activity. 

Shoal composition 

We analysed the shoal composition of S. salpa, to determine if they showed length-assorted 

grouping (i.e., individuals of the same length shoaling together). We used the average body length 

and coefficient of variation within each shoal as a measure of length-assorted grouping. In 

addition, we evaluated if shoal size (number of individuals) was influenced by average body 

length of shoal. 
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Shoal foraging behaviour 

We analysed shoal behaviour with the open-source event-logging software BORIS (Friard and 

Gamba, 2016), which is designed for video-coding behavioural observations and allows users to 

calculate the time allocated to different behavioural states. We defined three general behavioural 

states for the shoals assessed: ‘swimming’, ‘hovering’ and ‘feeding’. Within the feeding 

behavioural state, we noted the kind of resource being fed on: ‘seagrass leaves’ (P. oceanica 

cover: high (80-100%) medium (80-30%) or low (<30%)) and ‘algae’. It is worth emphasizing 

that shoals were sampled only within seagrass habitats and surroundings, which precludes any 

testing of feeding preferences. In addition, we defined three feeding strategies: ‘all-at-once’, when 

all or more than 75% individuals within the group grazed simultaneously; ‘staggered ’, when 25% 

or more of the shoal grazed while the rest hovered above the patch (Clip S1); and ‘rotational 

feeding’, when individuals in the shoal descended to graze while others ascended in an orderly, 

seemingly synchronised manner (Clip S2). We analysed the proportion of time spent by each 

shoal in each behavioural state/strategy, which allowed us to compare behaviours between shoals. 

Spatial extent of herbivory 

To determine the functional effect of each feeding strategy we used the time spent foraging by an 

unmoving shoal within an area as a measure of the intensity of grazing. This was estimated by 

observing how long a shoal remained foraging in one specific point without moving (spot or 

stationary grazing), while employing a given strategy (e.g. all-at-once, staggered or rotational 

feeding). Although we could not measure area through video recordings (assess profundity would 

carry high error), we estimated in the field that area covered by shoals performing stationary 

grazing usually did not exceed 25 m2. Then, we calculated the ‘percent time feeding in a spot’ as 

the proportion of time shoals performed this focused feeding within each feeding strategy. 

 

Statistical analysis 

Individual feeding activity 

To determine consumption rates for each length class, we integrated the number of bites 

(estimated per individual) multiplied by the average duration of a bout and the number of bouts 

(estimated for every length class separately). Differences in total bites·min-1 were evaluated 

across individual length classes. Class 1 (<14.6 cm) and class 2 (14.6-20.2 cm) were pooled due 

to low replication of class 1 (see Fig. S1). Bite rates were non-normally distributed so we used 

non-parametric techniques to test for differences (Kruskal-Wallis and Wilcoxon tests). 
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Shoal composition 

To assess if shoals were length-assorted, we tested if ‘shoal length class’ was influenced by 

‘individual body length’ using a one-way ANOVA. This test allowed us to assess if groups 

belonging to each class were composed of individuals of similar body length. Data was log 

transformed. Assumptions of normality and homogeneity of variances were inspected visually 

and fulfilled. 

Additionally, we further assessed the homogeneity/heterogeneity of individual lengths within 

each shoal by calculating the coefficient of variation (CV) within each length class. Also, to 

determine if length assortment was influenced by ontogeny, we performed a non-parametric test 

(Kruskal-Wallis) comparing CV across body length classes. 

Finally, we evaluated which predictor variables best explained the response variable ‘shoal size’, 

i.e. number of individual fishes per shoal. We used a Generalised Linear Mixed effects Model 

(GLMM) with a negative binomial distribution (due to data being overdispersed) and included 

the variables ‘average shoal body length‘, ‘seagrass cover’ (categorical, 3 levels: continuous, 

fragmented or very fragmented), and ‘location‘ as a random factor, to account for the potential 

shared variance among observations coming from the same location. The predictor ‘seagrass 

cover’ and the random effect ‘location’ were dropped during variable selection as they did not 

improve the model (according to the Akaike Information Criterion, (Zuur et al., 2010)). Finally, 

we used the R package Visreg (Breheny and Burchett, 2017) to plot the fitted values and 

regression prediction line of our best-selected model. 

Shoal foraging behaviour 

To check if time using each feeding strategies was different for each shoal class, we performed a 

Chi-square test. Also, we tested if ‘rotational feeding strategy’ was influenced by ‘shoal size class’ 

using a Kruskal-Wallis test, given the non-normal distribution of the data. We used post-hoc 

Wilcoxon pairwise comparisons when significant differences were detected. 

Spatial extent of herbivory 

We used non-parametric Kruskal Wallis tests to assess if the ‘time feeding in a spot’ was 

influenced by one of the three types of feeding strategies (all-at-once, staggered or rotational) 

used by shoals. Whenever differences were detected, Wilcoxon pairwise comparisons were also 

calculated.
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Results 

Individual activity 

Rates of seagrass consumption differed significantly between length classes (p=0.005), 

specifically between the largest (Class 4) and all the smaller classes (Fig. 8). The largest 

individuals (>26 cm) consumed, on average, at the rate of >80 bites/minute, more than twice the 

consumption of smaller length classes (around 40-50 bites/minute). These differences were highly 

significant (See Tables 1 and 2 for non-parametric tests). 

 

 

 

Figure 8.- Differences in individual feeding activity (bite rate) of Sarpa salpa between length 

classes. Note that length classes refer to the average body length of the fish in a shoal. Each 

lower case letter indicates significant differences. Sarpa salpa image drawn by Tracey Saxby, 

Integration and Application Network, University of Maryland Center for Environmental 

Science (https://ian.umces.edu/imagelibrary/ ). 

 

 

https://ian.umces.edu/imagelibrary/
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Shoal composition 

All shoals were strongly size-assorted as can be seen in the narrow frequency range of body-

length histograms (Fig. 9).  For instance, shoals belonging to ‘Class 1’ (i.e. shoals with an average 

body length <14.6 cm) were principally composed of individuals smaller of 15 cm, and those 

belonging to ‘Class 2’ were composed of individuals from 15 to 20 cm, and so on. These trends 

were supported by linear models that showed that ‘shoal length class’ was a significant predictor 

of ‘individual body length’ (Table 1, see Fig. S3). The average coefficient of variation for all 

recorded shoals was 13%, indicating that length variation between individuals within a shoal was 

low. In addition, coefficients of variation did not differ between shoal length classes. 

 

 

 

Figure 9.- Frequency distribution of Sarpa salpa individuals within shoals of different body 

length classes. Shoals are strongly length assorted, with very low dispersion around the average 

body length of the shoal. Body length classes: Class 1 (<14.6 cm), Class 2 (14.6-20.2 cm), Class 

3 (20.3-26 cm) and Class 4 (>26 cm). 
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Shoal size (number of individuals) increased significantly with shoals’ average body length 

(Table 1). The length of fish in shoals of <50 individuals was typically <15 cm. In contrast, the 

largest shoals (>150 individuals) had fish that were typically >26 cm (Fig. 10). 

 

 

 

 

 

Figure 10.- Shoal size of Sarpa salpa (number of individuals) increased with average body 

length (cm). The solid line indicates the best fit of the GLM and the grey band corresponds the 

95% confidence interval. 
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Shoal foraging behaviour  

Feeding strategies varied significantly with shoal size (p-value <0.001, Fig. 11). The smallest shoals 

(< 15 individuals) fed exclusively with an ‘all-at-once’ strategy, while the frequency of ‘staggered’ 

and ‘rotational’ strategies increased as shoal size increased.  At the extreme, the largest shoals (>150 

individuals) engaged in ‘all-at-once’ feeding only 15% of the time, while the ‘rotational’ strategy 

was used >50% of the time. Non-parametric tests confirmed that the rotational strategy was used 

significantly more by larger shoals (Table 2).  

 

 

 

 

 

Figure 11.- Proportion of time spent on different feeding strategies assessed for each shoal size 

class of S. salpa. Shoal sizes: small (<15 individuals), medium (15-50 individuals), large (50-

150 individuals) and very large (>150 individuals). Each lower case letter indicates significant 

differences in rotational grazing. 
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Spatial extent of herbivory 

When shoals fed with an ‘all-at-once’ strategy, they wandered continuously through the meadow 

spending less than 10% of their time feeding at any chosen spot. In contrast, when shoals used the 

‘staggered’ strategy spent up to 75% of their time feeding in a single spot. This was even more 

pronounced for the ‘rotational’ strategy, when shoals spent up to 90% of their time feeding within 

the same spot (Fig. 12, Table 2). 

 

 

 

Figure 12.- Proportion of time spent in feeding in a spot for each feeding strategy. Shoals using 

staggered and rotational strategies were much more stationary in their feeding than shoals 

using the all-at-once strategy. Each lower case letter indicates significant differences. Sarpa 

salpa image drawn by Tracey Saxby, Integration and Application Network, University of 

Maryland Center for Environmental Science (https://ian.umces.edu/imagelibrary/ ). 

 

https://ian.umces.edu/imagelibrary/
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Table 1.- Summary statistics for shoal characteristics and feeding behaviour. P-values 

correspond to those provided by each test. d.f. = degrees of freedom. Significance values:  0 

‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 

Response variable Predictor variable Model d.f. Statistic p- value 

Shoal characteristics 

Length Assortment 

Individual body length Length class Linear model  3 F = 532.48 <0.001*** 

Coefficient of variation Length class 
Kruskal - 

Wallis 
3 X2 = 0.657 0.88 

Relationship between body length and shoal size 

Shoal size Average body length 
  General 

Linear model 
1 F = 26.74 <0.001*** 

Feeding behaviour 

Bites/min Length class Kruskal-Wallis 2 X2 = 10.542 0.005** 

Time using feeding 

strategies 
Shoal class Chi-square 6 X2 = 217.64 <0.001*** 

Time in rotational 

strategy 
Shoal class Kruskal-Wallis 3 X2 = 20.693 <0.001*** 

Time feeding in a spot Feeding strategy Kruskal-Wallis 2 X2 = 19.816 <0.001*** 
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Table 2.- Wilcoxon tests used to evaluate pairwise differences between levels of significant 

effects (see Table 1). D.f = degrees of freedom. Significance values: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 

0.05 ‘.’ 

 

Response variable Descriptive variable W p-value 

Individual feeding activity by fish length 

Bites/min 

Class 2 – Class 3   162 0.608 

Class 2 – Class 4   10 0.001** 

Class 3 – Class 4   21 0.007** 

Time spent in rotational strategy by shoals of different sizes 

Time in rotational strategy 

Medium – Large  139 0.049* 

Large – Very large  78 0.182 

Medium – Very large 66 0.004** 

Proportion of time spent feeding in a spot in different feeding strategies 

Time feeding in a spot 

All-at-once – Staggered  195 0.002** 

Staggered – Rotational   245 0.042* 

All-at-once – Rotational   45 <0.001*** 
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Discussion 

The distribution and persistence of Sarpa salpa herbivory on Posidonia oceanica meadows is 

linked to the size of the fish in more ways than one. At its simplest, herbivory is a mere function 

of size – the larger the individual, the more it consumes. Also, as individuals age and their 

metabolisms change, they may completely switch diet (Arthur et al., 2008; Gning et al., 2008; 

O’Brien, 1994). Group foraging strategies add yet another factor to consider while evaluating the 

effects herbivorous fish have on seagrass meadows. If groups are length-assorted and group size 

grows as individuals grow, the overall impact of groups should increase disproportionately with 

age, as a function of both an increase in size and of number. Finally, as groups grow, they show 

increasingly complex behaviours that allow them to feed more effectively together. Large groups 

employ potentially cooperative strategies where individuals within a shoal feed sequentially or 

rotationally, potentially giving individuals access to more nutritional plant tissues by intensively 

grazing a relatively small area. The full extent of herbivory is therefore a function of the number 

of fishes and resource availability (Prado et al., 2008a) but is also a function of size-mediated 

individual and collective feeding behaviour (Fig. 6). Individual feeding behaviour and group-level 

feeding behaviour (a result of body length-assortment, shoal size and feeding strategies), act 

together to determine the distribution and intensity of herbivory across the landscape. 

Shoal formation in S. salpa was strongly size assorted – individuals of the same body length 

tended to stick together. This is not uncommon across taxa from insects (Penry‐Williams et al., 

2018), amphibians (Breden et al., 1982), birds (Sridhar et al., 2012), mammals (Meldrum and 

Ruckstuhl, 2009) and many fish (Hoare et al., 2000) whose groups separate based on size, 

standing in for a range of important life-history traits and all the metabolic, behavioural and social 

changes that age brings. As they grow, S. salpa, like many other fish, show major changes in their 

diets, shifting from algae to seagrass(Havelange et al., 1997; Verlaque, 1990). Even though our 

observations focused on seagrass meadows and their surroundings alone, we found a tendency for 

the smallest individuals to spend relatively longer foraging on macroalgae within the landscape, 

while the largest individuals fed exclusively on seagrass (see Supplementary Fig. S4). 

Ontogenetic habitat specialisation has been observed in other groups that use distinct resources 

as their nutritional requirements changed through life (Weise et al., 2010). Even though we have 

not tested it in this study, the effects of predation, past or present, could also influence body length 

assortment. The oddity effect, where anomalous sizes face a higher risk of predation and are less 

competitive than median sizes, is a strong evolutionary driver for group composition converging 

to individuals of similar sizes (Hoare et al., 2000; Landeau and Terborgh, 1986; Peuhkuri, 1997). 

Additionally, as individuals grow, they may also grow in their ability to compete with 

conspecifics within the group. As we discuss below, larger groups may also show cooperative 

behaviours that require coordination and specialisation. Younger, less experienced individuals 
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may not be able to participate in these behaviours, and may find themselves excluded from or 

disadvantaged in groups of larger individuals. For instance, marine grazers develop a range of 

distinct strategies relative to diving depth, that depend on their physical capacities and their target 

prey (Carbone and Houston, 1994; Scharf et al., 2000; Thompson and Fedak, 2001; Weise et al., 

2010) that end up determining the assortment of groups by size classes. For instance, a strong 

relationship between body size and diving behaviour has been found in California sea lions (Weise 

et al., 2010), which determines where and how deep individuals can dive, effectively segregating 

individuals by their size. 

In this study, we show that the number of S. salpa individuals per shoal increased with individual 

fish size, with large individuals commonly forming shoals higher than a hundred of individuals. 

The number of individuals per shoal could not be explained by resource availability (seagrass 

cover), given that the main resource of S. salpa (i.e. P. oceanica) is highly abundant in the study 

areas. Theory suggests that grouping behaviour reduces predation risk for individuals by diluting 

the probability of predation for every individual and by increasing overall group vigilance (Croft 

et al., 2003; Hoare et al., 2000; Krause and Godin, 1995). However, in our study system few 

extant predators serve a realistic threat to adult S. salpa, particularly to the largest individuals, 

which dominated the large shoals. We cannot discount the possibility of fish responding to past 

predation (Jackson, 1981); previous studies show that other herbivores, such as sea urchins, still 

experience fear from predation even after having reached their size refuge, when predation is no 

longer a significant risk (Pessarrodona et al., 2019). Nevertheless, the results from the present 

study suggest that there may be clear advantages to foraging in large shoals - possibly linked to 

acquiring high quality food that can only be accessed by facilitative foraging (see below). Smaller 

individuals most likely cannot access these shoals because of intraspecific competition or because 

they are unable to participate in the complex foraging behaviours that large shoals show. 

It is difficult with our observational study to distinguish between the relative importance of 

ontogenetic diet shifts, predation risk or competitive abilities as drivers of size assortment. 

However, our description of grouping characteristics of S. salpa show that body length is the main 

factor in shoaling composition, being closely linked to shoal size and ultimately influencing shoal 

feeding behaviour. In addition, the strong separation we recorded between lengths has important 

consequences for the way herbivory is distributed across the landscape. This is magnified by the 

fact that foraging behaviour changed with increasing shoal size. It is true that, because of the 

strong length assortment of shoals and the relationship between body length and shoal size, it is 

difficult to separate how much these variations in foraging behaviour are a result of ontogeny and 

how much they are related to the size of the group itself. The fact that the smallest shoals (also 

composed of the smallest individuals) fed considerably on algae is probably a result of ontogenetic 

dietary requirements. However, the shoal feeding strategies – all-at-once, staggered or rotational 
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feeding – appear to be more a function of shoal size, with the latter two employed much more 

frequently as shoal size increased. The largest shoals spent more than 50% of their time in 

rotational grazing. Rotational grazing is a unique cooperative foraging where the entire shoal 

appeared to cycle in the same place with individuals feeding sequentially within the meadow. 

This strategy requires a certain degree of behavioural coordination and probably serves to ensure 

that all individuals within a shoal get access to preferred patches of a meadow or basal portions 

of Posidonia oceanica leaves. Given the length of P. oceanica leaves (often up to a metre), other 

feeding strategies (e.g. all-at-once) are unlikely to gain access to these nutrient-rich basal leaves 

(Prado et al., 2011). A focused spot-foraging strategy may allow individuals to continuously crop 

the canopy down to its nutritious base. It is possible that rotational grazing can emerge only 

beyond a certain shoal size and may be inefficient below this size. It may also require a certain 

degree of specialisation within the group, where individuals take on initiator, facilitator and 

vigilance roles as the group rotates within the patch. It is not unusual for such specialisation to 

emerge as group sizes increase in species as far apart as insects and humans (Dornhaus et al., 

2012; Jeanson et al., 2007; Keiser and Pruitt, 2014). 

At the individual level, S. salpa also altered its feeding activity by modifying its consumption rate 

across length classes. Larger fish consumed more per minute than smaller individuals (Fig. 8), 

and are likely to be more efficient grazers (Hoare et al., 2000; Mittelbach, Gary, 1981; Walton et 

al., 1994). This may be linked to rotational feeding, that was especially prevalent among large 

individuals in large shoals, and may be a result of the restricted grazing time this strategy implies. 

Large individuals, in large shoals, may need to increase their consumption rate to maximise the 

amount of intake in each feeding bout. The positive relationship between mouth gape size and 

body length (Raventos et al., 2009) additionally improves the efficiency of food intake per bout, 

considerably increasing leaf offtake compared to smaller shoals. 

Smaller shoals distributed their herbivory more-or-less uniformly across the meadow, using an 

‘all-at-once’ feeding strategy, where all fish grazed together, moving quickly and widely through 

the landscape and covering large areas without focusing their herbivory on any one location. In 

contrast, larger shoals were much more localised in their movement, spending longer periods 

foraging on a single patch of seagrass. This ‘spot foraging’ was most pronounced for rotational 

foraging strategies, when the shoal spent an average of 90% feeding at the same location. These 

large shoals fed on a remarkably small area of the meadow (usually not exceeding 25 m2, pers. 

obs.) in relation to the size of the shoal. Such a sedentary feeding strategy may be energetically 

and nutritionally more efficient for large shoals, reducing the time spent travelling between 

feeding patches, and extracting as much as possible from a patch once it had been located. 

However, this concentrates herbivory and is capable of significantly affecting the vegetation, 

reducing seagrass shoot length within the patch within a few minutes (pers. obs.). In the presence 
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of large S. salpa foraging aggregations, the habitat could therefore be subject to patchy, but very 

intense herbivory pressure (Tomas et al., 2005a) and this could be particularly important for those 

meadows that host higher abundances or large shoals of fish (Raventos et al., 2009). While the 

overall abundance of S. salpa and their resources are certainly among the main drivers of overall 

herbivory (Prado et al., 2008a), our study highlights how individual and collective behaviours can 

be critical in mediating this impact. Although, at current population densities, S. salpa are unlikely 

to be responsible for large scale seagrass collapses, how shoals forage may create mosaics of 

grazing – maintaining a heterogeneous landscape that could have further consequences for the 

way other species use it. Indeed, it has been documented that this way of grazing can be important 

for plant performance (Planes et al., 2011; Tomas et al., 2005a), meadow diversity and for the 

distribution of other functions like predation (Pagès et al., 2012). 

Foraging aggregations can have major consequences for seagrass meadows and other plant-based 

ecosystems. Our results show that, for group foraging herbivores, size matters in more ways than 

one. Apart from simple allometric, ontogenetic and morphological changes in feeding as 

individuals grow, the impact of herbivores scale with their number as well as how they behave – 

individually as well as in groups. As groups grow both in length and number, increasingly 

specialised and increasingly efficient foraging strategies may emerge that can further increase the 

impacts these groups have on the ecosystems they graze in. A complete understanding of how 

grazing is distributed across the landscape requires an appreciation of size, number and behaviour 

of herbivores, and how each of these change with ontogeny. 
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CHAPTER 2 
Direct and indirect biotic feedback 

mechanisms stabilize a seagrass-herbivore 
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Abstract 

Trophic downgrading is exposing marine macrophyte systems to high levels of herbivory. Many 

marine macrophyte systems respond to increasing herbivory with non-linear dynamics 

characterised by multiple reinforcing feedbacks that can either stabilize the system or, when lost, 

drive them to catastrophic ecosystem shifts. While kelp and macroalgal ecosystems are classically 

prone to collapse with unbridled herbivory, some seagrass systems can show a surprising 

resilience to even high levels of herbivory. The relative vulnerability of each ecosystem depends 

how effectively feedbacks operate either as stabilising or as destabilising influences. Here, we 

assess the potential effectiveness of direct (plant response) and indirect (animal response) 

feedbacks to regulate non-linear dynamics in a seagrass ecosystem dominated by Posidonia 

oceanica, where herbivory by the fish Sarpa salpa and the sea urchin Paracentrotus lividus can 

be very intense. Specifically, we evaluate the presence and, in some cases, the intensity of five 

potentially stabilizing feedback mechanisms that occur under increasing herbivory impacts with 

a series of controlled laboratory and field experiments. The direct and indirect stabilizing 

mechanisms tested in response to increasing fish or sea urchin herbivory were: 1) seagrass 

compensatory growth 2) decrease in seagrass palatability 3) changes in sea urchin preferences 4) 

increase in canopy-dependent sea urchin predation and 5) increase in sea urchin migration. Of the 

five mechanisms tested, we found that four of them - compensatory growth, changes in sea urchin 

preferences, density-dependent migration and canopy-dependent predation - were effective in 

dampening herbivory and function as potential stabilizing feedbacks. While compensatory growth 

is a direct mechanism displayed by the plant to tolerate the effects of herbivory, the rest are 

indirect mechanisms that reduce herbivore pressure by modifying herbivore behaviour. In 

contrast, we did not observe any significant decrease in plant palatability in plants subjected to 

high herbivory. Our results indicate that seagrass systems have a strong set of feedback 

mechanisms, most of them indirect,  that stabilise the system when herbivory pressure is high. 

This can be one of the main reason P. oceanica meadows show such strong resilience to herbivory 

compared to the neighbouring macroalgal beds. 
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Introduction 

Marine ecosystems dominated by macrophytes often display non-linear responses to stress, 

caused both by abiotic (McGlathery et al., 2013; Möllmann et al., 2015; Scheffer and Van Nes, 

2004) and biotic disturbances (Burnell et al., 2013; Chemello et al., 2018). Herbivory plays a 

central role in driving these non-linear dynamics, and its influence can be further exacerbated by 

current and future global change scenarios (Filbee-Dexter and Scheibling, 2014; Ling et al., 2015; 

Peters et al., 2019). These ecosystem responses are often not caused by the disturbances per se, 

but they are modulated by a series of ecological feedback mechanisms (Nyström et al., 2012; 

Scheffer and Van Nes, 2004). A feedback mechanism or feedback loop acts when the value of a 

state variable directly or indirectly alters the sign and rate at which this variable changes 

(Meadows, 2008). Assuming a gradient of stress that alters an ecosystem state variable, stabilizing 

(or negative) feedbacks might slow down ecosystem downgrading, hence potentially increasing 

their resilience by buffering the system against degradation. Destabilizing (or positive) feedbacks 

show the opposite effect, accelerating ecosystem degradation. If the intensity of the stress crosses 

a threshold, the effect of stabilizing feedback mechanisms can be surpassed, and the  accelerating 

changes that result could, in some cases even trigger a shift to an alternative state (Carr et al., 

2010; Scheffer et al., 2001; Van Der Heide et al., 2007). In some extremes, the occurrence (or 

disruption) of feedback mechanisms have been closely linked to abrupt changes and regime shifts 

where a new series of stabilizing feedbacks can reinforce the degraded state, precluding recovery 

(e.g., Scheffer and Van Nes, 2004,  Nyström et al., 2012).  

Classically, many macroalgal communities (kelp beds and rocky macroalgal systems) are prone 

to overgrazing events that can trigger rapid and hysteretic shifts to barren conditions. The species 

responsible for these shifts is often an herbivorous sea urchin, whose populations escape predation 

as a result of a trophic collapse because of the loss of top predators to overfishing (Filbee-Dexter 

and Scheibling, 2014; Ling et al., 2015, 2009). Sometimes though, herbivorous fish can also 

contribute to intense, state changing grazing events (Heck et al., 2015; Vergés et al., 2016). In 

contrast, while some seagrass meadows do display abrupt changes and alternate stable states, 

many show a remarkable degree of resilience to pressures (Maxwell et al., 2017; McGlathery et 

al., 2013). For instance, temperate seagrasses have been shown to display considerable resilience 

to eutrophication through a series of stabilising feedbacks involving sediment dynamics, canopy 

structure and physicochemical processes (Carr et al., 2012; De Boer, 2007; Maxwell et al., 2017). 

The relative stability of seagrass ecosystems to herbivory is intriguing compared with macroalgal 

systems, since they sometimes share the same environmental conditions and herbivore 

composition. Ecological feedbacks, both stabilizing and destabilizing clearly play a role in this 

differential vulnerability. Thus far, studies of feedback mechanisms in seagrasses have focused 
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largely on abiotic stressors (e.g., sediments, hydrodynamics), unlike macroalgal communities, 

where the role of biotic interactions such as herbivory have been given much more importance 

(but see Maxwell et al., 2017). This is probably due to the long-held idea that trophic energy flow 

in seagrass habitats was dominated by the detritivore pathway, with herbivores playing a minor 

role; a view that has been radically re-evaluated over the last two decades (Elisabeth S. Bakker et 

al., 2016; Valentine and Heck, 2021). In many locations, herbivory is a key process structuring 

seagrass ecosystems, altering plant biomass, productivity and community composition 

(Christianen et al., 2012; Fourqurean et al., 2010; Kelkar et al., 2013; Pagès et al., 2012). A 

comprehensive understanding of the dynamics of herbivory is critical, particularly if ecological 

feedbacks are involved, since alterations to those dynamics could trigger unexpected abrupt 

responses (Baden et al., 2012; Filbee-Dexter and Scheibling, 2014; McGlathery et al., 2013). 

Seagrasses can directly respond to herbivory with a range of strategies that include inbuilt 

structural responses (i.e., high fiber tissue, thorns, etc.) and induced responses that occur after a 

herbivory attack (Karban and Baldwin, 1997). It is the induced responses that are most likely to 

be part of stabilizing feedback mechanisms by reducing the impact of herbivory as its intensity 

increases (Table 3, Fig. 13). Induced responses can be classified into resistance strategies, which 

tend to impair herbivore performance and hence reduce consumption; and tolerance strategies, 

which aim at mitigating the negative effects of herbivory (Moran and Bjorndal, 2005; Steele and 

Valentine, 2015; Vergés et al., 2008). Resistance strategies typically involve reducing leaf 

palatability by changing physico-chemical properties (e.g., increasing the amount of fibre in 

leaves) or by producing secondary metabolites (e.g., phenolics) that deter most herbivores. On 

the other hand, tolerance mechanisms allow seagrasses to maintain or even enhance primary 

production (compensatory or overcompensatory growth, respectively) after herbivore attack 

through nutrient translocation from belowground organs to leaves (Sanmartí et al., 2014; Vergés 

et al., 2008). Beyond feedbacks involving direct plant-herbivore interactions, a set of indirect 

feedbacks can potentially also influence the outcome of the interaction (Table 3, Fig. 13). For 

instance, herbivore density can directly be self-regulated by density-dependent mechanisms when 

resources start to be scarce, and herbivores migrate (Elisabeth S. Bakker et al., 2016). In addition, 

intense herbivory can modify seagrass traits (e.g., canopy height), with potential indirect effects 

that might also feed back to herbivores. This feedback operates when a substantial reduction in 

seagrass canopy height caused by herbivores serves to increase predation risk for other seagrass-

dwelling herbivorous species (Heck and Valentine, 1995; Pagès et al., 2012), which, in turn, 

reduces herbivore pressure on the seagrass. The increase in predation risk linked to the absence 

of canopies can also create another stabilizing feedback by indirectly modifying the movement 

behaviour of seagrass-dwelling herbivores (Pagès et al. in prep.). As canopy decreases, predation 

risk increases and seagrass-dwelling herbivores migrate searching for new, more protected 
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habitats, and, thus, dampening the overall herbivory impact. Canopy dwelling herbivores can also 

be dislodged by storms when canopies are reduced, resulting in reduced herbivory (Jordi F Pagès 

et al., 2013). Finally, a release from herbivory pressure as a result of differential preference can 

also serve as an indirect stabilising feedback (Kelkar et al., 2013) between seagrass and basal 

epiphytes. As herbivory increases, a decline in seagrass cover can trigger the growth of rhizome 

epibionts (epiphytes, macroalgae or even other seagrass species), preferred by generalist 

herbivores (Marco-Méndez et al., 2017, 2012; Prado et al., 2007a; Tomas et al., 2011) thus 

alleviating herbivory pressure on the dominant seagrass. 

Given the growing records of herbivore aggregations on seagrass ecosystems across the world 

(Carnell et al., 2020; Christianen et al., 2021, 2014; Eklöf et al., 2008; Nowicki et al., 2018), 

unravelling the potential feedback mechanisms (positive and negative) that render these systems 

to resilient or vulnerable to high herbivory episodes is of paramount importance. To this end, we 

evaluate the presence and importance of a series of direct and indirect buffering-stabilizing  

feedbacks in Posidonia oceanica seagrass systems that could potentially increase resilience under 

intense herbivory pressure (Fig. 13) and potentially slow down ecosystem downgrading. P. 

oceanica systems are a perfect place to explore feedback mechanisms in response to herbivory, 

given that ecosystems appear to persist even when consumption/defoliation rates of 

macroherbivores often temporarily exceed seagrass growth (Prado et al., 2007b; Tomas et al., 

2005a, Planes et al. 2011). Interestingly, P. oceanica meadows often coexist cheek-by-jowl with 

rocky macroagal meadows and share a common pool of herbivores that use both ecosystems, 

eating voraciously off both macrophytes. While Mediterranean macroalgal communities have 

been transforming to urchin barrens over recent times (Boada et al., 2017), its P. oceanica 

meadows appear to be still resilient to herbivory. 

We use a combination of laboratory and controlled field experiments to test the following 

hypotheses concerning the feedback mechanisms sketched in Fig. 13 and Table 3. After an intense 

herbivory episode seagrass will respond directly with: (1) compensatory growth to compensate 

for the biomass lost (2) decrease in seagrass palatability to avoid herbivory loss; both 1 and 2 

attenuate herbivory pressure (stabilizing feedbacks). In addition, as a result of the reduction in the 

canopy height, we examine three more indirect stabilizing mechanism mediated by changes in 

herbivore behaviour: (3) a change of herbivore feeding behaviour towards basal epiphytes  that 

will, in turn, reduce seagrass biomass lost 4) an increase in sea urchin predation that will reduce 

its abundance and reduce herbivory pressure and 5) and increase in sea urchin lost (i.e. migration 

or dislodgement) which will attenuate herbivory on seagrasses. 
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Table 3. Potential feedback mechanisms of P. oceanica induced by a high grazing episode 

tested in this study. 

Mechanism Description of the potential feedback Type 
Herbivore  

considered 

1. Compensatory 

growth 

After an herbivore attack, P. oceanica can 

invest resources to regain the photosynthetic 

surface losses by enhancing its growth rate 

Direct 
S. salpa 

P. lividus 

2. Increase in 

plant resistance  

After an initial attack, P. oceanica can induce 

the production of resistance strategies (e.g. 

secondary metabolic compounds or other) to 

deter herbivores and avoid biomass losses 

Direct 
S. salpa 

P. lividus 

3. Change in 

preferences (from 

seagrasses to 

epiphytic algae on 

rhizomes) 

Canopy loss due to herbivore consumption 

allows sunlight to reach the bottom of the 

meadow, epiphytic algae increase their growth 

above the rhizome, herbivores change their 

feeding behaviour towards epiphytes  and that 

decreases the grazing pressure on the seagrass 

Indirect 
S. salpa 

P.lividus 

4. Increased 

predation risk 

Canopy loss due to herbivore consumption 

reduces shelter to sea urchins, which makes 

them conspicuous to visual fish predators 

Indirect P. lividus 

5. Reduction in 

sea urchin 

densities 

Three potential mechanism involved: (i) 

Density-dependent migration (competition for 

resources), (ii) canopy loss due to herbivore 

consumption triggers migration given increased 

conspicuousness (landscape of fear) and (iii) 

canopy loss due to herbivore consumption 

increases dislodgement of sea urchins 

Indirect P. lividus 
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Methods 

Study system 

Posidonia oceanica (L.) Delile is a foundation seagrass species endemic to the Mediterranean 

Sea. It provides habitat to a wide range of species (Francour, 1997; Martínez-Crego et al., 2008) 

and is directly consumed by its two main herbivores, the fish Sarpa salpa and the sea urchin 

Paracentrotus lividus. S. salpa is a demersal fish that commonly forages in shoals of hundreds of 

individuals (Buñuel et al., 2020; Raventos et al., 2009), responsible for most  of the total annual 

herbivory P. oceanica receives; P. lividus is responsible for the remaining offtake (70% and 30% 

respectively, according to Prado et al., 2007b). Between them, both grazers can remove up to 50% 

of the annual primary production of P. oceanica on average, with some overgrazing events 

(consumption rates temporally exceeding primary productivity) having been reported in several 

areas (Planes et al., 2011; Prado et al., 2007b; Ruiz et al., 2001; Tomas et al., 2005a; Verlaque 

and Nédelec, 1983). Apart from feeding on seagrass leaves, P. lividus use the leaf canopy of P. 

oceanica rhizomes and shoots to shelter from predators (Farina et al., 2009; Pagès et al., 2012). 

In addition, both herbivores are generalists that can feed on seagrass and algae (Boudouresque 

and Verlaque, 2007; Verlaque, 1990), including the epiphytic algae living on P. oceanica leaves 

and rhizomes. 

 

 

 

 

 



 

 

 

 

Figure 13.- Schematic representation of potential feedback mechanisms of P. oceanica triggered after a high grazing episode.  
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Experimental design 

Mechanisms 1 and 2: compensatory growth and increase in plant resistance 

To assess the hypothesis that high herbivory pressure will induce compensatory growth and/or 

deterrence mechanisms on P. oceanica, we carried out a field experiment where we simulated an 

intense grazing event. We established 6 control and 8 treatment plots (1 m2) in a seagrass meadow 

in Cala Canyelles (41º 40’N, 2º 53’E; all at approximately 5 m depth), from May to June 2019. 

Control plots (C) were left untouched, while all seagrass shoots were clipped in treatment plots 

(T) to a 50% reduction in their canopy height, equivalent to an intense grazing event. Clipping 

was performed following Verges et al. (2008). The experiment lasted one month, and clipping 

was performed twice: at the start of the experiment and 15 days later, in order to maximize its 

effect. Cut leaves were removed from the area to prevent any interference with the experiment. 

In addition any hidden P. lividus was also removed to avoid natural herbivory interfering with the 

experiment.  

To measure leaf growth, we used a modified Zieman’s method (Pérez and Romero, 1994) on 15 

random shoots per plot. For each shoot, we pierced all leaves just above the ligule at the start of 

the experiment. After ten days, we collected all pierced shoots and brought them to the laboratory, 

where we measured leaf elongation. Growth was expressed as ‘absolute shoot growth’ by dividing 

leaf elongation (new tissue, in cm) by the number of days elapsed since piercing (10 days); and 

as ‘relative shoot growth’ by dividing leaf elongation by the old tissue (total leaf length minus 

leaf elongation, in cm) to take into account the available photosynthetic surface of each leaf at the 

beginning of the experiment. Thus, relative growth in 10 days was expressed as a percentage in 

relation to the initial shoot length. Compensatory growth was assessed comparing growth in 

clipped relative to control plots. 

Plant defensive strategies were assessed through a plant palatability experiment. To do so, we 

performed herbivore consumption experiments in laboratory conditions, using the plant tissues 

collected from control and treatment plots established in the field (see previous paragraph) and P. 

lividus sea urchins. We used 15 aerated flow-through aquaria (55.5 x 40.5 x 25 cm), divided into 

4 compartments and we randomly allocated a total of 60 P. lividus individuals and 60 seagrass 

rhizome fragments with 3-4 shoots in each compartment (30 from control plots and 30 from 

clipped plots after one month). Shoots with leaves displaying bite marks were discarded, while 

the rest were clipped to a standard length of 15 cm and their epiphytes removed. All shoots were 

scanned before and after the experiment. The total leaf area offered to grazers was greater than 

60 cm2 in all cases (which is the maximum leaf consumption observed during previous pilot 

experiments), ensuring that sea urchins could feed ad libitum. Additional rhizome fragments were 
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placed in pairs in aquaria (30 x 17.5 x 15 cm) without herbivores to assess natural changes in leaf 

area for further corrections. We also recorded sea urchin size, which was later used as a covariate 

in our linear models (see statistical analysis). Experiments lasted for 4 days, and we estimated the 

area consumed by each sea urchin using the software ImageJ.  

Mechanism 3: Preference for epiphytic rhizome algae  

To test if the occurrence of epiphytic algae on P. oceanica rhizomes influenced P. oceanica leaf 

consumption by P. lividus, we performed a laboratory feeding experiment. In June 2018, we 

collected 40 P. oceanica rhizome fragments (containing 2 to 5 shoots) with abundant epiphytic 

algal cover on rhizomes from a meadow in Llançà (42º23’, 3º,10; ca. 5 m depth), and we 

transported them to the laboratory. We used half of these samples in consumption experiments as 

treatments (T, rhizomes with algae) and removed all epiphytic algae on the rhizomes from the 

other half to use as controls (C, clean rhizomes). We only used shoots without bite marks and 

gently removed epiphytes from leaves. Before the consumption experiment, all shoots were 

scanned, the number of shoots and leaves counted, and algal cover was measured for each rhizome 

using imageJ. We used 20 aerated flow-through aquaria (30 x 17.5 x 15 cm), divided into 2 

compartments separated with a plastic mesh, to which we randomly allocated a total of 40 P. 

lividus individuals (one individual per compartment). We placed a total of 20 rhizomes of each 

treatment (20 controls and 20 rhizomes with epiphytic algae), one in each compartment. 

Additional rhizome fragments were placed in pairs in aquaria without herbivores to evaluate 

natural changes in biomass for further area corrections. We also recorded sea urchin size, which 

was later used as a covariate in our linear models (see statistical analysis). After 2 days, all 

rhizomes were removed and scanned to measure area consumed by urchins using the software 

ImageJ. 

Mechanism 4: Increased predation risk 

To assess if a reduction in canopy height increased urchin predation risk, we used an existing data 

set (Pagès et al., 2012) to assess if the observed indirect interaction could be considered a biotic 

feedback. We restricted our analysis to adult and young adult sea urchins that contribute the bulk 

of herbivory. The data was obtained from a natural experiment in a P. ocenica meadow in the 

Medes Islands marine protected area (42º02'N, 3º21'E, NW; ca. 5 m depth) where predators are 

very abundant (García Rubies and Zabala, 1990) and predation on sea urchins is very high (Boada 

et al., 2015a). Instead of using clipping to simulate grazing, we used the heterogeneous canopy 

height naturally caused by S. salpa through its patchy grazing behaviour, which produces small-

scale variability in meadow canopy height (Tomas et al., 2005a). We selected three different 

canopy height treatments based on the intensity of fish grazing: ‘mowed’ (7 ± 1 cm), equivalent 
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to high grazing, ‘short’ (26 ± 2 cm), equivalent to moderate grazing , and ‘long’ (47 ± 3 cm), 

equivalent to control sites. Nine plots (1.5 x 1.5 m) per treatment were chosen and its edges caged 

off laterally with plastic mesh, installed to avoid possible benthic predators since our aim was to 

evaluate the effect of visual predators alone. For each experimental plot, 10 sea urchins of the 

same size class were pierced through the test with a hypodermic needle, threaded with 

monofilament line (nylon, 30 cm length) and tied to metal pegs (see methods in Boada et al., 

2015b). Each tethered urchin was uniquely identified with a number and placed randomly inside 

the plot, after verifying that the plot was free of benthic predators. Mortality owing to the tethering 

manipulation itself was 2.5% (similar to rates found in other studies, e.g. Sala and Zabala, 1996). 

These individuals were removed from any further analysis. Urchins were monitored every day to 

be able to carefully attribute mortality to predation. In addition to the treatment plots inside the 

meadow, three more plots were established on a bare sand patch as a time control, with the urchins 

totally exposed, to determine the endpoint of the experiment. Complete urchin predation in the 

sand patch took place within 5 days, after which pegs from treatment and control plots were 

removed and the remaining sea urchins counted. 

Mechanism 5: Reduction in Sea urchin densities (migration/dislodgment)  

To evaluate changes in density over time of the species P. lividus caused either by density 

dependent migration and/or canopy height (migration due to fear or direct dislodgement because 

of reduced canopied) we designed a field experiment manipulating the number of urchins per 

patch and repeated the experiment for a year when differences in canopy height can change from 

20 to 60 cm. In May 2016 we selected 21 isolated patches far apart from each other in Fenals 

meadow (41º 39’N, 2º 52’E ~6 m depth). The meadow is characterised by a very low sea urchin 

predation (Boada et al., 2015a) which minimized predator interference. We randomly assigned 

one of seven urchin densities used as treatments (5, 8, 12, 16, 20, 26 and 32 individuals m-2) to 

each patch, and established three replicates for each treatment. To do so, we measured patch size 

and adjusted the number of urchins within each patch to match the assigned density. We also 

measured the initial canopy height and shoot density of each patch. From the start of the 

experiment to October 2016, we periodically visited all the patches (7 times) and measured the 

variation in the number of sea urchin individuals, in canopy height and in shoot density. Upon 

each visit, urchins were added or removed to match the initial density conditions that had been 

assigned to that patch. 
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Statistical analysis 

All categorical relationships were analysed using linear models in R, with the inclusion of random 

effects as grouping factors whenever necessary, as suggested by the Akaike Information Criterion 

(AIC) (Zuur et al., 2010). All models were graphically and numerically (Shapiro Wilk test p>0.05) 

checked for normality and homoscedasticity, and whenever necessary, we log or square-root-

transformed response variables. 

For the compensatory growth experiment, we tested if the fixed factor ‘Simulated herbivory’ (2 

levels: control and high herbivory) influenced the response variable ‘Relative growth’. In this 

case, the random factor 'Plot', which grouped all observations from the same patch, was dropped 

from the best-selected model, as suggested by AIC (Zuur et al. 2009).  

For the plant resistance experiment, we tested if the response variable ‘Leaf consumption’ was 

influenced by the fixed factor ‘Simulated herbivory’ (2 levels: control and high herbivory). As 

suggested by AIC (Zuur et al., 2010), the continuous variable ‘Urchin size’ was dropped from the 

analysis. Square-root transformation was needed to fulfil normality assumptions. 

To test if epiphytic algae occurrence on P. oceanica rhizomes buffers herbivory pressure by P. 

lividus, we evaluated if the response variable ‘Leaf consumption’ was influenced by the predictor 

variables ‘Algal presence’ (2 levels: control and rhizome algae) and the covariate ‘Urchin size’. 

Square-root transformation was needed in order to fulfil normality assumptions. 

For the predation risk experiment, we assessed the effects of the predictor variable ‘canopy height’ 

(3 levels: control, moderate herbivory and high herbivory) on the response variable ‘Percentage 

of sea urchins eaten’, as a proxy of sea urchin predation risk.  

We finally evaluated if the response variable ‘% of individuals lost’ was influenced by the ‘Urchin 

density’ (7 levels: 5, 8, 12, 16, 20, 26, 32) and 'Canopy height' as predictor variable. The response 

variable was log-transformed in order to fulfill normality assumptions. 
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Results 

Mechanism 1 and 2: Compensatory growth and plant resistance 

Posidonia oceanica was capable of maintaining similar absolute growth rates (Fig. 5S) at the high 

simulated herbivory treatment. Indeed, shoots exposed to intense clipping (High herbivory 

treatment) displayed higher relative growth rates than those of the control treatment. This 

indicates that high-intensity clipping induced compensatory growth in P. oceanica (Fig. 14). In 

contrast, simulated herbivory did not reduce plant palatability to herbivores (Table 4), rather, sea 

urchins appeared to feed more readily on shoots exposed to high-intensity clipping (Fig. 15), 

although this trend was not significant. 

 

 

 

 

Figure 14.- Compensatory shoot growth of P. oceanica for control shoots and shoots under 

high simulated herbivory. Different letters indicate significant differences among treatments.  

 

 

 



Feedback mechanisms stabilize a seagrass-herbivore interaction  
 

 

65 

 

 

 

 

 

 

Figure 15.- Plant palatability of P. oceanica (presence of resistance mechanisms) measured 

as leaf area consumption per day by Paracentrotus lividus for control shoots and shoots 

under high simulated herbivory. Different letters indicate significant differences among 

treatments. 
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Mechanism 3: Preference for epiphytic rhizome algae  

The occurrence of epiphytic algal species covering P. oceanica rhizomes significantly reduced 

leaf consumption by sea urchins (Table 4). P. oceanica shoots with epiphytic algae on their 

rhizomes presented four times lower leaf consumption rates than control shoots (without algae 

covering their rhizomes, Fig. 16).  

 

 

 

 

 

Figure 16.- Seagrass leaf area consumption per day by Paracentrotus lividus for control 

shoots and shoots with epiphytic algae on their rhizomes. Different letters indicate significant 

differences among treatments. 
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Mechanism 4: Predation risk 

Results from the predation risk experiment conducted in the high predation area showed that 

canopy height significantly affected urchin survival (Table 4). The percentage of sea urchins 

preyed on differed significantly between treatments, and was much higher in the high herbivory 

treatment than in moderate herbivory and control treatments (Fig. 17). Specifically, the percentage 

of urchin predation was 4 times higher in the high herbivory treatment than in controls.  

 

 

 

 

Figure 17.- Percentage of Paracentrotus lividus individuals eaten by fish predators among in 

canopy heights in a high predation area. Different letters indicate significant differences 

among treatments. 
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Mechanism 5: Reduction in Sea urchin densities (migration/dislodgement)  

Results of changes in sea urchin densities conducted in the low predation area showed that the 

number of sea urchins lost from the patches was significantly negatively influenced by canopy 

height and positively related to sea urchin densities within patches (Fig. 18, Table 4). On the one 

hand, the percentage of individuals that were lost from P. oceanica patches decreased 

exponentially with increasing plant canopy height (Fig. 18a), showing a visual canopy threshold 

of around 40 cm. On the other hand, and as expected, sea urchins linearly reduced in the patches  

with increasing sea urchin densities (Fig. 18b).  

 

 

Figure 18.- Model predicts of loss of Paracentrotus lividus individuals in P. oceanica 

meadows where predation is very low with a) canopy height and b) urchin density using 

Visreg package from R. Blue solid lines indicate the best fit of the LM and the grey band 

corresponds the 95% confidence interval.



 

 

Table 4. Results of the ANOVA analysis for feedback mechanisms of P. oceanica between treatments 

 

 

 Epiphytic algae damping effect   Migration/dislodgement 

Source of variation df MS F p-v  Source of variation df MS F p-v 

Treatment 1 0.67 4.47 0.040  Canopy height 1 13.004 32.91 <0.001 

Urchin size 1 0.006 0.004 0.948  Urchin density 1 4.782 12.1 <0.001 

Treatment*Urchin size 1 0.6255 4.172 0.053  Error 101 39.906   

Error 22 3.297         

 

 Relative growth  Herbivore deterrence  Predation risk  

Source of variation df MS F p-v  df MS F p-v  df MS F p-v  

Treatment 1 0.02 21.868 <0.001  1 15.31 3.265 0.076  2 82.397 45.14 <0.001  

Error 65 0.08    56 262.58     15 13.69    
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Discussion 

Compared with the macroalgal forests with which it shares the seascape, Posidonia oceanica 

seagrass meadows show a remarkable resilience to herbivory. Our results show that the species is 

able to maintain productivity in the face of even intense grazing events as a result of a range of 

feedback mechanisms that buffer the system. We found evidence for one direct (compensatory 

growth) and three indirect stabilizing feedback mechanisms (differential preference, predation 

and migration/dislodgment) that might influence P. oceanica ecosystem resilience. 

Compensatory growth was an actively induced direct response of the plant that was effective in 

dampening herbivory. A common aspect of the three indirect feedback mechanisms described is 

that all required a plant trait modification (i.e. canopy shortening as a result of herbivory) that 

influenced other species’ occurrence and/or behaviour, which in turn fed back to plant 

consumption. Taken together, our results highlight the importance of looking beyond the 

biogeophysical feedbacks (i.e., plant-sediment-hydrodynamics) that currently dominate the 

conversation around marine vegetated ecosystems’ resilience, to recognise less obvious and 

sometimes more intricate biological feedback mechanisms (i.e., plant-plant, plant-herbivore, 

predator-prey) that can also be key in explaining how seagrass ecosystems persist under a high 

herbivore stress. In addition, we argue that contextual drivers are crucial for the occurrence and 

effectiveness of feedback mechanisms.  

Our simulated herbivory study suggests that P. oceanica invests directly in tolerance more than 

resistance strategies when subjected to intense offtake. Plants from intensively clipped plots grew 

at similar or even higher rates (in relation to the available leaf area) than shoots in control plots, 

while their unchanged palatability hinted at a lack of inducible defences (at least to deter sea 

urchins). Plant compensatory growth constitutes a direct feedback that allows the maintenance of 

seagrass production, while experiencing high grazing levels. P. oceanica’s capacity to display 

compensatory growth has been documented in other studies (Cebrian et al., 1999; Verges et 

al.,2008; but see  Hernan et al., 2019), which show enhanced shoot growth for P. oceanica plants 

subjected to moderate-intense simulated clipping. Part of this compensatory growth is supported 

by rhizome reserves (starch and N) and, is therefore, limited by rhizome pools (Vergés et al., 

2008). However, there is a threshold to this mechanism, beyond which plants cannot compensate 

anymore (Vergés et al., 2008), indicating the possibility of abrupt changes in this system when 

such feedback limits are crossed. P. oceanica seems not to invest in resistance. While not 

significant, it appeared that herbivores preferred seagrass leaves that had already been grazed, 

which is similar to patterns documented by Hernan et al. (2019) and Vergés et al., (2008). Should 

these patterns be confirmed, it could imply a destabilizing feedback whereby herbivores 
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preferentially feed on already grazed leaves. This has been observed in the grazing behaviour of 

large herbivores, such as turtles, dugongs and fish, where herbivores prefer already grazed leaves, 

leading to the formation of grazing plots (Aragones et al., 2006; Buñuel et al., 2020; Christianen 

et al., 2021; Preen, 1995; Scott et al., 2020). 

While direct feedbacks are relatively well explored mechanisms in P. oceanica, we found a raft 

of subtler indirect mechanisms, arising as a result of shorter canopy heights left behind by 

herbivores, that can potentially feed back to the plants by modifying herbivore behaviour. For a 

start, in meadows with heavily grazed, shorter canopies, solar light can penetrate to the rhizome 

layer, promoting the growth of epiphytic erect algae (Boudouresque, 1974; Piazzi et al., 2002). 

Our results indicate that the increased abundance of this alternative food resource can alleviate 

grazing pressure on seagrass leaves, allowing P. oceanica to recover its initial state (stabilizing 

feedback). Therefore, the seagrass would be buffered against overgrazing as a result of the 

availability of alternative food sources. This mechanism is caused by a release from herbivory 

pressure as a result of differential preference which indirectly facilitates the less preferred species 

to dominate (Kelkar et al., 2013). This matches the observed preference of the two main 

herbivores, P. lividus and young S. salpa for algae (Boudouresque and Verlaque, 2007; Havelange 

et al., 1997).  Additionally, a substantial reduction of sea urchins densities was observed in two 

independent experiments in meadows with shorter canopies. Both experiments, one performed in 

a meadow within a Marine Protected Area (MPA) where sea urchin predation rates were typically 

high (García Rubies and Zabala, 1990) and the other in a meadow where predation rates were 

typically very low (Boada et al., 2015a), confirmed that low canopies can also mediate a series of 

indirect interactions involving predators (direct predation and fear) and/or sea urchin 

dislodgments.  Inside the MPA, we found that sea urchin predation was 4-5 times higher in plots 

with short canopies (direct consumptive effects). Thus, the dual use of P. oceanica by P. lividus 

– as shelter habitat and as a resource – becomes an obvious mechanism of seagrass stability that 

likely prevents overgrazing by sea urchins (see also Maxwell et al., 2017), provided the system 

harbours an abundant predator community. In addition, in low predation areas, a natural 

experiment where canopies ranged a lot and sea urchin densities were manipulated, we also 

observed the same reduction in sea urchin numbers in low canopy plots. It is very difficult to 

attribute this loss to predation given that predation pressure was very low in this meadow. This 

leaves two alternative pathways to explain sea urchin reductions: migration or dislodgement 

mediated by canopy height and crowding. Canopy- and density-dependent migration may arise 

as a result of a lower resource availability, particularly epiphytes the preferred resource (i.e. 

intraspecific competition, Marco-Méndez et al., 2015; Tomas et al., 2005b), or because of higher 

urchin visibility (fear of predation, Pessarrodona et al., 2019; Pinna et al., 2012) in 
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meadows/patches with shorter canopies.  Alternatively, canopy dwelling herbivores can also be 

dislodged by storms when canopies are reduced (Jordi F Pagès et al., 2013) and subsequently 

reduce the impact of herbivory. Whatever mechanism is driving this pattern, the result is that it 

prevents seagrass from runaway consumption. 

The capacity of these direct and indirect feedbacks to actually increase the resilience of seagrass 

ecosystems will be highly dependent on the conditions under which these feedbacks operate. 

External conditions, including habitat management, can strongly influence feedbacks, causing 

them to be switched on or off  in ways that may surpass the resilience of a given ecosystem state 

(Nyström et al., 2012). In this study we have not been able to fully test the relative importance of 

each feedback, but clearly some are likely to be much more critical to the system. As mentioned 

earlier, fish predator abundance will be critical to determine the relevance of feedback 

mechanisms that are mediated by predation risk, given that sea urchin populations cannot be 

controlled from the top down without a healthy population of fish predators (Eklöf et al., 2008). 

This mechanism could be enhanced in MPAs, where piscivorous fish populations are high, and, 

conversely, weakened in overfished areas. Similarly, the relevance of the preference for algae 

mechanism will depend on contextual factors influencing algal abundance and growth, such as 

incoming irradiance or nutrient availability (Balata et al., 2008; Nesti et al., 2009; Piazzi et al., 

2002). In addition, the importance of direct feedbacks, such as plant compensatory growth, will 

also depend on light, nutrient availability or water temperature, which are known to limit seagrass 

physiological performance. Indeed, compensatory growth responses found in other seagrass 

species have been associated to contextual conditions such as nutrients, irradiance or herbivory 

intensity (Eklöf et al., 2008; Li et al., 2010). In the case of P. oceanica, many studies have shown 

the sensitivity of this species to warming (Hernán et al., 2017; Ontoria et al., 2019b) and that its 

growth and susceptibility to herbivores can be altered under high temperature conditions (Buñuel 

et al., 2021; Pagès et al., 2018). 

Despite the same environmental conditions and herbivore pools, the macroalgal forests P. 

oceanica shares space with does not share its resilience. The last decade has seen a rapid increase 

in algal barrens as urchin populations explode and expand, leaving behind bare rock in their wake. 

The fish S. sarpa and the urchin P. lividus feed interchangeably on both ecosystems and may even 

prefer P. oceanica over macroalage particularly as adults (Boudouresque and Verlaque, 2007; 

Havelange et al., 1997; Verlaque, 1990). In addition, some macroalgae may invest heavily in 

chemical deterrents to ward off herbivores (Hay, 1996; Hay and Fenical, 1988). Despite these, 

macroalgal forests seem much more vulnerable than P. oceanica to herbivory. Clonal growth, 

basal meristems and the ability to regrow from fragments may certainly give the plant some 

structural advantages over macroalgae. However, the more complex biotic mechanisms we 
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describe may be at least as important role in this differential resilience. It is unclear if macroalgae 

have equivalent stabilising mechanisms to resist herbivory. Indeed, the feedback mechanisms we 

describe here may be peculiar to P. oceanica.  For example, the epiphytic algae preference 

mechanism would not make sense for macroalgal forests and most other seagrasses that have their 

rhizomes buried and for those too thin to sustain erect algal communities, as well as for those 

systems where the dominant herbivore is a megaherbivore. Other mechanisms may be more 

widespread, such as the capacity to (over)compensate after being grazed (Burnell et al., 2013; 

Moran and Bjorndal, 2005; Sanmartí et al., 2014; Valentine et al., 1997), or to provide shelter to 

seagrass-dwelling herbivores, which will influence their own visibility to predators (Farina et al., 

2014; Heck and Valentine, 1995).  Thus, the existence and success of biotic feedbacks within a 

seagrass-herbivore interaction will depend on a wide array of physiological, morphological and 

behavioural traits of the species involved, all mediated by the environmental context. 

Herbivory is increasingly considered a key process in aquatic vegetated ecosystems (Elisabeth S. 

Bakker et al., 2016; Scott et al., 2018; Valentine and Heck, 2021). Our study provides a holistic 

insight into the many direct and indirect feedback mechanisms whereby a habitat-forming 

seagrass species can cope with high grazing pressure, without shifting into an overgrazed 

ecosystem. While compensatory growth maintains plant production at high levels despite grazing, 

the observed indirect mechanisms, mediated by seagrass traits and herbivore behaviour, buffer 

the intensity of the disturbance at levels compatible with healthy seagrass meadows. In turn all 

feedbacks appear to be tightly dependent on contextual conditions. All in all, our observations 

highlight the stability of P. oceanica systems in the face of intense herbivory episodes as long as 

the stabilizing feedbacks are maintained. This is likely one of the main reason why P. oceanica 

meadows in the Mediterranean show strong resilience to herbivory in comparison to  their 

neighbouring macroalgal beds, where some of these feedbacks are clearly lacking. 
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the temperate seagrass Posidonia oceanica 
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Abstract 

Apart from directly influencing individual life histories of species, climate change is altering key 

biotic interactions as well, causing community processes to unravel. With rising temperatures, 

disruptions to producer-consumer relationships can have major knock-on effects, particularly 

when the producer is a habitat-forming species. We studied how sea surface temperature (SST) 

modifies multiple pathways influencing the interaction between the foundational seagrass species, 

Posidonia oceanica, and its main consumer, the fish Sarpa salpa in the Mediterranean Sea.  We 

used a combination of a field-based temperature gradient approaches and experimental 

manipulations to assess the effect of temperature on seagrass performance (growth) and fish early 

life history (larval development) as well as on the interaction itself (seagrass palatability and fish 

foraging activity). Within the range of temperatures assessed, S. salpa larvae grew slightly faster 

at warmer conditions but maintained their settlement size, resulting in a relatively small reduction 

in pelagic larval duration (PLD) and potentially reducing dispersion. Under warmer conditions 

(>24 ºC), P. oceanica reduced its growth rate considerably and seemed to display fewer deterring 

mechanisms as indicated by a disproportionate consumption in choice experiments. However, our 

field-based observations along the temperature gradient showed no change in fish foraging time, 

or in other aspects of feeding behaviour. As oceans warm, our results indicate that, while S. salpa 

may show little change in early life history, its preference towards P. oceanica might increase, 

which, together with reduced seagrass growth, could considerably intensify the strength of 

herbivory.  It is unclear if P. oceanica meadows can sustain such an intensification, but it will 

clearly add to the raft of pressures this threatened ecosystem already faces from global and local 

environmental change. 
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Introduction 

The climate crisis continues apace, and the world’s terrestrial and marine ecosystems are 

undergoing radical transformations as their constituent species struggle to adapt to rapidly 

changing environmental conditions. The difficulty in determining how ecosystems will respond 

stems from the complexity of species interactions. How species interactions are modified by 

climate change will have a disproportionate impact on community assembly patterns and key 

ecosystem functions (Araújo and Luoto, 2007; Memmott et al., 2007; Tylianakis et al., 2008). As 

environmental conditions change, and species optima shift in space, time and predictability, each 

species can respond either by moving, acclimating, adapting, or dying. Every individual response, 

however, will necessitate all interacting species to respond in turn, resulting in assemblage-wide 

shifts in the strength and direction of species interactions (Gilman et al., 2010). In the case of 

habitat-forming species, the outcome of changing interactions can have ecosystem-wide 

consequences. 

Predicting these changes is not straightforward. Even the simplest two-species interaction is the 

result of multiple individual life history traits and processes (determining species distribution, 

abundance, developmental stage, growth rate, behaviour, etc.), each of which can be 

independently affected by changing environmental conditions. Whether interactions reduce, 

intensify or remain unaffected will therefore depend on how these responses act together. Studies 

of consumer-resource relationships, both in terrestrial and aquatic systems, suggest that they may 

strengthen at higher temperatures as consumption rates increase to keep up with changing 

consumer metabolic requirements (Bale et al., 2002; Hernán et al., 2017; Mary I O’Connor, 2009; 

O’Connor et al., 2011; Pagès et al., 2018; Poore et al., 2013; Post and Pedersen, 2008). If resource 

species are unable to offset higher demand by ramping up production or by any other mechanism, 

they could declines under increased consumer pressure. The direction and strength of the 

interaction will also be influenced by shifting geographical patterns. Changes in temperature, 

seasonality, oceanic currents, etc. are affecting species’ dispersal abilities and modifying 

distributional patterns (Cure et al., 2018). Unless both species show similar geographical shifts, 

the strength of the interaction is likely to vary considerably across space as the centres of species’ 

ranges change in relation to each other, or as populations become more or less isolated. 

Interactions could even dissipate at range edges when one species moves away, or find novel 

configurations as new species take over as interactors. 

Consumer-resource relationships are particularly strong in marine systems (Elisabeth S Bakker et 

al., 2016b; Cyr and Pace, 1993). Variations in water temperature has direct effects on 

survivorship, growth, reproduction and recruitment of both producers and consumers (Andrews 
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et al., 2014; Bignami et al., 2017; H. Höffle et al., 2011; Howe and Marshall, 2002; Jordà et al., 

2012; Poloczanska et al., 2013; Pörtner and Knust, 2007). In seagrasses, rising temperatures can 

affect plant performance by directly influencing photosynthesis/respiration ratios (Greve et al., 

2003; Lee et al., 2007; Olsen et al., 2012; Ontoria et al., 2019b) or  indirectly, by increasing 

sulphide concentration, which enhances plant mortality and reduces shoot growth (H. Höffle et 

al., 2011; Nejrup and Pedersen, 2008; Olsen et al., 2012). Early life-history stages are most 

affected by heating, resulting in very low recruitment and high rates of mortality (Andrews et al., 

2014; Hernán et al., 2017; Marbà and Duarte, 2010; Olsen et al., 2012). Temperature can also 

influence grazers performance, such as echinoderms or fish (Deutsch et al., 2015; Mary I 

O’Connor, 2009; Pagès et al., 2018; Vergés et al., 2014; Yee and Murray, 2004). Additionally, 

temperature typically influences larval  metabolism much more than juveniles or adults, given 

their narrower limits of thermal tolerance (Bignami et al., 2017; Pörtner and Farrell, 2008; Pörtner 

and Peck, 2010).  Given the importance of larval developmental to the dispersal of marine species, 

this could have major consequences for distributions and connectivity (Leis et al., 2013). 

However, whether the effect of temperature on growth is positive or negative differs between 

studies depending on the species, life stage, region and temperature regime (Green and Fisher, 

2004; McLeod et al., 2015; Poloczanska et al., 2013; Sponaugle et al., 2006). 

Beyond influencing each individual species, temperature can directly influence consumer-

resource relationship (Pagès et al., 2018). Marine herbivores may increase foraging with 

temperature as respiratory and other metabolic costs mount (Gutow et al., 2016; West and Post, 

2016). If ingestion rates remain unchanged (Morelissen and Harley, 2007) or are unable to match 

increases in metabolism, herbivores can suffer significant energetic shortfalls due to intake 

inefficiency (Iles, 2014; Lemoine and Burkepile, 2012). Herbivore feeding preferences may also 

be modified directly if preferred resources become scarce under warmer conditions, or indirectly 

if the palatability of the resource changes. Herbivore preferences in seagrasses are strongly linked 

to leaf biomechanical and biochemical properties, including defences produced by the plant (De 

Los Santos et al., 2012; Jiménez-Ramos et al., 2018; Steele and Valentine, 2015; Vergés et al., 

2007). However, the effect of heating on the production of defences is poorly understood in 

seagrasses (Jiménez-Ramos et al., 2017). Although there is some evidence of temperature 

influencing C:N ratio and the content of fibre tissue in leaves (Hernán et al., 2017), it is unclear 

if seagrass produce phenolic compounds in response to temperature. Finally, marine plants may 

also have some ability to alleviate herbivore pressure with compensatory growth. Depending on 

the intensity and duration of herbivory, this strategy will be limited by the amount of carbon the 

plants have stored (Sanmartí et al., 2014; Vergés et al., 2008). 

Because temperature can modify so many elements of the consumer-resource interaction, it is 
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important to unpack each of them before determining how it is likely to change. We explore how 

warming seas are likely to influence plant-herbivore interactions in the Mediterranean. The 

Mediterranean is predicted to experience major temperature increases over the next century 

calling into question the integrity of its dominant benthic communities (Change, 2014). The 

seagrass Posidonia oceanica is one of its principal primary producers. The sea urchin 

Paracentrotus lividus and the fish Sarpa salpa are the main consumers of P. oceanica (Prado et 

al., 2007b). Earlier studies suggest that herbivory by the sea urchin P. lividus on P. oceanica  is 

unlikely to be affected by rising temperatures (Pagès et al., 2018). However, little is known about 

how the relationship between P. oceanica and its fish herbivore will change with warming. We 

explore how warming modifies the interaction between P. oceanica and the fish Sarpa salpa. We 

hypothesise that temperature could modify this plant-herbivore interaction by influencing (Fig. 

19): (i) plant performance (higher temperatures will decrease plant growth), (ii) early life history 

of the fish (higher temperatures will enhance larval growth), (iii) herbivore foraging activity 

(higher temperatures will increase fish feeding rate) and (iv) herbivore preference (higher 

temperature will increase plant palatability). Most earlier studies used controlled ex-situ setups 

that may not translate into real world ecosystems and larger spatial scales (see Gutow et al. 2016a, 

Hernán et al. 2017, Pagès et al. 2017). We complemented our laboratory experiments with 

temperature-gradient based field studies for a more realistic evaluation of how plant-herbivore 

interactions will likely evolve in a warming Mediterranean. 
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Figure 19.- The influence of increased temperature (T) on the interaction between Posidonia 

oceanica and Sarpa salpa. The figure shows the pathways that characterise this interaction and 

the hypothesised responses to temperature.  The signs indicate a hypothesised strengthening 

(+) or weakening (-) of the pathway with increasing temperatures. From background literature, 

we assume that high temperature is likely to enhance both larval development and grazing 

activity of the herbivore. In contrast, plant performance is likely to decrease. These responses 

together should result in an overall intensification of grazing pressure on seagrass. 

 

Methods 

Study species and study design 

The seagrass Posidonia oceanica is an iconic, long-lived foundational species in the 

Mediterranean Sea, forming vast meadows that provide a range of valuable ecosystem services  

(Francour, 1997; Lavery et al., 2013; Marbà et al., 1996).  P. oceanica habitats are retreating at 

an alarming rate; over the last century, the Western Mediterranean has witnessed a loss of between 

5 and 20% of its cover (Boudouresque et al., 2009; de los Santos et al., 2019). The seagrass has 

high thermal sensitivity  (García et al., 2013; Jordà et al., 2012; Tomasello et al., 2007); it grows 

slower as temperature increases  (Olsen et al., 2012; Ontoria et al., 2019a; Pagès et al., 2018) and 
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its shoot mortality increases by 2% per year for each additional degree of maximum temperature 

(Marbà and Duarte, 2010). 

S. salpa is a demersal marine fish, commonly found in shallow Mediterranean waters and in the 

Eastern Atlantic (Braum, 1987; Hureau et al., 1984). It typically schools in groups of up to 

hundreds of individuals (Raventos et al., 2009). Seagrass consumption by S. salpa constitutes 

about 75% of the total herbivory on P. oceanica (Havelange et al., 1997; Prado et al., 2007b); in 

some cases S. salpa can defoliate > 40% of the seagrass’ annual production (Prado et al., 2007b). 

Although P. oceanica is capable of displaying a range of compensatory mechanisms and chemical 

defences when subjected to herbivory (Ruocco et al., 2018; Vergés et al., 2008), it is unclear how 

these mechanisms will play out as the oceans warm. 

We evaluated the effects of warming on different components of the plant-animal interaction 

between S. salpa and P. oceanica (see Figure 19) using a set of complementary field-based 

approaches including behavioural observations and controlled laboratory and field experiments. 

We chose these methods together with carefully controlled laboratory techniques to avoid the 

many problems of acclimation, scale and representativeness associated with studies that rely 

solely on laboratory techniques (Bailey, 2018; Tran et al., 2016; Wernberg et al., 2012). More 

realistic manipulative experiments are prohibitive and unfeasible particularly with species that 

have large home ranges (Jordi F. Pagès et al., 2013) and travel in large shoals (Buñuel et al., 

2020). Carefully designed field studies can more closely reflect the likely trajectories of complex 

ecological interactions when exposed to change.  We made use of a natural gradient in sea water 

temperature along the east coast of the Iberian Peninsula (~800 km), supplemented with a 

laboratory experiment. This gradient spans a maximum difference of up to 4C during the summer 

(average range of temperatures: from 18.5 ± 1.36 ºC to 21 ± 1.8 ºC in autumn 2017 and 22.5 ± 

0.9 ºC to 25 ± 0.9 ºC in summer 2016), which represents the maximum amount of change the 

Mediterranean is likely to experience at the end of this century as a result of climate change 

(Change, 2014). This makes for an ideal space-for-time substitution, with the simplifying but 

useful assumption that spatial and temporal variation are equivalent. While less precise in 

determining the exact magnitude of change, it can be a powerful means of evaluating qualitative 

trends or to generate more accurate hypotheses (Elmendorf et al., 2015; Pickett, 1989). Because 

the sampled locations and seasons did not always coincide for all studies (Fig. 20a and 20b), we 

grouped locations in high temperature sites and low temperature sites to make them comparable. 
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Figure 20.- Average sea surface temperatures at sampling sites during field surveys for a) larval 

development (across the Spanish coast in October-November 2017), and b) foraging activity 

recording and preference experiments (conducted in Medes and Isla Grosa in July-August 

2016). Temperature data obtained from the Western Mediterranean OPerational forecasting 

system (WMOP) (Juza et al., 2016; Mourre et al., 2018), developed at the Balearic Islands 

Coastal Observing and Forecasting System (www.socib.es). 
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Early life history of S. salpa 

We used otolith analysis to assess how temperature influences the physiology and dispersal 

capability of S. salpa in the earliest development stages. We sampled 5 locations of the 

Mediterranean Spanish coast from October-November 2017 (Fig. 20a), grouping them in two 

temperature regimes: low temperature locations (18.5 ºC average temperature during sampling 

period) - Estartit and Aiguablava -  and high temperature locations (21 ºC average temperature 

during sampling period) - Blanes, Xàbia and Agua Amarga. Note that temperature groups do not 

follow a strict latitudinal pattern. Blanes is grouped with southern locations due to a warm current 

that influenced this location during the sampling period. We collected 112 individuals along the 

gradient on SCUBA using hand nets at depths from 0 to 5 m. We then removed the otoliths and 

preserved them in 96 % ethanol.  

Following Raventós & Macpherson (2001), we extracted and mounted otoliths (lapilli) on 

microscope slides using thermoplastic glue (Crystalbond 509). To expose daily increments, we 

polished mounted otolith using two different grained sandpapers (3 μm and 1 μm Imperial lapping 

film, 3M) to obtain a section containing the nucleus and the first growth ring. We read otolith 

growth increments using a high-powered microscope with transmitted light (AxioPlan, Zeiss) 

connected to a ProgRes C10 camera (Jenoptic) and an image analysis system (Raventós and 

Macpherson, 2005). Otolith extraction and processing was performed at CEAB’s Otolith 

Research Lab (www.ceab.csic.es/en/otolith-research-lab-2). Otolith settlement marks in this 

species were always very clear (Raventós and Macpherson, 2001). We counted growth increments 

of the otoliths from the centre to the edge along the longest radius when possible. If not, we used 

other axes for the counts, where increments were clearly visible. We determined the length of the 

pelagic larval duration (PLD) for each individual by counting the number of daily growth 

increments between the core and the settlement mark, and determined the age by counting the 

total number from core to margin, obtaining the day of birth. We also recorded size-at-settlement 

(along the longest axis of the otolith), and growth rate during pelagic phase (larval growth, 

GRPLD) before settlement. We calculated pre-settlement growth by dividing size-at-settlement 

by PLD. To minimize errors, we repeated all measurements three times. 

Plant performance (growth) 

We collected P. oceanica fragments (rhizomes) each with at least four shoots, in dense and 

healthy meadows at 5m depth in Isla Grosa (South Eastern coast of Spain, 37° 43.7’ N, 0° 42.75’ 

W) in April 2016. Fragments were transported to the laboratory, planted in pots and transferred 

to tanks in the mesocosm facilities of the Spanish Institute of Oceanography (IEO, Oceanographic 
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Centre of Murcia, Spain). The experimental system consisted of 12 tanks (500L) with independent 

seawater circulation systems and control of temperature and light (see details in Marín-Guirao et 

al., 2013), with ca. 50 shoots per tank. Plants were then acclimated in the mesocosms for three 

weeks at conditions similar to the field at the time of sampling (temperature: 20 ºC, salinity: 37.5 

psu, and light regime of 250 µmol quanta m-2 s-1, with a 12:12 hours photoperiod). After the 

acclimation period, three tanks were maintained at 20 ºC, while temperatures in the other nine 

tanks were progressively increased (2 ºC day-1) to reach three target temperatures (24 ºC, 28 ºC, 

and 32 ºC, three replicates per temperature). These four temperatures were chosen to represent 

the (i) temperature of the study site at the time of collection (20 ºC); (ii) the present day monthly 

averaged summer maximum (24 ºC); (iii) an anomalously high temperature, occasionally reached 

in this region during heat waves (28 ºC, pers. obs.); and (iv) an extremely high temperature, to 

reflect extreme heat wave conditions predicted for the coming decades (32 ºC,(Change, 2014)). 

The exposure period lasted for five weeks, after which plant growth was measured using a 

punching technique (Zieman 1974, adapted to this species (Alcoverro et al., 1995).  At the start 

of the warming period, we pierced the leaves of 12 shoots per tank (chosen at random) with a 

needle at the height of the ligule. At the end of the experiment, we measured leaf growth 

(expressed in cm2 · shoot−1 · day−1) by tracking the displacement of the piercing scar. The 

experimental unit was the individual tank (n=3 per experimental condition). 

Herbivore foraging activity 

To assess the effect of temperature on individual and shoal feeding behaviour, we filmed a total 

of 93 shoals feeding in P. oceanica seagrass meadows between 5 and 8 m in 5 locations of NW 

and W Spanish coast with different temperature regimes. All videos were shot during the summer 

of 2016, when S. salpa feeding activity is typically at its peak (Prado et al., 2007b; Tomas et al., 

2005a). As before, we grouped locations into low temperature locations (Medes and Fenals: 

22.5ºC average temperature during sampling period) and high temperature locations (Espardell, 

Isla Grosa and Cabo Cope: 25º average temperature during sampling period, Fig. 20b). We 

allowed 3-4 minutes for the fish to acclimatise to the diver’s presence and then recorded the shoal 

with a hand-held underwater video camera, with an average of 7 minutes of footage per shoal (see 

Buñuel et al. 2020 for details). To assess shoal feeding behaviour, we noted the percentage of 

time each shoal spent grazing inside the meadow compared to swimming and hovering. For 

individual activity, we used three metrics: (i) bite rates per individual (number of bites per unit of 

time); (ii) bout duration per individual (i.e. time each fish spent between its first descent into the 

seagrass leaves to feed and its exit towards the water column); and (iii) number of bouts during 

the feeding time. We used different clips to assess bouts and bites, since the quality of the video 
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needed to accurately estimate bite rate was considerably higher than that needed for determining 

if a fish was feeding within the meadow or not (bout duration and number of bouts). Therefore, 

for bite rate analysis, we selected clips of any duration, but where the mouthparts of individual 

fish could be clearly seen. Wherever possible, we followed a maximum of 5 individuals from 

each shoal to measure individual activity. We were less restrictive with the quality of the video 

for estimates of bout duration and number, but sought a minimum video length (i.e. 30 seconds) 

in order to standardise our assessment. We extracted an average value of bite rate for each 

location; this value was multiplied by number of bouts and bout duration for each replicate (i.e. 

total bite rate = average bite rate (location)  bout duration  number of bouts). This was done to 

get past the opportunistic nature of bite rate data, and to obtain an integrative estimate of bite rate 

in a given feeding time. 

Herbivore preference 

Finally, we conducted a field choice experiment to indirectly test if temperature modified the 

palatability of seagrasses. Fish could choose between plants previously incubated in the laboratory 

at warmer or cooler conditions to evaluate their preference, with the assumption that a preference 

would either signal lower plant defences (mechanical or chemical) or more nutritious plant 

tissues. This experiment was repeated twice in two different locations (each differing in their 

mean summer temperature): Medes (42º02'N, 3º21'E, NW Mediterranean, mean summer 

temperature = 22.5ºC) and Isla Grosa (37°43'N, 0°42'W, W Mediterranean, mean summer 

temperature = 25ºC). We collected shoots of P. oceanica at both sites, and half of the shoots from 

each location were incubated in cold water aquaria (22ºC) and the other half in warm water 

aquaria (30 ºC) for one week. At the end of the week, plants were transplanted to each field site 

in pairs (plants incubated in warm and cool water placed next to each other) to evaluate fish 

preference. We measured the area of all treated shoots at the start of the experiment, ensuring that 

there were no herbivory marks on any of the selected shoots. We transplanted the shoots at the 

same locations they had been picked from, using 23 replicates (pairs) in Medes and 13 in the Isla 

Grosa. We collected the shoots after 5 days, checked them for signs of herbivory and measured 

the total area once again to evaluate consumption by herbivores. 
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Statistical analysis 

The effect of heating on pelagic larval duration (PLD) was tested using a Kruskal-Wallis test, due 

to the non-normal distribution of data, assessing the difference in PLD between the high and low 

temperature sites. Growth during PLD (GRPLD) was tested using a linear mixed effects model, 

where temperature was included as fixed factor (2 levels: low and high) and location as a random 

factor (5 levels). Given the strong collinearity we found between GRPLD and PLD (the longer 

the PLD, the lower the GRPLD, p<0.05), we used the residuals of the linear model of GRPLD vs. 

PLD as the response variable instead of GRPLD. In this way, we could test the effect of warming 

on larval growth regardless of the amount of time the larvae spent in the water column. Finally, 

we tested for differences in settlement size between temperature regimes using a Kruskal-Wallis 

test. Normality and homogeneity of variance were checked and fulfilled for linear models. We set 

the significance level at p = 0.05. 

To assess the influence of warming on seagrass performance, we analysed the effect of the 

predictor variable ‘temperature’ coded as a fixed factor (4 levels: 20, 24, 28 and 32 ºC) on the 

response variable ‘plant shoot growth’ with linear models, using the average value for each 

aquarium. Assumptions of normality and homoscedasticity were visually checked and fulfilled. 

To evaluate if water temperature (two levels: high and low) had any effect on the response variable 

‘time spent feeding by the shoal’, we used a Kruskal-Wallis test since data were strongly non-

normal. Similarly, Kruskal-Wallis tests were used to test the effect of water temperature on the 

response variable ‘bite rate’. 

Finally, a paired t-test was used in choice experiments to check for fish preference towards plants 

incubated in cold or warm water. Assumptions of normality and homoscedasticity were visually 

checked and fulfilled. 
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Results 

Early life history of S. salpa 

There was a small but significant negative relationship between pelagic larval duration (PLD) and 

temperature (Fig. 21a, Table 5). While larvae spent around 18 days in the water column at high 

temperature locations, individuals from colder regions spent one day more on average. 

Additionally, growth during PLD (GRPLD) was significantly higher at higher temperatures 

(using the residuals of GRPLD~PLD model to avoid collinearity, see Methods) (Fig. 21b, Table 

5). Individuals in the high temperature regime showed 10% higher larval growth than individuals 

in colder locations. As a result, the size of settlers was similar in cold and warm regions (Fig. 

21c). 
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Figure 21.- a) Pelagic larval duration (PLD), b) growth rate during PLD (GRPLD) and c) 

settlement size of Sarpa salpa larvae at high and low temperature sites. Growth values were 

extracted from the residuals of the model GRPLD~PLD due to their being collinear. 
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Plant performance 

P. oceanica growth rates were negatively affected by increasing temperatures (Fig. 22). Thus, 

while growth at control (20ºC) and 24 ºC did not differ significantly, shoots subjected to 28ºC and 

32ºC grew significantly less than controls (30% and 50% decrease relative to the controls, 

respectively, see Fig. 22 and Table 5). 

 

 

 

 

 

Figure 22.- Posidonia oceanica shoot growth at four different incubating temperatures. Letters 

indicate significant differences (p<0,05) according to posthoc tests.  
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Herbivore foraging activity 

Sarpa salpa shoals observed both in warm and cold locations spent a similar amount of time 

feeding (68.5% and 63.3%, respectively (Fig. 23a, Table 5). At the individual level, fish bite rates 

were around 25 bites/min in both regions and were apparently unaffected by temperature (Fig. 

23b). 

 

 

 

 

Figure 23.- Foraging behaviour of Sarpa salpa at high and low temperature sites.  a) 

Percentage time the shoal spent feeding (shoal feeding time) and b) bite rate (number of bites 

per minute). 
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Herbivore preference 

Feeding choice experiments showed that fish had a significant preference for plants incubated at 

warmer water temperatures (30ºC) than those incubated at colder ones (22ºC) (Fig. 24, Table 5).  

 

 

Figure 24.- Preference experiments: palatability of plants incubated at warm and cold 

conditions. Positive values indicate a preference for plants incubated at warm temperatures 

and the effect is significant when the confidence interval does not intercept 0. 
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Table 5-. Results of larval development, feeding activity and preference of S. salpa in relation 

to temperature. p-values correspond to those provided by each test. D.f = degrees of freedom, 

significant effects are in bold. 

 

Response variable Descriptive variable Test d.f Statistic p- Value 

PLD Temperature Kruskal-Wallis 1 F = 4.1096 0.042 

GRPLD (resid) Temperature Anova 1 F = 7.44 0.002 

Settlement size Temperature Kruskal-Wallis 1 F = 2.151 0.142 

Plant shoot growth Temperature Anova 3 F = 47.043 < 0.001 

Shoal feeding time Temperature Kruskal-Wallis 1 X2 = 0.003 0.952 

Bite rate Temperature Kruskal-Wallis 1 X2 = 0.707 0.401 

Preference  Temperature T-test 34 T= 2.155 0.038 

 

Discussion 

The strength of species interactions can be modified by temperature even when one of the actors 

remains relatively unaffected. Our results indicate that under warmer conditions, the herbivorous 

fish Sarpa salpa experienced only a small reduction in its potential dispersal ability, growing 

faster to a largely invariant settlement size. In addition, S. salpa foraging activity was similar 

across temperature regimes. In contrast, its primary resource, the long-lived seagrass Posidonia 

oceanica showed distinct responses to warming, growing slower and becoming more palatable 

under high temperature conditions. As a result, the impact of S. salpa herbivory on P. oceanica 

may intensify in the coming decades even if temperature does not influence its grazing activity. 

The impacts of climate change on species distribution in both marine and terrestrial systems is 

likely to be large. As global temperatures rise, species ranges shift, expand or contract, and 

populations disappear particularly from the “warm” edges of their distributions.  In species with 

a dual life history, where most dispersal takes place during the larval phase, temperature can 

disproportionately impact how far they can travel, by modifying larval growth and influencing 
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settlement processes. Numerous studies on benthic fish are equivocal on the impacts of 

temperature on larval dispersal. Thus, while some species may increase their pelagic larval 

duration (PLD, a good indicator of how much time the larvae has to disperse in the plankton), 

others may show reduced PLDs at higher temperatures (Bignami et al., 2017; Green and Fisher, 

2004; McLeod et al., 2015; Moyano et al., 2017). The herbivorous fish S. salpa shows a clear 

decrease in PLD, as it grows considerably faster (GRPLD) to a largely invariant settlement size 

at higher temperatures. However, all in all, a larva from the fish species S. salpa growing at warm 

temperatures sees its plankton stage reduced by only 5.5%. While several other factors including 

the current regime and post-settlement movement could certainly influence dispersal patterns; the 

average distance larvae can travel in the study area, in a day is around 12 km (Schunter et al., 

2011), which is unlikely to be ecologically significant at the scale of the Mediterranean. Of course, 

should this pattern be maintained at even higher temperatures it could affect population 

connectivity at regional scales (Álvarez-Romero et al., 2018; Kleypas et al., 2016). Under these 

circumstances S. salpa ranges may contract and find themselves in more disconnected pockets 

across the coast (Pascual et al., 2017), which could then result in a lumpy distribution of herbivory 

on P. oceanica meadows. While the influence of temperature on PLD was small, faster growing 

larvae could potentially influence post-recruitment processes like growth and settlement survival. 

A priori, an increase of larval growth rate and a faster recruitment could increase fish survivorship, 

since the pelagic larval phase is the most vulnerable life stage (Moyano et al., 2017; Pörtner and 

Farrell, 2008), but there is no clear evidence that temperature influenced post-settlement growth 

and mortality for S. salpa. As it stands, S. salpa distributions and dispersal patterns are likely to 

be more affected by current regimes, post-settlement movement, or incidental bycatch than by 

temperature alone. In  fact, the largest shoals of S. salpa currently occur in fishing-free locations 

like MPAs (Raventos et al., 2009), where they can have a disproportionate impact on P. oceanica 

meadows (Pagès et al., 2012; Planes et al., 2011; Prado et al., 2008b). 

As environments change, behavioural modifications are among the first to manifest as a 

phenotypic response (Sih et al., 2011). However, the foraging behaviour of S. salpa was quite 

unaffected by temperature regimes. Temperature is known to modify essential metabolic rates 

since it accelerates consumer physiology (Gutow et al., 2016; Pörtner, 2012). The resulting energy 

costs require herbivores to compensate either by increasing feeding rates or by modifying their 

feeding choices. However, neither the time spent foraging nor the rate at which S. salpa foraged 

changed between temperature regimes. It is possible that the temperature regimes present within 

the Mediterranean are well within the wide optima of S. salpa. As a species, it occurs in 

geographies as far apart as Mozambique and the Atlantic coast of France (Braum, 1987; Hureau 

et al., 1984), and is likely to be metabolically adapted to a range of environmental conditions. 
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Although it feeds largely on seagrass as an adult (Havelange et al., 1997), it can supplement its 

diet with macroalgae and detritus, showing a dietary plasticity that may allow it to easily adapt to 

changing metabolic conditions. 

In sharp contrast to its main herbivore, the seagrass P. oceanica shows clear responses to 

increased temperature, which are likely to translate into functionally relevant and ecosystem-wide 

impacts over the coming century. P. oceanica is a temperate-adapted seagrass which does best in 

cooler waters. Our results show that in warmer waters, its growth rate reduced substantially, 

confirming trends that have been documented in other field and mesocosm studies (Jordà et al., 

2012; Marbà and Duarte, 2010; Ontoria et al., 2019a; Pagès et al., 2018). Similarly, its capacity 

to deter S. salpa appears to diminish in warmer environments. Our results show that under warmer 

conditions, P. oceanica defences are likely to reduce considerably, making the plant more 

palatable to fish herbivores.  While observations on other macrophyte species suggest that 

incubations at high temperatures modify plant palatability to consumers (Mannino et al., 2016; 

Mary I. O’Connor, 2009; Sudatti et al., 2011), the exact pathway by which temperature influences 

the acquisition of defences is poorly understood in seagrasses (Jiménez-Ramos et al., 2017). This 

is crucial, since the principal strategy  P. oceanica employs to deal with herbivory is to resist 

offtake as much possible with a suite of structural and chemical defences (de los Santos et al., 

2019; Vergés et al., 2008). Whether this strategy continues to remain effective in a hotter world 

is an open question, but we cannot discard other physiological factors involved in plant 

palatability. In fact, Hernan et al. (2017) also found higher herbivore preference for heated P. 

oceanica seedlings using the sea urchin Paracentrotus lividus. Although these results were not 

related to any alteration in leaf chemical content, higher temperatures did affect physical factors 

(e.g. leaf thickness) which could interfere with herbivore choice. It is important to clarify that our 

field experiment was set up specifically to test for fish preferences, with the assumption that fish 

would choose leaves with less defences or more nutritive conditions. We cannot directly infer that 

higher palatability would translate to higher consumption in the field, since several other factors 

(including the availability of other preferred resources and fish metabolic needs, among others) 

will influence absolute consumption. Whatever the mechanism, given the increased palatability 

and lower growth observed in this study, P. oceanica will certainly be more vulnerable to 

herbivory pressure in a warmer Mediterranean Sea. 

The agents in our simple two-species interaction respond quite differently to temperature. 

However, the consequence of these separate responses still implies a significant intensification of 

the interaction as both species adjust to changes both in their environment as well as to each other. 

Even if fish distribution, survival and foraging behaviour remain unaffected at higher 

temperatures, the reduced ability of P. oceanica to offset herbivory and regrow after it is grazed, 
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may lead to increased herbivory pressure. The consequences of such an increase for the ecosystem 

are unclear. For one, even this simple two-species interaction is governed by more processes than 

we have examined here. For instance, fish physiological responses and population dynamics could 

be strongly influenced as climate change modifies temperatures, seasonality, oceanographic 

currents etc. How these changes modify herbivory pressures by S. salpa is still uncertain. For 

another, in its evolutionary history, P. oceanica has likely had to deal with considerably greater 

herbivory in the past from other herbivorous fish and green turtles. It may well be able to resist 

herbivory with novel or old evolutionary strategies. That this species displays phenotypic 

plasticity in response to warming is evident: at higher temperatures, field and laboratory studies 

show that it is capable of shifting from primarily vegetative growth to the production of sexual 

propagules, sometimes using pseudoviviparous strategies for dispersal (Ballesteros et al., 2007; 

Ruiz et al., 2018). 

That said, climate change is introducing several new interactors to this system. Herbivore 

preference can also change as a result of shifting distributions or because their alternate food 

sources are better able to produce defences. Under temperature stress, secondary metabolite 

production can be crucial in determining how strongly different macrophytes will be defended 

(Staehr and Wernberg, 2009; Sudatti et al., 2011). In addition, as the oceans heat, herbivorous 

fish from the Indo-Pacific are increasingly finding their way into the Mediterranean through the 

Suez Canal (Bianchi and Morri, 2003; Vergés et al., 2014). In the complex real world of ongoing 

climate change, P. oceanica will have to contend not merely with an intensification of its 

interaction with S. salpa, but with this growing assemblage of tropical herbivores as well. In many 

parts of the eastern Mediterranean, this novel guild of herbivores has already converted the simple 

two-species system into a multi-herbivore assemblage, all grazing on the same seagrass resource. 

Between habitat loss due to local anthropogenic stressors and intensifying herbivory pressure, the 

iconic meadows of P. oceanica are undergoing major transformations. Whether they survive these 

combined impacts will depend on our ability to understand and manage these growing pressures. 
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The unexpected resilience of Posidonia oceanica 

The consumer-resource relationship is the fundamental unit of ecological communities; 

assemblages of species build up from this basic trophic relationship. The plant-herbivore 

interaction is a special case of the consumer-resource relationship, and is unique in important 

ways. Because one of its actors is often fixed in space relative to the other, the strategies available 

to each are quite different. Coping with herbivory requires a host of evolutionary adaptations of 

physiology, growth, tolerance, storage, reproduction and spread. In contrast, the herbivore can act 

with much more immediacy by modifying its movement, feeding preferences, strategies of 

feeding and other behaviours. On the face of it, the fact that herbivores actively behave while 

plants can merely respond makes the relationship between herbivores and their resources an 

inherently unequal one in ecological time scales. This raises the question of how the interaction 

persists in the first place. Over a century of ecological research has been dedicated to exploring 

the relative role of bottom-up and top-down processes in mediating this crucial interaction and 

regulating its outcome. What emerges from this long investigation is that even this most basic of 

interactions can be remarkably complex, mediated as it is by variable plant responses and flexible 

herbivore behaviour. 

Through this thesis, I explored how plant responses and herbivore behaviour contribute to the 

overall resilience of the endemic seagrass, Posidonia oceanica. As a slow growing species that 

appears (at least in the western part of its range) to rely mostly on vegetative spread more than 

sexual reproduction, it is inherently vulnerable to decline. Recent decades have also uncovered 

the importance of herbivory on this species, and its principal herbivores, the fish S. salpa and the 

urchin P. lividus, can potentially consume up to 40% of its primary production (Prado et al., 

2007b). Additionally, as a temperate species, P. oceanica has to deal with an increasingly 

warming Mediterranean. My central goal was to examine how P. oceanica copes with herbivory 

in a changing world. My thesis chapters explored how grouping herbivore behaviour can mediate 

the distribution of herbivory across the landscape, how the a series of stabilizing or destabilizing 

mechanisms can characterise the relationship between P. oceanica and its herbivores, and how a 

plant-herbivore interaction may be modified by increasing seawater temperatures. In this final 

section, I will highlight the key points from these investigations. Very briefly, they can be 

summarised as follows: 

1. Herbivore feeding behaviour can strongly mediate the distribution and the amount of 

herbivory in seagrass meadows. Behaviour changes with age, size and sociality. When 
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animals feed in groups, they show increasingly complex behaviours that may serve to 

optimise nutritional intake with other possible elements of sociality. 

2. With increasing temperatures, several elements in the plant-herbivore interaction can be 

individually affected, from plant growth to rates of feeding to the interaction itself. 

Overall though, it appears that in a warming sea, the strength of herbivory on P. oceanica 

may likely intensify. 

3. Between 1 and 2 above, it appears that the pressure of herbivory on P. oceanica is strong, 

and likely to get even stronger with climate change. Yet, against all expectations, P. 

oceanica is a strangely resilient species. I explore the suite of stabilising feedbacks that 

allow this species to persist despite these pressures of herbivory. 

The centrality of the plant-herbivore interaction to ecology cannot be further emphasised. 

However, if we need to understand how these interactions persist in the real world, it is important 

to recognise that these interactions do not exist in isolation. Nor are they merely the sum of every 

individual interaction. The surprising resilience of P. oceanica despite the pressures of herbivory 

it experiences is the consequence not only of its separate interactions with its fish and urchin 

herbivores, but with the entire assemblage of species with which it shares the nearshore benthic 

waters as well as the site-specific environment conditions.  These species form part of a network 

of direct and indirect interactions that include herbivore fish, urchin, predators, macroalgae and a 

likely host of others that together determine the ecological persistence of Posidonia oceanica.  

Behaviour mediates plant-herbivore interactions 

The realisation that herbivore consumption rates were not merely a function of simple allometry 

or metabolic requirements led to the recognition of the role behaviour plays in mediating 

herbivory. The intensity of plant-herbivore interactions can be strongly modified directly by the 

behavioural choices of individuals or groups (chapter 1), or indirectly, in response to other 

species with which they interact (chapter 2). The manner in which herbivores exploit a resource 

can have important consequences for ecosystem structure and functioning that goes beyond a 

simple evaluation of the amount each individual consumes.  As herbivores move across space, 

they adjust their foraging in relation to the distribution and quality of resources, the environmental 

conditions, their own metabolic state as well the presence of conspecifics or other species with 

which they may cooperate, compete with, or be afraid of (Fox and Bellwood, 2011; Heithaus et 

al., 2007; Karkarey et al., 2020; Pessarrodona et al., 2019). What results is an interaction strength 

that varies across the landscape as herbivores navigate these conditions to optimise their 

nutritional intake. In some seagrass meadows, the aggregate foraging behaviour of 
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megaherbivores, like green turtles and dugongs, results in spectacular collapses of entire habitats, 

triggering mass movements of animals similar to vast migrations seen in the African savannahs 

(Christianen et al., 2021). As I show chapter 1 and chapter 2 however, even smaller herbivores, 

making complex behavioural choices, can strongly modify herbivory across the meadowscape. 

The fish Sarpa salpa and the sea urchin Paracentrotus lividus, have an impact on seagrass 

meadows that is not merely numerical. For the fish S. salpa, its impact on seagrass habitats scales 

with its size, its shoaling patterns, its feeding strategy and its feeding preferences. In the case of 

P. lividus, its herbivory depends on a series of complex indirect interactions that involves its fish 

competitors, how it perceives its risk of predation, how far it is willing to move, and its preference 

behaviours, among others.  

Individual preferences can vary 

At its base, a plant-herbivore interaction is driven by individual choices of herbivores. These 

choices are driven by metabolic requirements, current nutritional state, the availability of multiple 

food sources, preferences, plant defences, and several other interacting factors. All these, as I 

discuss in later sections, can change when individual forage in groups, and as individuals grow.   

Although the fish S. salpa is a generalist herbivore, it is a voracious consumer of P. oceanica, at 

least as an adult. The fish targets the high nutrient content of younger leaves (Hernán et al., 2019; 

Marco-Méndez et al., 2017; Prado et al., 2010; Vergés et al., 2011), and consumption can 

represent nearly 50% of total production. At certain times of the year, herbivory may even surpass 

total seagrass production (Tomas et al., 2015). Sea urchins are also generalist foragers, but they 

also contribute significantly to seagrass consumption. They consistently prefer older leaves 

covered with epibionts, thus potentially reducing their overall impact on the growing 

plant(Marco-Méndez et al., 2015; Vergés et al., 2011).  In chapter 3, I show that temperature can 

also trigger changes in food preferences by S. salpa.  The feeding activity of adult fish appeared 

to remain unaffected with warming. However, given that seagrass palatability increased for plants 

incubated at warm conditions, S. salpa displayed a clear change in their feeding preferences that 

could imply an increase in overall rates of seagrass herbivory. Although the study did not directly 

test this, we assume that this increased palatability reflects the plants decreased ability to invest 

in defences under conditions of temperature stress. In contrast, other studies have shown that the 

sea urchin P. lividus preferred plants grown in cooler waters (Pagès et al 2018).  

Of course, since both herbivores are generalists, their consumption of P. oceanica will also 

depend on what alternatives they find in the vicinity. These alternatives could either be strongly 

preferred or serve as dietary supplements that subsidise overall seagrass consumption (Pagès et 
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al 2014). In chapter 2 I explore the implications of these preferences for overall P. oceanica 

consumption, particularly when alternative food resources become newly available. As I show, 

overgrazed canopies facilitate the colonisation of seagrass rhizomes by erect algae, providing a 

supplementary resource to generalist herbivores such as P. lividus, which as a result reduce their 

grazing pressure on seagrass leaves. P. lividus has a broad diet, and can consume multiple 

seagrasses and macroalgal species (Boudouresque and Verlaque, 2007). However, in preference 

experiments, when given a choice, this species showed clear preferences, choosing several 

macroalgal species as their favourite resource (Boudouresque and Verlaque, 2007). Algal 

consumption by urchins can be high enough in some instances to control invasive algae, at least 

at low densities (Cebrian et al., 2011; Tomas et al., 2011). For the fish S. salpa, multiple studies 

based on direct observations, gut, faecal and isotope analyses show that it often includes a 

significant amount of algae in its diet (Havelange et al., 1997; Marco-Méndez et al., 2017). As I 

discuss later, the amount of algae consumed can vary with age, leading to increasing impacts on 

seagrass as individuals grow. In this regard, it might be possible that the epiphytic algae 

mechanism tested in chapter 2 could be effective by influencing fish preference, particularly for 

younger individuals. As can be seen, both herbivores show considerably plasticity in their dietary 

choices. As we have discussed, this plasticity could result either because of the availability of 

alternative resources or because of differences in the physiological traits of P. oceanica (e.g. 

nutrient quality). 

Fear as a structuring agent 

While individual choices may vary in relation to species preferences or plant quality, fear can 

exert a strong influence on how much herbivory a plant receives, and how this impact is 

distributed. These indirect impacts of predators have received a lot of recent attention in terrestrial 

and marine systems, and have been shown to significantly modify the strength of plant-herbivore 

interactions (Ripple and Beschta, 2003). For instance, in seagrass ecosystems, the impact of 

megaherbivory by green turtles and dugongs is mediated by the presence of large predatory 

sharks, limiting seagrass consumption to shallower waters where predation risk was lower 

(Heithaus et al 2008; Wirsing et al 2007).  Closer to home, P. lividus movement and feeding 

behaviour may also be constrained by perceived predation risk as shown in chapter 2. In our 

experimental study site, urchin predators were very low (Boada et al., 2015a), suggesting that 

urchins were responding to an evolutionary fear of predation linked to the lack of shelter. It must 

be said however, that the decline in urchin densities we recorded as shelter reduced could not be 

attributed wholly to fear (see chapter 2 for details). However, our results conform to previous 

studies that responses to fear trigger rapid sea urchin movement (likely in search of shelter) and 
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reduced consumption (Pagès et al in review; Pessarradona et al 2019).  

Grouping behaviour  

While herbivory is often thought of in terms of the overall consumption of individual consumers, 

in aggregating or social species, per capita consumption does not capture the full range of 

variability herbivores can show.  As shown in chapter 1, the fact that S. salpa shows group 

foraging behaviour implies an increased herbivore pressure on P. oceanica as a result of the 

synergy between body length, group size and feeding specialization. Larger groups are composed 

of larger individuals, which show higher feeding activity (higher bite rates) than smaller ones. 

The ability of large shoals to perform complex feeding strategies (staggered and rotational 

grazing) results in a concentration of feeding activity on specific parts of the meadow. Rotational 

grazing may provide S. salpa with access to preferred plant tissues (e.g. more nutrient rich or less 

defended). There appears to be an important distinction between species that aggregate to feed 

(individuals congregating in an area merely for its resources) versus social feeders (that engage 

in complex coordinated feeding with others to better avail resources). While feeding aggregations 

often result in strong inter or intraspecific competition  (Fryxell, 1991; Murray and Illius, 2000; 

Nielsen et al., 1995), social feeding strategies may increase the resource quality for all individuals 

within the group. The complex group foraging behaviours shown by Sarpa salpa can have 

implications at a relatively small scale (i.e. canopy height, Pagès et al., 2012; Planes et al., 2011) 

but can also create patterns of herbivory that varies across space. S. salpa is a highly mobile 

species, with large home ranges (88-187 ha, Pagès et al., 2013), which allows it to distribute its 

effect heterogeneously across the seascape (Pagès et al., 2014). As a result, the scale at which S. 

salpa delivers its function is much larger than that of most demersal Mediterranean fish species, 

and particularly large in comparison with the other main herbivore of the system, P. lividus, whose 

influence is limited to much smaller scales (Hereu, 2005). In chapter 1, we show that S. salpa 

use of space changes as a function of both individual body length and shoal size (two traits that 

are intimately interlinked). While small individuals, which typically form small shoals, swim 

around the seascape without concentrating their grazing in specific areas; large shoals, typically 

composed of large individuals, swim around seagrass meadows searching for specific spots 

where, once selected, they can spend several minutes using a unique feeding strategy we describe 

as rotational grazing. Thus, while S. salpa distributes its function widely across the meadow, the 

intensity of space use and hence the intensity of grazing per area is heterogeneously distributed 

across the seascape.  Indeed, through the visual analysis of the video footage, we observed that 

some shoals left a patch, swam for a while and then returned to the exact spot they had left shortly 

before. This behaviour suggests that S. salpa shoals do not choose areas randomly but swim 
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around the meadows seeking specific spots, potentially creating hot and cold spots of herbivory 

(Pagès et al., 2014) 

Herbivore size determines the degree of herbivory 

As I argued earlier, herbivory is a function of both behaviour and allometry. However, behaviour 

and allometry do not act independently. Size often scales with age, and can lead to major 

ontogenetic shifts in individuals, characterised by large changes in life history. These also 

correlate with changes in behavioural strategies as individuals maximise their changing metabolic 

requirements, predation risk, social and competitive abilities as they grow. Simple allometry 

determines herbivore offtake: larger mouthparts enable bigger bite rates and allow larger 

individuals to remove much more plant biomass. Studies on S. salpa show a clear relationship 

between body size and mouth gape size, indicating that the amount of plant S. salpa consumes 

can scale with individual body length (Raventos et al., 2009). This in turn, might have an impact 

on plant abundance, richness and productivity (Bakker et al., 2006; Burkepile et al., 2017). My 

observational studies in chapter 1 show that the largest S. salpa individuals had higher grazing 

rates in seagrass meadows compared to smaller individuals.  In fact, as has been confirmed by 

several studies, S. salpa individuals show ontogenetic dietary shifts from being primarily 

algivores to seagrass feeders as they grow (Havelange et al., 1997; Verlaque, 1990). Herbivory in 

P. lividus also scales with size. Recent studies measuring grazing haloes around sea urchins of 

different size classes show a clear positive non-linear trend between halo diameter and body size, 

where individuals smaller than 4 cm have a negligible grazing impact (Pessarrodona et al., 2019). 

However, this relationship becomes less clear when predation risk is added, since the presence of 

predators (or even their chemical cues) can limit sea urchin feeding behaviour. Interestingly 

though, even predatory responses appeared to scale with size; larger individuals of P. lividus, with 

higher per capita impacts on macroalgal assemblages, show a much stronger reduction in their 

grazing activity in the presence of predators, even when they were too large to be vulnerable to 

most extant predators (Pessarrodona et al. 2019). 

As individuals age, their propensity to join social units change. Some species take safety in 

numbers when they are smaller, growing to become increasingly solitary. Others, in contrast, may 

become more social as they grow. S. salpa is a case in point. As I show in chapter 1, as individuals 

grow, they form increasingly large groups. The largest individuals shoal together in groups of 300 

or more. As discussed in the previous section, these giant shoals of large individuals feed 

cooperatively on seagrass, concentrating their herbivory over relatively small areas of the 

meadow. What was additionally fascinating was that larger size classes of fish engaged in 
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increasingly complex foraging behaviour. This curious cooperative strategy (rotational feeding, 

see previous section and chapter 1) was never recorded for smaller individuals, even when they 

occasionally shoaled in large groups. It is likely that these complex group behaviours require a 

high degree of coordination to be effective, something that requires considerable learning to gain 

sufficient competence in. Other cooperatively feeding social animals show similar age-related 

participation; several social birds, chimpanzees and some marine mammals also engage in group 

foraging behaviours which younger individuals do not participate in until they have achieved 

sufficient skill (Boesch, 2002; Keynan et al., 2015; Patterson et al., 2016). 

Warming seas may (or may not) strengthen plant-herbivore interactions 

My thesis adds to a growing body of work on plant-herbivore interactions, and shows that the 

intensity of seagrass herbivory can vary considerably with individual behaviours, grouping 

behaviours and allometry. However, as the Mediterranean warms, it is also critical to understand 

how plant-herbivore interactions will adapt to these new conditions. This matter is particularly 

important in ecosystems characterised by strong interactions with a few key herbivores that play 

a disproportionate role in structuring the habitat. Global change influences each of the actors and 

components in this interaction, through both direct and indirect pathways. To begin with, warming 

is known to differentially influence consumers and producers in marine systems, often altering 

interaction strength (Morelissen & Harley, 2007; O’Connor, 2009; Gutow et al., 2016). In the 

case of S. salpa, the main herbivore of P. oceanica ecosystems, results from chapter 3 show that 

warming influenced only the early stages of this species, with larvae spending approximately one 

day less in the water column, and displaying slightly faster larval growth rates. Adult fish feeding 

activity appeared to remain unaffected by warming. It is perhaps unsurprising that S. salpa was 

so weakly affected by temperature, since it occupies a wide range of latitudes and is likely well 

adapted to an equally wide range of conditions. However, seagrass palatability showed a distinct 

increase in warmer conditions. As a result, between unchanging feeding and increasing 

palatability, the S. salpa-P. oceanica interaction will likely strengthen at warmer temperatures. 

Of course, given the generalist condition of S. salpa, the actual interaction strength will also 

depend on how other food resources in the system respond to changing conditions. Under a future 

scenario of increased temperatures several other resources (i.e. macroalgae) can also be affected 

by temperature and it is difficult to make firm predictions on how this will influence S. salpa 

preferences, given their wide mobility and capacity to choose.  

In a similar study with P. lividus, sea urchins’ performance worsened with warming as a result of 

an increase in metabolic rates (Pagès et al 2018). In addition, P. lividus preferred plants incubated 
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at lower temperatures, which resulted in the P. lividus-P. oceanica interaction remaining 

unaffected or even weakening with warming. At the same time, many studies have assessed the 

effect of warming on the performance of P. oceanica (Olsen et al., 2012; Pagès et al., 2018; Ruiz 

et al., 2018; Ontoria et al., 2019), all pointing to a poorer performance of this seagrass as 

conditions warm. With slower growth rates, the compensatory growth mechanism described in 

chapter 2 may be impaired. We must interpret these results with caution. The effects of warming 

are so pervasive that it could affect many more components of plant and herbivore performance 

than I was able to investigate in this thesis. Importantly, warming is also affecting the larger 

community within which this interaction occurs.  For instance as oceans warm,  the relative 

abundances and distributions of P. lividus and Arbacia lixula (another Mediterranean echinoid) 

are changing, as the latter performs better at warmer temperatures, given its tropical evolutionary 

origin (Pérez-Portela et al., 2019; Privitera et al., 2008; Wangensteen et al., 2013).  Although it is 

debated whether the two species’ niches overlap (i.e. whether they are strict competitors), A. lixula 

is apparently responsible for maintaining rocky barrens created by P. lividus in the first place, 

inhibiting the regrowth of turf and erect algae that would serve as food for P. lividus. How these 

changing abundances play out in the ecosystem is difficult to predict. Seagrass and rocky reefs 

may buffer each other from urchin herbivory (Boada et al., 2018); one plausible scenario of 

changing abundances could be that P. lividus migrates to deeper areas (less warm and less used 

by A. lixula (Bulleri et al., 1999)) or to P. oceanica meadows, where A. lixula is very rare 

(Privitera et al., 2008), potentially shifting P. lividus herbivory pressure from rocky reefs to 

seagrass. 

On another note, the tropicalization of temperate seas worldwide is becoming more and more 

common, with profound ecosystem alterations due to range shifts of species from warmer seas to 

temperate areas. In the Eastern Mediterranean, the arrival of herbivorous rabbit fish (Siganus sp.) 

via the Suez Canal is transforming benthic communities’ by overgrazing canopy-forming 

macroalgae (Vergés et al., 2014), potentially increasing grazing pressure on P. oceanica meadows 

(Ozvarol et al., 2011). However, recent studies show that under the low nutrient conditions of the 

Eastern Mediterranean, this interaction may be weakened because herbivores shift their 

preference towards more nutritious macroalgae (Santana-Garcon et al. in review). In this changing 

landscape, the evaluation of regulatory mechanisms described in chapter 2 becomes even more 

relevant, as it can be useful to explore future scenarios, and anticipate if P. oceanica ecosystems 

will be able to withstand potential high herbivory episodes in the future as a result of the arrival 

of new voracious herbivores. 
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Unpacking the resilience of Posidonia oceanica to herbivory 

While the degree of certainty may vary, the above discussion shows how strong P. oceanica’s 

interactions are with its principal herbivores. Between individual and group behaviour, 

Mediterranean seagrass meadows experience a high degree of herbivory from fish and sea urchins. 

Ocean warming, if anything, only further strengthens these pathways. And yet, while many 

marine macrophyte systems across the world show a particular vulnerability to increasing 

herbivory pressure, P. oceanica appears, thus far, to withstand it. In the same waters as P. 

oceanica, rocky macroalgal systems are confronting an existential threat to rampant herbivory by 

the same suite of herbivores that feed on the seagrass. In the face of growing rocky barrens, it is 

worth asking the question how does P. oceanica cope as well as it does. 

The dynamics of plant-herbivore interactions are governed by a series of stabilising and de-

stabilising mechanisms that together determine the overall resilience of the system. There has 

been a wealth of research on the role of destabilising biotic feedbacks in the devastating non-

linear transitions observed in algal forests (Filbee-Dexter and Scheibling, 2014; Ling et al., 2015, 

2009). Interestingly, even though numerous cases of overgrazing in seagrasses have been 

described worldwide (Eklof et al., 2008), the study of alternative stable states and feedbacks 

seems not to have received the same attention. Studies done thus far have largely focused on 

abiotic stressors (e.g. light, sedimentation or eutrophication) triggering abrupt changes and 

alternative stable states in seagrass (Carr et al., 2010, 2012; De Boer, 2007; Van Der Heide et al., 

2007). Some of these studies emphasise how environmental conditions, such as depth, can act as 

a stabilising feedback of the degraded state, limiting recovery potential even when the disturbance 

abates. However, the idea that seagrass physiological processes and other ecosystem pathways 

can act as stabilising feedbacks, providing resilience to the system and preventing abrupt changes, 

has not been considered until recently (Maxwell et al., 2017).  At the same time, although there 

are many studies of seagrass-herbivore interactions based on the induction of defences and 

indirect interactions in the system (Vergès et al., 2007; 2008; Pagès et al., 2012; Farina et al., 

2014; Steele & Valentine, 2015; Hernan et al., 2019), rarely have they been integrated into a 

resilience framework. 

The results obtained in chapter 2 show that P. oceanica meadows have a number of regulatory 

mechanisms capable of attenuating intense herbivory episodes. This particularly true for the 

urchin P. lividus, one of the primary agents in the collapse of rocky macroalgal systems. These 

mechanisms include compensatory growth, and a host of indirect feedbacks mediated by canopy 
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height that reduce the pressure of sea urchins on seagrass. While direct predation also contributes 

to reducing sea urchin densities, many of these mechanisms involve changes in urchin behaviour 

in relation to changing plant traits and environmental conditions (for instance the perception of 

predation risk). However, seagrass overgrazing events, where observed, are rarely associated with 

fish herbivory in the Mediterranean. In seas where large megaherbivores are active, seagrass are 

much more prone to catastrophic collapses. Where megaherbivores like dugongs and turtles 

aggregate to feed, their consumption can act as a strong destabilizing feedback, focusing on 

specific plots over time and, eventually, reducing them to bare sand (Aragones, 2006; Christianen 

et al., 2021). Although the group feeding behaviour of S. salpa described in chapter 1 is similar 

to cultivation grazing seen in turtles, it is unlikely to lead to P. oceanica meadow collapse. 

Considering that, as seen in chapter 2, stimulated grazing induced compensatory growth in P. 

oceanica, this grazing behaviour may even potentially enhance both growth and quality of the 

plant, causing beneficial effects for herbivores, which in terrestrial systems have been seen to 

contribute to so-called positive feedbacks (Craig, 2010). For example, mammalian browsers 

induce leaf compensatory growth and growth of dormant meristems through its grazing, which 

can help maintain the availability of high-quality resources (Bergqvist et al., 2003; Craig, 2010). 

While on the face of it P. oceanica should show the same degree of vulnerability to herbivory as 

many other macrophyte communities, including other seagrasses, it has several buffering 

mechanisms that contribute to its resilience. While some of these are inherent properties of the 

plant, forged in its long evolutionary experience of herbivory, others are ecological pathways that 

depend on herbivore behaviours and plant responses. Together these maintain a dynamic 

equilibrium between consumption and production, contributing to the overall stability of P. 

oceanica. 

Consumer-resources relationships do not take place in isolation. 

Assembly and context matters. 

Through this thesis, I have explored plant-herbivore interactions as entities in themselves. The 

strategy has been to break them down to their individual components and understand how each 

pathway functions. It has allowed to distinguish several valuable insights into the nuances of this 

interaction and helped understand the remarkable resilience of Posidonia oceanica. Yet through 

it all, it is clear that the plant-herbivore relationship does not take place in isolation. The 

interaction is strongly dependent on environment and it is heavily influenced by ecological 

context. These contextual drivers might be abiotic or biotic. While I explored how climate change 

likely influences fish-herbivore interactions in chapter 3, temperature is only one of many 
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environmental conditions that could influence the P. oceanica – macroherbivore interaction. For 

instance, the preference for epiphytic algae shown by the sea urchin – an important stabilising 

feedback that subsidises herbivory on seagrass – is completely dependent on depth and/or nutrient 

levels. In deeper areas, where light is limiting or in locations where nutrients are scarce, these 

mechanisms would not operate. Similarly, the stabilising mechanisms that rely on increased 

predation risk with decreasing shelter, function when visual predators are part of the pool. Without 

them, direct predation would not reduce urchin numbers although, as studies have shown, fear 

could continue to be a mechanism reducing herbivory if not number. A large body of work 

supports such context-dependence in plant-herbivore interaction dynamics, regulated by plant 

community (Barbosa et al., 2009; Riolo et al., 2015; Underwood et al., 2014), nutrient conditions 

(Boada et al., 2017; Burghardt, 2016; Van Nuland et al., 2016) and predator risk (Flagel et al., 

2016; Pessarrodona et al., 2019). 

Ecological context makes all the difference. For instance, my studies on grouping behaviour of S. 

salpa in chapter 1 demonstrated how locally intense herbivory could be when fish herbivores 

shoal in large foraging groups. However, neither shoal composition nor feeding behaviour was 

affected by environmental conditions like temperature or latitude. Instead, as Table S1 shows, 

93% of the largest shoals were restricted to the bounds of MPAs. This is likely because, outside 

MPAs, large individuals are caught as bycatch, causing them to be rare outside protected areas 

(Raventos et al., 2009). Incidentally, this implies that P. oceanica meadows inside MPAs are 

paradoxically much more vulnerable to high herbivory pressures from these large shoals. This 

may call into question such conservation measures, as episodes of intense herbivory may modify 

the structure of P. oceanica meadows and, in turn, alter related ecosystem processes (Prado et al 

2008). These unintended consequences may occur in other seagrass systems as well, and may be 

especially harmful in those dominated by megaherbivore species. A recent example was 

documented by Rodriguez and Heck Jr, (2020), where earnest conservation efforts have increased 

the abundance of the turtle Chelonia mydas, which is inadvertently leading to undesirable 

overgrazing events of the seagrass Thalassia testudinum. 

The central question running through this thesis is the resilience of Posidonia oceanica. 

It is clear that a large part of its resilience lies in the dynamics of its interactions with its 

dominant herbivores. Even so, the ecological context that P. oceanica finds itself in is 

equally important. It is impossible to conceive of the overall stability of P. oceanica 

without taking into account the rocky macroalgal systems with which it shares the 

benthos. Their ecological status are linked through the performances of their shared 

herbivores, who use both ecosystems as recruiting grounds, shelter and food. They may 
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favour each other or, in contrast, exacerbate impacts on each other. The overall resilience 

of P. oceanica has therefore to be understood as a function of the ecological matrix of 

which it is a part. At present, this matrix is being radically transformed by herbivory as 

sea urchins overgraze rocky reefs, leaving vast barrens where once macroalgal forests 

stood. This is the clearest sign of a historically overfished sea, depleted of the predators 

that would normally have kept urchins in control. While the current resilience of P. 

oceanica to herbivory in itself may be high, it is dependent on the health of the entire 

landscape to maintain that resilience. Therefore, while understanding individual 

consumer resource interactions is crucial, our studies need to engage much more with the 

ecological realities in which these interactions play out. These realities change with 

context, and only if we pay due attention to these contexts will we have the best chance 

of understanding and manage the shared ecological futures of complex ecological 

matrices. 

Future directions 

How much P. oceanica is consumed for each different feeding strategies of S. 

salpa?  

The synergy between shoaling patterns and feeding strategies of S. salpa observed in chapter 1 

must necessarily have an impact on P. oceanica. According to previous studies, S. salpa is capable 

to heavily graze P. oceanica patches (Prado et al., 2007; Planes et al., 2011; Pagès et al., 2012) 

and fish size and behaviour should be linked to this canopy reduction. However, since our study 

followed a descriptive approach, we could not quantify it. So, how much of this impact is 

explained by fish behaviour? It would be interesting to quantify the amount of seagrass removed 

by each body length class, shoal size class and type of feeding strategies in order to evaluate 

differences in impact.  

Is S. salpa herbivory regulated via a feedback mechanism? 

According to results obtained in chapter 2, an intense herbivory episode can trigger a series of 

feedback mechanisms that provide resilience and maintain the stability of P. oceanica systems. 

While the direct mechanism (compensatory growth) is generally effective against an intense 

herbivory episode, the three indirect mechanisms (epiphytic algae preference, predation risk and 

canopy-density-dependent urchin loss) were specifically tested in just one of the two herbivores, 
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the sea urchin P. lividus. While it is easy to conceive that the epiphytic algae mechanism works 

for the fish S. salpa as well, it remains to be tested. Considering that S. salpa is the main P. 

oceanica consumer (Prado et al., 2007b), and that it can be considered and ecosystem modifier 

(Pagès et al 2012), it would be relevant to find specific feedback mechanisms for this species and 

test its effectiveness with field experiments.  

How will feedback mechanisms work under different conditions?  

As said above, contextual conditions highly determine the outcome and equilibria of biotic 

interactions, so the existence and effectiveness of feedback mechanisms described in chapter 2 

might be linked to the conditions under which the interactions take place. Therefore, how will the 

functioning of these mechanisms change if with altered conditions? I believe that combining 

laboratory experiments (e.g. testing epiphytic algae preference in the presence of the predator) 

and assessing the same mechanisms along environmental gradients in the field (e.g. evaluate 

compensatory growth under higher temperature) will provide a better understanding of the 

functioning of these mechanisms.  

Modelling plant-herbivore interactions using the results from this thesis 

The results obtained in this thesis, particularly in chapters 2 and 3, show indications of non-linear 

dynamics and thresholds within the plant-herbivore interaction between P. oceanica and its 

herbivores. With the amount of previous information about this interaction in addition to the 

information provided by this thesis, the time is ripe to start exploring its dynamics and possible 

non-linearity within a mathematical framework, considering all the components and factors 

related to the interaction. Mathematical modelling would not only open up the possibility of 

deepening the understanding of the interaction, but could also become a very useful tool for 

detecting critical points in the state of the ecosystem and simulating conservation interventions 

that could be relevant from a management point of view. 

Are other seagrass systems as resilient to herbivory as P. oceanica seagrass 

meadows? Are the pathways identified in this thesis also relevant for other 

seagrass-herbivore interactions? 

All seagrass ecosystems worldwide are subjected to some degree of herbivory, even with some 

of them commonly experiencing overgrazing events (Eklof et al., 2008). Do all of them show the 

same resilience as P. oceanica? Which factors determine seagrass collapse (in the systems where 

this happens)? The conclusions extracted throughout this thesis showed the relevance of 
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disentangling the different components of a seagrass-herbivore interaction in order to achieve a 

mechanistic understanding of its functioning and consequences for the system. In this respect, it 

would be of great value to assess herbivore behaviour and regulatory mechanisms in other 

seagrass systems, particularly in those subjected to extreme levels of herbivory or those highly 

threatened.  This knowledge is particularly relevant in the current context of global change, and 

with the risk of arrival of alien voracious herbivores.
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Conclusions 

1. The interaction of Posidonia oceanica with its two main herbivores, the fish Sarpa salpa 

and the sea urchin Paracentrotus lividus, shows an outstanding stability and resilience, 

which is not paralleled in other herbivore-macrophyte systems (e.g., algal forests). Such 

resilience is mainly related to the tolerance of P. oceanica to herbivory, but it is also a 

consequence of herbivores' behaviour; and it enhanced by an array of indirect interactions 

and influenced by contextual conditions. 

2. The capacity of both herbivores to choose between P. oceanica and other resources 

determines the impact on the seagrass. In the presence of an alternative resource preferred 

by herbivores, P.oceanica herbivory will decrease. However, depending on the seagrass’ 

traits, such as nutrient quality or palatability, grazing might be intensified. 

3. The behaviour of P. lividus is much more restricted than S.salpa, mainly by its 

dependence on seagrass canopy and fear of predation. 

4. S. salpa grouping behaviour implies a greater grazing pressure on P. oceanica because of 

the synergy between body length, shoal size and feeding strategies. Large shoals, 

composed of large individuals, develop complex feeding strategies that focus on specific 

areas of the meadows. Such an heterogeneous distribution of herbivory impact may have 

consequences on the structure and functioning of the meadows. 

5. Herbivore size determines herbivory in many ways. For one, the amount of resource 

consumed scales with body length, since larger individuals consume larger amounts of 

resources due to allometric scaling. In the case of S. salpa, larger individuals display 

faster bite rates compared to smaller length classes. At the same time, body length is 

related to fish age and ontogenetic shifts can imply changes in diet and foraging 

efficiency. According to our observations, large individuals of S. salpa strictly feed on P. 

oceanica and are capable to perform complex feeding strategies, while small individuals 

show a mixed diet and feed in smaller groups. 

6. The resilience of P. oceanica meadows in the face of intense herbivory arises from both 

direct but also indirect feedback mechanisms. The seagrass can tolerate grazing by 

increasing its growth rate, while the decrease in canopy height triggers indirect 

interactions involving the modification of the behaviour of other herbivores from the 

system, particularly P. lividus.   



Conclusions   
 

 
118 

7. Warming is likely to strengthen P.oceanica-S.salpa interaction, mainly because of the 

limited performance of the seagrass at high temperatures (reduced plant production at 

high temperatures). In contrast, no effect was detected in adult individuals of S.salpa, In 

addition, warming enhanced the palatability of the seagrass for S. salpa, potentially 

further strengthening the plant-herbivore interaction. 

8. All components and processes mediating P.oceanica-macroherbivores interaction are 

subjected to the environmental context within which the interaction takes place. Changes 

in environmental conditions, such temperature, or in community assemblage, such 

predator overfishing might influence the processes regulating the interaction and even 

modify the outcome. However, in the light of our results, the feedback mechanisms 

around the P.oceanica-herbivore interaction keep these ecosystems well buffered against 

collapse. 
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Figure S1. Abundance of a) shoal length classes for each shoal size and b) shoal sizes for each 

location. 
 

 

 

 

Figure S2. Frequency distribution of Sarpa salpa a) individual body lengths and b) shoal sizes. 
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Figure S3. Body length (cm) of individuals composing each shoals’ body length classes. Body 

length classes: Class 1 (<14.6 cm), Class 2 (14.6-20.2 cm), Class 3 (20.3-26 cm) and Class 4 

(>26 cm). 
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Figure S4. Proportion of time spent feeding on different resources for each body length class 

of Sarpa salpa. Only shoals recorded in areas with both seagrass and algae are included. Body 

length classes: Class 1 (<14.6 cm), Class 2 (14.6-20.2 cm), Class 3 (20.3-26 cm) and Class 4 

(>26 cm). Note that shoals containing individuals of the largest length class (>26 cm) fed 

exclusively on seagrass while the smallest length class (<14.6 cm) spent 35% of their time 

feeding on algae. 
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Figure S5. Absolute shoot growth of P. oceanica for control shoots and shoots under high 

simulated herbivory. 
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the dominant seagrass herbivore 
Sarpa salpa shifts its shoaling 
and feeding strategies as they grow
Xavier Buñuel 1*, teresa Alcoverro1,3, Jordi f. pagès2, Javier Romero2, Juan M. Ruiz4 & 
Rohan Arthur1,3

The relative benefits of group foraging change as animals grow. Metabolic requirements, competitive 
abilities and predation risk are often allometric and influenced by group size. How individuals optimise 
costs and benefits as they grow can strongly influence consumption patterns. The shoaling fish Sarpa 
salpa is the principal herbivore of temperate Posidonia oceanica seagrass meadows. We used in-situ 
observations to describe how ontogeny influenced S. salpa individual feeding behaviour, shoaling 
behaviour and group foraging strategies, and its potential consequences to seagrass meadows. 
Shoaling was strongly influenced by body length: shoals were highly length-assorted and there 
was a clear positive relationship between body length and shoal size. Foraging strategies changed 
dramatically with shoal size. Small shoals foraged simultaneously and scattered over large areas. 
In contrast, larger shoals (made of larger individuals) employed a potentially cooperative strategy 
where individuals fed rotationally and focused in smaller areas for longer times (spot feeding). Thus, 
as individuals grew, they increased their potential impact as well, not merely because they consumed 
more, but because they formed larger shoals capable of considerably concentrating their grazing 
within the landscape. Our results indicate that ontogenetic shifts in group foraging strategies can have 
large ecosystem-wide consequences when the species is an important ecosystem modifier.

While feeding in groups has clear immediate and evolutionary advantages, it is not without its  challenges1. The 
benefits of locating resources, facilitating consumption and diluting predation risk have to be offset against strong 
competitive pressures within the group, particularly when resources are  scarce2,3. For herbivores that spend a 
good portion of their time either trying to find food or feeding, group foraging has additional advantages. For 
one, it increases the success of finding feeding sites—either because there are more eyes to search, or because 
some individuals are better  experienced4. Once a resource is found, cooperative feeding can also maximize the 
foraging efficiency of the  group5,6. Feeding is a particularly risky activity in predator-prone areas, and groups 
help both to dilute the risk of individual predation as well to increase overall group  vigilance7–9. However, as the 
size of the group increases, so do the costs of joining  it10. For instance, the increased vigilance and dilution that 
groups provide needs to be balanced against higher conspicuousness as groups  grow11; odd sized individuals or 
those in a weak physical state may be easy pickings in larger  groups12–14. Also, in resource-limited environments, 
group foraging can enhance intraspecific  competition2,3. How individuals optimise costs and benefits is linked to 
the size, composition and behaviour of the  group8,10, and can determine how key functions are distributed across 
the habitat. Large herbivore aggregations can radically modify vegetation  structure15,16, leading, in the extreme, 
to complete habitat  collapse15,17. These dense aggregations lie at one end of a spectrum; many herbivores show 
remarkable flexibility in group size, from foraging alone to forming herds or schools of thousands of  individuals18. 
Determining what characterises variability in group size and how it influences foraging decisions requires an 
understanding of how costs and benefits change with resource distribution, within-species interactions, and with 
an individual’s metabolic needs and abilities.
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The costs and benefits of group living can alter through life since they scale strongly with individual size. 
Smaller individuals face considerably higher risks of  predation19,20 and may respond by choosing either 
safety-in-numbers or inconspicuousness strategies by foraging in large or small groups respectively. As indi-
viduals grow, their susceptibility to predation typically reduces due to decreasing predator-prey body size 
 relationships21,22. Many species may find size an ultimate refuge—with no predators serving a realistic threat 
beyond a  threshold23–26. However, these larger individuals may still find it to their advantage to forage in groups 
if it increases their ability to find and access resources or if, despite having reached a size refuge, they still per-
ceive predation a  threat27. This may be particularly true when consumption scales with size or if there are major 
ontogenetic shifts in metabolic requirements as individuals age. Finally, smaller individuals may not be able to 
hold their own in competitive interactions with larger conspecifics in groups of mixed sizes and may find them-
selves at a disadvantage while  foraging12,13,28, while larger individuals may face no such competitive pressure. 
Thus, body size can play an important role in the group-foraging decisions that individuals make.

The result of this dynamic individual decision-making is that group size can vary widely as a function of 
the composition of the population within an  area29. This can have far-reaching implications for the landscape 
matrices within which herbivores  forage30,31, particularly if the impact of foraging behaviour scales with group 
size. For instance, the size of a group may determine how it moves across the matrix, the time it spends within 
each patch and the time it spends foraging (as opposed to being vigilant, looking for other patches, etc.). In 
addition, increasing group size is often linked to cooperative feeding and higher degrees of specialisation, which 
might result in highly efficient forage  extraction32. While evaluating the total impact of herbivory on a system, 
herbivore density, and the quality and quantity of resources (both primary and alternate) is essential (see Fig. 1). 
However, given how variable foraging decisions can be, the pattern and intensity of herbivory within a landscape 
may well be strongly influenced by group foraging  strategies15–17.

We explored the effect of fish size in grouping and foraging behaviour in the fish Sarpa salpa in Mediter-
ranean seagrass meadows. S. salpa is the primary vertebrate herbivore in shallow Posidonia oceanica seagrass 
 meadows33,34 and rocky  habitats35,36, often forming groups of hundreds of  individuals37. It consumes a large 
proportion of annual primary production of P. oceanica38, which can drastically reduce seagrass canopies, impact 
plant  fitness39, and result in cascading effects to other meadow-dwelling organisms, such as increasing predation 
 risk40. In this paper, we used extensive field observations of S. salpa foraging shoals of different size classes in 
several meadows to explore how ontogeny influences individual feeding behaviour, shoal length-assortment, 
shoal size, shoaling feeding behaviour and shoal-specific impacts (Fig. 1).

Methods
Study system and study design. Sarpa salpa (Linnaeus 1758) is a demersal marine fish (Sparidae) that 
lives mostly in groups on sandy bottoms, rocky reefs and seagrass meadows from the surface to around 70 m41. It 
extends from the North Sea to the Cape of Good Hope, found in several locations from the Eastern Atlantic to the 
Western Indian Ocean (south of Mozambique), and is also abundant in the Black Sea and the  Mediterranean41,42. 
It is one of few strictly herbivorous fish species in the Mediterranean Sea, basing its diet on  macroalgae36 and the 
seagrass Posidonia oceanica (L.)43. It is a major consumer of P. oceanica, contributing to 75% of total herbivory 
consumption of the  plant38. S. salpa food preferences change with age, with young individuals choosing a higher 
proportion of macroalgae, while adults tend to feed mainly on seagrass  leaves37,44. Although adult S. salpa have 
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Figure 1.  Factors influencing the total impact of herbivory on plant-dominated ecosystems like seagrass 
meadows. Our study focuses on unpacking how ontogeny influences individual and collective feeding 
behaviours.
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few existing fish predators in the Mediterranean, juveniles and young fish may still experience predation pres-
sure from large predatory fish. The species is not typically targeted by commercial fishing but does get extracted 
as bycatch by artisanal and recreational  fishers45–47. As a result, its populations are often highest inside fishery 
reserves and Marine Protected  Areas47.

To determine if S. salpa ontogeny influences its feeding and shoaling behaviour and describe its potential 
consequences on seagrass meadows, we conducted extensive field observations of S. salpa individuals that differed 
in their body lengths and studied their foraging behaviour (individual feeding activity, shoaling behaviour, group 
feeding strategies and potential impact, summarised in Fig. 1). We used fish length as a measure of ontogeny 
since there is a clear relationship between age and length in S. salpa48. The study was conducted in 5 locations 
dominated by seagrass meadows across the NW coast of Spain (Fig. 2), chosen for their high abundances of S. 
salpa49. Our observations were limited to shallow P. oceanica seagrass meadows (5–8 m). Shoals (or rare solitary 
individuals) were chosen as encountered in a random swim through the meadow (always maintaining the same 
depth and always within the meadow). Since all fish observed during our study shoaled in assorted sized groups 
(see "Results" section) we tracked the behaviour of entire shoals. We allowed a few minutes (3–4 min) for the 
shoal to acclimatise to the observer’s presence and then followed the shoal, recording it with a hand-held under-
water video recorder (average of 7 min of footage per shoal). We stopped recording when the shoal travelled 
across large patches of sand or toward deeper areas. Across all locations we followed a total of 93 feeding shoals. 
Recordings differed in their level of observable detail and duration so some were excluded for analyses that 
required finer scale observation or were not long enough. However, all observations were considered to determine 
the overall S. salpa shoal distribution in each meadow (Fig. S1). Our observations were conducted in summer 
(June–August 2016), when feeding S. salpa are most  active38,50. For each shoal we estimated group size (number 
of fish individuals per shoal) and used the fork length as a measure of individual body lengths (cm) within each 
shoal (from multiple randomly selected individuals). Shoal size was estimated by counting the total number of 
individuals in the shoal whenever the entire group was visible in a single frame. For large shoals (more than 50 
individuals) several counts were conducted of different visible frames in order to reduce errors associated with 
estimating shoal size. Shoals were then classified based on the number of individuals (shoal size): small (< 15 
individuals), medium (15–50 individuals), large (51–150 individuals) and very large (> 150 individuals). Within 
each shoal, the length of individuals was estimated from screen captures using the software  ImageJ51. We used 
the width of P. oceanica leaves as a standard reference, given that they are relatively consistent in size (~ 1 cm); 
we only measured fish that were on the same plane as the leaf to avoid estimation error. Whenever possible, we 
attempted to measure 15–30% of individuals in each shoal assuming that it is an accurate representation of its 
composition. Shoals were also classified based on the average body length of the fish composing them: class 1 
(< 14.6 cm), class 2 (14.6–20.2 cm), class 3 (20.3–26 cm) and class 4 (> 26 cm). In addition, for each observation 
(i.e. each video), we visually classified seagrass cover within three categories: continuous (100–80% of substrate 
covered by P. oceanica), fragmented (80–30%) and very fragmented (< 30%).

Figure 2.  Distribution of study sites across the Spanish coast in the Western Mediterranean Sea. Sample sites 
are located across the Catalan coast, Balearic Islands and the coast of Murcia. Map was created using ggmap 
package in R  software72 (R version 3.6.3 https ://cran.r-proje ct.org/bin/windo ws/base/).

https://cran.r-project.org/bin/windows/base/
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individual activity. We used three metrics to assess individual feeding: (1) bite rates per individual (num-
ber of bites per unit of time), (2) bout duration per individual (i.e. time each fish spent between its first descent 
into the seagrass leaves to feed and its exit towards the water column), and (3) number of bouts during the feed-
ing time. Bite rate and bout assessments were done separately, since the quality of the video needed to accurately 
estimate bite rate was considerably higher than for determining if a fish was feeding within the meadow or not 
(bout duration and number of bouts). Therefore, for the bite rate analysis, we selected clips of any duration where 
the mouthparts of individual fish could be clearly seen. We were less restrictive with the quality of the video for 
estimates of bout duration and number, but sought a minimum video length (i.e. 30 s) in order to standardise 
our assessment. From 1 to 5 individuals were visually followed from each shoal to measure individual activity.

Shoal composition. We analysed the shoal composition of S. salpa, to determine if they showed length-
assorted grouping (i.e. individuals of the same length shoaling together). We used the average body length and 
coefficient of variation within each shoal as a measure of length-assorted grouping. In addition, we evaluated if 
shoal size (number of individuals) was influenced by average body length of shoal.

Shoal foraging behaviour. We analysed shoal behaviour with the open-source event-logging software 
 BORIS52, which is designed for video-coding behavioural observations and allows users to calculate the time 
allocated to different behavioural states. We defined three general behavioural states for the shoals assessed: 
‘swimming’, ‘hovering’ and ‘feeding’. Within the feeding behavioural state, we noted the kind of resource being 
fed on: ‘seagrass leaves’ [P. oceanica cover: high (80–100%) medium (80–30%) or low (< 30%)] and ‘algae’. It is 
worth emphasizing that shoals were sampled only within seagrass habitats and surroundings, which precludes 
any testing of feeding preferences. In addition, we defined three feeding strategies: ‘all-at-once’, when all or 
more than 75% individuals within the group grazed simultaneously; ‘staggered ’, when 25% or more of the shoal 
grazed while the rest hovered above the patch (Clip S1); and ‘rotational feeding’, when individuals in the shoal 
descended to graze while others ascended in an orderly, seemingly synchronised manner (Clip S2). We analysed 
the proportion of time spent by each shoal in each behavioural state/strategy, which allowed us to compare 
behaviours between shoals.

Spatial extent of herbivory. To determine the functional effect of each feeding strategy we used the time 
spent foraging by an unmoving shoal within an area as a measure of the intensity of grazing. This was estimated 
by observing how long a shoal remained foraging in one specific point without moving (spot or stationary graz-
ing), while employing a given strategy (e.g. all-at-once, staggered or rotational feeding). Although we could not 
measure area through video recordings (assess profundity would carry high error), we estimated in the field 
that area covered by shoals performing stationary grazing usually did not exceed 25 m2. Then, we calculated 
the ‘percent time feeding in a spot’ as the proportion of time shoals performed this focused feeding within each 
feeding strategy.

Statistical analysis. Individual feeding activity. To determine consumption rates for each length class, we 
integrated the number of bites (estimated per individual) multiplied by the average duration of a bout and the 
number of bouts (estimated for every length class separately). Differences in total bites·min−1 were evaluated 
across individual length classes. Class 1 (< 14.6 cm) and class 2 (14.6–20.2 cm) were pooled due to low replica-
tion of class 1 (see Figure S1). Bite rates were non-normally distributed so we used non-parametric techniques 
to test for differences (Kruskal–Wallis and Wilcoxon tests).

Shoal composition. To assess if shoals were length-assorted, we tested if ‘shoal length class’ was influenced by 
‘individual body length’ using a one-way Anova. This test allowed us to assess if groups belonging to each class 
were composed of individuals of similar body length. Data was log transformed. Assumptions of normality and 
homogeneity of variances were inspected visually and fulfilled.

Additionally, we further assessed the homogeneity/heterogeneity of individual lengths within each shoal by 
calculating the coefficient of variation (CV) within each length class. Also, to determine if length assortment 
was influenced by ontogeny, we performed a non-parametric test (Kruskal–Wallis) comparing CV across body 
length classes.

Finally, we evaluated which predictor variables best explained the response variable ‘shoal size’, i.e. number of 
individual fishes per shoal. We used a Generalised Linear Mixed effects Model (GLMM) with a negative binomial 
distribution (due to data being overdispersed) and included the variables ‘average shoal body length’, ‘seagrass 
cover’ (categorical, 3 levels: continuous, fragmented or very fragmented), and ‘location’ as a random factor, to 
account for the potential shared variance among observations coming from the same location. The predictor 
‘seagrass cover’ and the random effect ‘location’ were dropped during variable selection as they did not improve 
the model (according to the Akaike Information Criterion,53). Finally, we used the R package  Visreg54 to plot the 
fitted values and regression prediction line of our best-selected model.

Shoal foraging behaviour. To check if time using each feeding strategies was different for each shoal class, we 
performed a Chi-square test. Also, we tested if ‘rotational feeding strategy’ was influenced by ‘shoal size class’ 
using a Kruskal–Wallis test, given the non-normal distribution of the data. We used post-hoc Wilcoxon pairwise 
comparisons when significant differences were detected.
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Spatial extent of herbivory. We used non-parametric Kruskal Wallis tests to assess if the ‘time feeding in a spot’ 
was influenced by one of the three types of feeding strategies (all-at-once, staggered or rotational) used by shoals. 
Whenever differences were detected, Wilcoxon pairwise comparisons were also calculated.

Results
individual activity. Rates of seagrass consumption differed significantly between length classes (p = 0.005), 
specifically between the largest (Class 4) and all the smaller classes (Fig. 3). The largest individuals (> 26 cm) 
consumed, on average, at the rate of > 80 bites/min, more than twice the consumption of smaller length classes 
(around 40–50  bites/min). These differences were highly significant (See Tables  1 and 2 for non-parametric 
tests).

Shoal composition. All shoals were strongly size-assorted as can be seen in the narrow frequency range 
of body-length histograms (Fig. 4). For instance, shoals belonging to ‘Class 1’ (i.e. shoals with an average body 
length < 14.6 cm) were principally composed of individuals smaller of 15 cm, and those belonging to ‘Class 2’ 
were composed of individuals from 15 to 20 cm, and so on. These trends were supported by linear models that 
showed that ‘shoal length class’ was a significant predictor of ‘individual body length’ (Table 1, see Supplemen-
tary Fig. S3). The average coefficient of variation for all recorded shoals was 13%, indicating that length variation 
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Figure 3.  Differences in individual feeding activity (bite rate) of Sarpa salpa between length classes. Note that 
length classes refer to the average body length of the fish in a shoal. Each lower case letter indicates significant 
differences. Sarpa salpa image drawn by Tracey Saxby, Integration and Application Network, University of 
Maryland Center for Environmental Science (https ://ian.umces .edu/image libra ry/).

Table 1.  Summary statistics for shoal characteristics and feeding behaviour. p values correspond to those 
provided by each test. D.f = degrees of freedom. Significance values: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

Response variable Predictor variable Model d.f Statistic p Value

Shoal characteristics

Length assortment

 Individual body length Length class Linear model 3 F = 532.48  < 0.001***

 Coefficient of variation Length class Kruskal–Wallis 3 X2 = 0.657 0.88

Relationship between body length and shoal size

 Shoal size Average body length General linear model 1 F = 26.74  < 0.001***

Feeding behaviour

Bites (min) Length class Kruskal–Wallis 2 X2 = 10.542 0.005**

Time using feeding strategies Shoal class Chi-square 6 X2 = 217.64  < 0.001***

Time in rotational strategy Shoal class Kruskal–Wallis 3 X2 = 20.693  < 0.001***

Time feeding in a spot Feeding strategy Kruskal–Wallis 2 X2 = 19.816  < 0.001***

https://ian.umces.edu/imagelibrary/
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between individuals within a shoal was low. In addition, coefficients of variation did not differ between shoal 
length classes.

Shoal size (number of individuals) increased significantly with shoals’ average body length (Table 1). The 
length of fish in shoals of < 50 individuals was typically < 15 cm. In contrast, the largest shoals (> 150 individuals) 
had fish that were typically > 26 cm (Fig. 5).

Shoal foraging behaviour. Feeding strategies varied significantly with shoal size (p value < 0.001, Fig. 6). 
The smallest shoals (< 15 individuals) fed exclusively with an ‘all-at-once’ strategy, while the frequency of ‘stag-
gered’ and ‘rotational’ strategies increased as shoal size increased. At the extreme, the largest shoals (> 150 indi-
viduals) engaged in ‘all-at-once’ feeding only 15% of the time, while the ‘rotational’ strategy was used > 50% 

Table 2.  Wilcoxon tests used to evaluate pairwise differences between levels of significant effects (see Table 1). 
D.f = degrees of freedom. Significance values: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’

Response variable Descriptive variable W p value

Individual feeding activity by fish length

 Bites (min)

Class 2–class 3 162 0.608

Class 2–class 4 10 0.001**

Class 3–class 4 21 0.007**

Time spent in rotational strategy by shoals of different sizes

 Time in rotational strategy

Medium–large 139 0.049*

Large–very large 78 0.182

Medium–very large 66 0.004**

Proportion of time spent feeding in a spot in different feeding strategies

 Time feeding in a spot

All-at-once–staggered 195 0.002**

Staggered–rotational 245 0.042*

All-at-once–rotational 45  < 0.001***
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Figure 4.  Frequency distribution of Sarpa salpa individuals within shoals of different body length classes. 
Shoals are strongly length assorted, with very low dispersion around the average body length of the shoal. Body 
length classes: Class 1 (< 14.6 cm), Class 2 (14.6–20.2 cm), Class 3 (20.3–26 cm) and Class 4 (> 26 cm).
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of the time. Non-parametric tests confirmed that the rotational strategy was used significantly more by larger 
shoals (Table 2).

Spatial extent of herbivory. When shoals fed with an ‘all-at-once’ strategy, they wandered continuously 
through the meadow spending less than 10% of their time feeding at any chosen spot. In contrast, when shoals 
used the ‘staggered’ strategy spent up to 75% of their time feeding in a single spot. This was even more pro-
nounced for the ‘rotational’ strategy, when shoals spent up to 90% of their time feeding within the same spot 
(Fig. 7, Table 2).

Discussion
The distribution and persistence of Sarpa salpa herbivory on Posidonia oceanica meadows is linked to the size 
of the fish in more ways than one. At its simplest, herbivory is a mere function of size—the larger the individual, 
the more it consumes. Also, as individuals age and their metabolisms change, they may completely switch 
 diet55–57. Group foraging strategies add yet another factor to consider while evaluating the effects herbivorous 
fish have on seagrass meadows. If groups are length-assorted and group size grows as individuals grow, the 
overall impact of groups should increase disproportionately with age, as a function of both an increase in size 
and of number. Finally, as groups grow, they show increasingly complex behaviours that allow them to feed more 
effectively together. Large groups employ potentially cooperative strategies where individuals within a shoal feed 
sequentially or rotationally, potentially giving individuals access to more nutritional plant tissues by intensively 
grazing a relatively small area. The full extent of herbivory is therefore a function of the number of fishes and 
resource  availability58 but is also a function of size-mediated individual and collective feeding behaviour (Fig. 1). 
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Individual feeding behaviour and group-level feeding behaviour (a result of body length-assortment, shoal size 
and feeding strategies), act together to determine the distribution and intensity of herbivory across the landscape.

Shoal formation in S. salpa was strongly size assorted – individuals of the same body length tended to stick 
together. This is not uncommon across taxa from  insects59,  amphibians60,  birds61,  mammals62 and many  fish8 
whose groups separate based on size, standing in for a range of important life-history traits and all the metabolic, 
behavioural and social changes that age brings. As they grow, S. salpa, like many other fish, show major changes 
in their diets, shifting from algae to  seagrass37,44. Even though our observations focused on seagrass meadows and 
their surroundings alone, we found a tendency for the smallest individuals to spend relatively longer foraging on 
macroalgae within the landscape, while the largest individuals fed exclusively on seagrass (see Supplementary 
Fig. S4). Ontogenetic habitat specialisation has been observed in other groups that use distinct resources as their 
nutritional requirements changed through  life63. Even though we have not tested it in this study, the effects of 
predation, past or present, could also influence body length assortment. The oddity effect, where anomalous 
sizes face a higher risk of predation and are less competitive than median sizes, is a strong evolutionary driver 
for group composition converging to individuals of similar  sizes8,12,13. Additionally, as individuals grow, they 
may also grow in their ability to compete with conspecifics within the group. As we discuss below, larger groups 
may also show cooperative behaviours that require coordination and specialisation. Younger, less experienced 
individuals may not be able to participate in these behaviours, and may find themselves excluded from or disad-
vantaged in groups of larger individuals. For instance, marine grazers develop a range of distinct strategies relative 
to diving depth, that depend on their physical capacities and their target  prey63–66 that end up determining the 
assortment of groups by size classes. For instance, a strong relationship between body size and diving behaviour 
has been found in California sea  lions63, which determines where and how deep individuals can dive, effectively 
segregating individuals by their size.

In this study, we show that the number of S. salpa individuals per shoal increased with individual fish size, 
with large individuals commonly forming shoals higher than a hundred of individuals. The number of individu-
als per shoal could not be explained by resource availability (seagrass cover), given that the main resource of S. 
salpa (i.e. P. oceanica) is highly abundant in the study areas. Theory suggests that grouping behaviour reduces 
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predation risk for individuals by diluting the probability of predation for every individual and by increasing over-
all group  vigilance7–9. However, in our study system few extant predators serve a realistic threat to adult S. salpa, 
particularly to the largest individuals, which dominated the large shoals. We cannot discount the possibility of 
fish responding to past  predation67; previous studies show that other herbivores, such as sea urchins, still experi-
ence fear from predation even after having reached their size refuge, when predation is no longer a significant 
 risk27. Nevertheless, the results from the present study suggest that there may be clear advantages to foraging 
in large shoals—possibly linked to acquiring high quality food that can only be accessed by facilitative foraging 
(see below). Smaller individuals most likely cannot access these shoals because of intraspecific competition or 
because they are unable to participate in the complex foraging behaviours that large shoals show.

It is difficult with our observational study to distinguish between the relative importance of ontogenetic diet 
shifts, predation risk or competitive abilities as drivers of size assortment. However, our description of grouping 
characteristics of S. salpa show that body length is the main factor in shoaling composition, being closely linked 
to shoal size and ultimately influencing shoal feeding behaviour. In addition, the strong separation we recorded 
between lengths has important consequences for the way herbivory is distributed across the landscape. This 
is magnified by the fact that foraging behaviour changed with increasing shoal size. It is true that, because of 
the strong length assortment of shoals and the relationship between body length and shoal size, it is difficult to 
separate how much these variations in foraging behaviour are a result of ontogeny and how much they are related 
to the size of the group itself. The fact that the smallest shoals (also composed of the smallest individuals) fed 
considerably on algae is probably a result of ontogenetic dietary requirements. However, the shoal feeding strate-
gies—all-at-once, staggered or rotational feeding—appear to be more a function of shoal size, with the latter two 
employed much more frequently as shoal size increased. The largest shoals spent more than 50% of their time in 
rotational grazing. Rotational grazing is a unique cooperative foraging where the entire shoal appeared to cycle in 
the same place with individuals feeding sequentially within the meadow. This strategy requires a certain degree of 
behavioural coordination and probably serves to ensure that all individuals within a shoal get access to preferred 
patches of a meadow or basal portions of Posidonia oceanica leaves. Given the length of P. oceanica leaves (often 
up to a metre), other feeding strategies (e.g. all-at-once) are unlikely to gain access to these nutrient-rich basal 
 leaves68. A focused spot-foraging strategy may allow individuals to continuously crop the canopy down to its 
nutritious base. It is possible that rotational grazing can emerge only beyond a certain shoal size and may be inef-
ficient below this size. It may also require a certain degree of specialisation within the group, where individuals 
take on initiator, facilitator and vigilance roles as the group rotates within the patch. It is not unusual for such 
specialisation to emerge as group sizes increase in species as far apart as insects and  humans32,69,70.

At the individual level, S. salpa also altered its feeding activity by modifying its consumption rate across length 
classes. Larger fish consumed more per minute than smaller individuals (Fig. 3), and are likely to be more efficient 
 grazers8,28,71. This may be linked to rotational feeding, that was especially prevalent among large individuals in 
large shoals, and may be a result of the restricted grazing time this strategy implies. Large individuals, in large 
shoals, may need to increase their consumption rate to maximise the amount of intake in each feeding bout. The 
positive relationship between mouth gape size and body  length47 additionally improves the efficiency of food 
intake per bout, considerably increasing leaf offtake compared to smaller shoals.

Smaller shoals distributed their herbivory more-or-less uniformly across the meadow, using an ‘all-at-once’ 
feeding strategy, where all fish grazed together, moving quickly and widely through the landscape and covering 
large areas without focusing their herbivory on any one location. In contrast, larger shoals were much more local-
ised in their movement, spending longer periods foraging on a single patch of seagrass. This ‘spot foraging’ was 
most pronounced for rotational foraging strategies, when the shoal spent an average of 90% feeding at the same 
location. These large shoals fed on a remarkably small area of the meadow (usually not exceeding 25 m2, pers. 
obs.) in relation to the size of the shoal. Such a sedentary feeding strategy may be energetically and nutritionally 
more efficient for large shoals, reducing the time spent travelling between feeding patches, and extracting as 
much as possible from a patch once it had been located. However, this concentrates herbivory and is capable of 
significantly affecting the vegetation, reducing seagrass shoot length within the patch within a few minutes (pers. 
obs.). In the presence of large S. salpa foraging aggregations, the habitat could therefore be subject to patchy, but 
very intense herbivory  pressure50 and this could be particularly important for those meadows that host higher 
abundances or large shoals of  fish47. While the overall abundance of S. salpa and their resources are certainly 
among the main drivers of overall  herbivory58, our study highlights how individual and collective behaviours 
can be critical in mediating this impact. Although, at current population densities, S. salpa are unlikely to be 
responsible for large scale seagrass collapses, how shoals forage may create mosaics of grazing—maintaining a 
heterogeneous landscape that could have further consequences for the way other species use it. Indeed, it has 
been documented that this way of grazing can be important for plant  performance39,50, meadow diversity and 
for the distribution of other functions like  predation40.

Foraging aggregations can have major consequences for seagrass meadows and other plant-based ecosystems. 
Our results show that, for group foraging herbivores, size matters in more ways than one. Apart from simple 
allometric, ontogenetic and morphological changes in feeding as individuals grow, the impact of herbivores scale 
with their number as well as how they behave—individually as well as in groups. As groups grow both in length 
and number, increasingly specialised and increasingly efficient foraging strategies may emerge that can further 
increase the impacts these groups have on the ecosystems they graze in. A complete understanding of how graz-
ing is distributed across the landscape requires an appreciation of size, number and behaviour of herbivores, and 
how each of these change with ontogeny.
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A B S T R A C T   

Apart from directly influencing individual life histories of species, climate change is altering key biotic in-
teractions as well, causing community processes to unravel. With rising temperatures, disruptions to producer- 
consumer relationships can have major knock-on effects, particularly when the producer is a habitat-forming 
species. We studied how sea surface temperature (SST) modifies multiple pathways influencing the interaction 
between the foundational seagrass species, Posidonia oceanica, and its main consumer, the fish Sarpa salpa in the 
Mediterranean Sea. We used a combination of a field-based temperature gradient approaches and experimental 
manipulations to assess the effect of temperature on seagrass performance (growth) and fish early life history 
(larval development) as well as on the interaction itself (seagrass palatability and fish foraging activity). Within 
the range of temperatures assessed, S. salpa larvae grew slightly faster at warmer conditions but maintained their 
settlement size, resulting in a relatively small reduction in pelagic larval duration (PLD) and potentially reducing 
dispersion. Under warmer conditions (>24 ◦C), P. oceanica reduced its growth rate considerably and seemed to 
display fewer deterring mechanisms as indicated by a disproportionate consumption in choice experiments. 
However, our field-based observations along the temperature gradient showed no change in fish foraging time, or 
in other aspects of feeding behaviour. As oceans warm, our results indicate that, while S. salpa may show little 
change in early life history, its preference towards P. oceanica might increase, which, together with reduced 
seagrass growth, could considerably intensify the strength of herbivory. It is unclear if P. oceanica meadows can 
sustain such an intensification, but it will clearly add to the raft of pressures this threatened ecosystem already 
faces from global and local environmental change.   

1. Introduction 

The climate crisis continues apace, and the world’s terrestrial and 
marine ecosystems are undergoing radical transformations as their 
constituent species struggle to adapt to rapidly changing environmental 
conditions. The difficulty in determining how ecosystems will respond 
stems from the complexity of species interactions. How species in-
teractions are modified by climate change will have a disproportionate 

impact on community assembly patterns and key ecosystem functions 
(Araújo and Luoto, 2007; Memmott et al., 2007; Tylianakis et al., 2008). 
As environmental conditions change, and species optima shift in space, 
time and predictability, each species can respond either by moving, 
acclimating, adapting, or dying. Every individual response, however, 
will necessitate all interacting species to respond in turn, resulting in 
assemblage-wide shifts in the strength and direction of species in-
teractions (Gilman et al., 2010). In the case of habitat-forming species, 
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the outcome of changing interactions can have ecosystem-wide 
consequences. 

Predicting these changes is not straightforward. Even the simplest 
two-species interaction is the result of multiple individual life history 
traits and processes (determining species distribution, abundance, 
developmental stage, growth rate, behaviour, etc.), each of which can be 
independently affected by changing environmental conditions. Whether 
interactions reduce, intensify or remain unaffected will therefore 
depend on how these responses act together. Studies of consumer- 
resource relationships, both in terrestrial and aquatic systems, suggest 
that they may strengthen at higher temperatures as consumption rates 
increase to keep up with changing consumer metabolic requirements 
(Bale et al., 2002; Hernán et al., 2017; O’Connor, 2009; O’Connor et al., 
2011; Pagès et al., 2018; Poore et al., 2013; Post and Pedersen, 2008). If 
resource species are unable to offset higher demand by ramping up 
production or by any other mechanism, they could declines under 
increased consumer pressure. The direction and strength of the inter-
action will also be influenced by shifting geographical patterns. Changes 
in temperature, seasonality, oceanic currents, etc. are affecting species’ 
dispersal abilities and modifying distributional patterns (Cure et al., 
2018). Unless both species show similar geographical shifts, the strength 
of the interaction is likely to vary considerably across space as the 
centres of species’ ranges change in relation to each other, or as pop-
ulations become more or less isolated. Interactions could even dissipate 
at range edges when one species moves away, or find novel configura-
tions as new species take over as interactors. 

Consumer-resource relationships are particularly strong in marine 
systems (Bakker et al., 2016; Cyr and Pace, 1993). Variations in water 
temperature has direct effects on survivorship, growth, reproduction 
and recruitment of both producers and consumers (Andrews et al., 2014; 
Bignami et al., 2017; Höffle et al., 2011; Howe and Marshall, 2002; 
Jordà et al., 2012; Poloczanska et al., 2013; Pörtner and Knust, 2007). In 
seagrasses, rising temperatures can affect plant performance by directly 
influencing photosynthesis/respiration ratios (Greve et al., 2003; Lee 
et al., 2007; Olsen et al., 2012; Ontoria et al., 2019b) or indirectly, by 
increasing sulphide concentration, which enhances plant mortality and 
reduces shoot growth (Höffle et al., 2011; Nejrup and Pedersen, 2008; 
Olsen et al., 2012). Early life-history stages are most affected by heating, 
resulting in very low recruitment and high rates of mortality (Andrews 
et al., 2014; Hernán et al., 2017; Marbà and Duarte, 2010; Olsen et al., 
2012). Temperature can also influence grazers performance, such as 
echinoderms or fish (Deutsch et al., 2015; O’Connor, 2009; Pagès et al., 
2018; Vergés et al., 2014; Yee and Murray, 2004). Additionally, tem-
perature typically influences larval metabolism much more than juve-
niles or adults, given their narrower limits of thermal tolerance (Bignami 
et al., 2017; Pörtner and Farrell, 2008; Pörtner and Peck, 2010). Given 
the importance of larval developmental to the dispersal of marine spe-
cies, this could have major consequences for distributions and connec-
tivity (Leis et al., 2013). However, whether the effect of temperature on 
growth is positive or negative differs between studies depending on the 
species, life stage, region and temperature regime (Green and Fisher, 
2004; McLeod et al., 2015; Poloczanska et al., 2013; Sponaugle et al., 
2006). 

Beyond influencing each individual species, temperature can directly 
influence consumer-resource relationship (Pagès et al., 2018). Marine 
herbivores may increase foraging with temperature as respiratory and 
other metabolic costs mount (Gutow et al., 2016a; West and Post, 2016). 
If ingestion rates remain unchanged (Morelissen and Harley, 2007) or 
are unable to match increases in metabolism, herbivores can suffer 
significant energetic shortfalls due to intake inefficiency (Iles, 2014; 
Lemoine and Burkepile, 2012). Herbivore feeding preferences may also 
be modified directly if preferred resources become scarce under warmer 
conditions, or indirectly if the palatability of the resource changes. 
Herbivore preferences in seagrasses are strongly linked to leaf biome-
chanical and biochemical properties, including defences produced by 
the plant (De Los Santos et al., 2012; Jiménez-Ramos et al., 2018; LaTina 

Steele and Valentine, 2015; Vergés et al., 2007). However, the effect of 
heating on the production of defences is poorly understood in seagrasses 
(Jiménez-Ramos et al., 2017). Although there is some evidence of 
temperature influencing C:N ratio and the content of fibre tissue in 
leaves (Hernán et al., 2017), it is unclear if seagrass produce phenolic 
compounds in response to temperature. Finally, marine plants may also 
have some ability to alleviate herbivore pressure with compensatory 
growth. Depending on the intensity and duration of herbivory, this 
strategy will be limited by the amount of carbon the plants have stored 
(Sanmartí et al., 2014; Vergés et al., 2008). 

Because temperature can modify so many elements of the consumer- 
resource interaction, it is important to unpack each of them before 
determining how it is likely to change. We explore how warming seas are 
likely to influence plant-herbivore interactions in the Mediterranean. 
The Mediterranean is predicted to experience major temperature in-
creases over the next century calling into question the integrity of its 
dominant benthic communities (Change, 2014). The seagrass Posidonia 
oceanica is one of its principal primary producers. The sea urchin Par-
acentrotus lividus and the fish Sarpa salpa are the main consumers of 
P. oceanica (Prado et al., 2007). Earlier studies suggest that herbivory by 
the sea urchin P. lividus on P. oceanica is unlikely to be affected by rising 
temperatures (Pagès et al., 2018). However, little is known about how 
the relationship between P. oceanica and its fish herbivore will change 
with warming. We explore how warming modifies the interaction be-
tween P. oceanica and the fish Sarpa salpa. We hypothesise that tem-
perature could modify this plant-herbivore interaction by influencing 
(Fig. 1): (i) plant performance (higher temperatures will decrease plant 
growth), (ii) early life history of the fish (higher temperatures will 
enhance larval growth), (iii) herbivore foraging activity (higher tem-
peratures will increase fish feeding rate) and (iv) herbivore preference 
(higher temperature will increase plant palatability). Most earlier 
studies used controlled ex-situ setups that may not translate into real 
world ecosystems and larger spatial scales (see Gutow et al., 2016a; 
Hernán et al., 2017; Pagès et al., 2018). We complemented our labora-
tory experiments with temperature-gradient based field studies for a 

Fig. 1. The influence of increased temperature (T) on the interaction between 
Posidonia oceanica and Sarpa salpa. The figure shows the pathways that char-
acterise this interaction and the hypothesised responses to temperature. The 
signs indicate a hypothesised strengthening (+) or weakening (-) of the 
pathway with increasing temperatures. From background literature, we assume 
that high temperature is likely to enhance both larval development and grazing 
activity of the herbivore. In contrast, plant performance is likely to decrease. 
These responses together should result in an overall intensification of grazing 
pressure on seagrass. 
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more realistic evaluation of how plant-herbivore interactions will likely 
evolve in a warming Mediterranean. 

2. Methods 

2.1. Study species and study design 

The seagrass Posidonia oceanica is an iconic, long-lived foundational 
species in the Mediterranean Sea, forming vast meadows that provide a 
range of valuable ecosystem services (Francour, 1997; Lavery et al., 
2013; Marbá et al., 1996). P. oceanica habitats are retreating at an 
alarming rate; over the last century, the Western Mediterranean has 
witnessed a loss of between 5 and 20% of its cover (Boudouresque et al., 
2009; de los Santos et al., 2019). The seagrass has high thermal sensi-
tivity (García et al., 2013; Jordà et al., 2012; Tomasello et al., 2007); it 
grows slower as temperature increases (Olsen et al., 2012; Ontoria et al., 
2019a; Pagès et al., 2018) and its shoot mortality increases by 2% per 
year for each additional degree of maximum temperature (Marbà and 
Duarte, 2010). 

S. salpa is a demersal marine fish, commonly found in shallow 
Mediterranean waters and in the Eastern Atlantic (Braum, 1987; Hureau 
et al., 1984). It typically schools in groups of up to hundreds of in-
dividuals (Raventos et al., 2009). Seagrass consumption by S. salpa 
constitutes about 75% of the total herbivory on P. oceanica (Havelange 
et al., 1997; Prado et al., 2007); in some cases S. salpa can defoliate 
>40% of the seagrass’ annual production (Prado et al., 2007). Although 
P. oceanica is capable of displaying a range of compensatory mechanisms 
and chemical defences when subjected to herbivory (Ruocco et al., 2018; 
Vergés et al., 2008), it is unclear how these mechanisms will play out as 
the oceans warm. 

We evaluated the effects of warming on different components of the 
plant-animal interaction between S. salpa and P. oceanica (see Fig. 1) 
using a set of complementary field-based approaches including behav-
ioural observations and controlled laboratory and field experiments. We 
chose these methods together with carefully controlled laboratory 
techniques to avoid the many problems of acclimation, scale and 
representativeness associated with studies that rely solely on laboratory 
techniques (Bailey, 2018; Tran et al., 2016; Wernberg et al., 2012). More 
realistic manipulative experiments are prohibitive and unfeasible 
particularly with species that have large home ranges (Pagès et al., 
2013) and travel in large shoals (Buñuel et al., 2020). Carefully designed 
field studies can more closely reflect the likely trajectories of complex 
ecological interactions when exposed to change. We made use of a 
natural gradient in sea water temperature along the east coast of the 
Iberian Peninsula (~800 km), supplemented with a laboratory experi-
ment. This gradient spans a maximum difference of up to 4 ◦C during the 
summer (average range of temperatures: from 18.5 ± 1.36 ◦C to 21 ±
1.8 ◦C in autumn 2017 and 22.5 ± 0.9 ◦C to 25 ± 0.9 ◦C in summer 
2016), which represents the maximum amount of change the Mediter-
ranean is likely to experience at the end of this century as a result of 
climate change (Change, 2014). This makes for an ideal space-for-time 
substitution, with the simplifying but useful assumption that spatial 
and temporal variation are equivalent. While less precise in determining 
the exact magnitude of change, it can be a powerful means of evaluating 
qualitative trends or to generate more accurate hypotheses (Elmendorf 
et al., 2015; Pickett, 1989). Because the sampled locations and seasons 
did not always coincide for all studies (Fig. 2a and b), we grouped lo-
cations in high temperature sites and low temperature sites to make 
them comparable. 

2.2. Early life history of S. salpa 

We used otolith analysis to assess how temperature influences the 
physiology and dispersal capability of S. salpa in the earliest develop-
ment stages. We sampled 5 locations of the Mediterranean Spanish coast 
from October–November 2017 (Fig. 2a), grouping them in two 

temperature regimes: low temperature locations (18.5 ◦C average tem-
perature during sampling period) - Estartit and Aiguablava - and high 
temperature locations (21 ◦C average temperature during sampling 
period) - Blanes, Xàbia and Agua Amarga. Note that temperature groups 
do not follow a strict latitudinal pattern. Blanes is grouped with southern 
locations due to a warm current that influenced this location during the 
sampling period. We collected 112 individuals along the gradient on 
SCUBA using hand nets at depths from 0 to 5 m. We then removed the 
otoliths and preserved them in 96% ethanol. 

Following Raventós and Macpherson (2001), we extracted and 
mounted otoliths (lapilli) on microscope slides using thermoplastic glue 
(Crystalbond 509). To expose daily increments, we polished mounted 
otolith using two different grained sandpapers (3 μm and 1 μm Imperial 
lapping film, 3M) to obtain a section containing the nucleus and the first 
growth ring. We read otolith growth increments using a high-powered 
microscope with transmitted light (AxioPlan, Zeiss) connected to a 
ProgRes C10 camera (Jenoptic) and an image analysis system (Raventós 
and Macpherson, 2005). Otolith extraction and processing was per-
formed at CEAB’s Otolith Research Lab (www.ceab.csic.es/en/oto 
lith-research-lab-2). 

Otolith settlement marks in this species were always very clear 

Fig. 2. Average sea surface temperatures at sampling sites during field surveys 
for a) larval development (across the Spanish coast in October–November 
2017), and b) foraging activity recording and preference experiments (con-
ducted in Medes and Isla Grosa in July–August 2016). Temperature data ob-
tained from the Western Mediterranean OPerational forecasting system 
(WMOP) (Juza et al., 2016; Mourre et al., 2018), developed at the Balearic 
Islands Coastal Observing and Forecasting System (www.socib.es). 
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(Raventós and Macpherson, 2001). We counted growth increments of 
the otoliths from the centre to the edge along the longest radius when 
possible. If not, we used other axes for the counts, where increments 
were clearly visible. We determined the length of the pelagic larval 
duration (PLD) for each individual by counting the number of daily 
growth increments between the core and the settlement mark, and 
determined the age by counting the total number from core to margin, 
obtaining the day of birth. We also recorded size-at-settlement (along 
the longest axis of the otolith), and growth rate during pelagic phase 
(larval growth, GRPLD) before settlement. We calculated pre-settlement 
growth by dividing size-at-settlement by PLD. To minimize errors, we 
repeated all measurements three times. 

2.3. Plant performance (growth) 

We collected P. oceanica fragments (rhizomes) each with at least four 
shoots, in dense and healthy meadows at 5m depth in Isla Grosa (South 
Eastern coast of Spain, 37◦ 43.7′ N, 0◦ 42.75’ W) in April 2016. Frag-
ments were transported to the laboratory, planted in pots and trans-
ferred to tanks in the mesocosm facilities of the Spanish Institute of 
Oceanography (IEO, Oceanographic Centre of Murcia, Spain). The 
experimental system consisted of 12 tanks (500L) with independent 
seawater circulation systems and control of temperature and light (see 
details in Marín-Guirao et al., 2013), with ca. 50 shoots per tank. Plants 
were then acclimated in the mesocosms for 3 weeks at conditions similar 
to the field at the time of sampling (temperature: 20 ◦C, salinity: 37.5 
psμ, and light regime of 250 μmol quanta m− 2 s− 1, with a 12:12 h 
photoperiod). After the acclimation period, three tanks were maintained 
at 20 ◦C, while temperatures in the other nine tanks were progressively 
increased (2 ◦C day− 1) to reach three target temperatures (24 ◦C, 28 ◦C, 
and 32 ◦C, three replicates per temperature). These four temperatures 
were chosen to represent the (i) temperature of the study site at the time 
of collection (20 ◦C); (ii) the present day monthly averaged summer 
maximum (24 ◦C); (iii) an anomalously high temperature, occasionally 
reached in this region during heat waves (28 ◦C, pers. obs.); and (iv) an 
extremely high temperature, to reflect extreme heat wave conditions 
predicted for the coming decades (32 ◦C(Change, 2014),). The exposure 
period lasted for five weeks, after which plant growth was measured 
using a punching technique (Zieman 1974, adapted to this species 
(Alcoverro et al., 1995). At the start of the warming period, we pierced 
the leaves of 12 shoots per tank (chosen at random) with a needle at the 
height of the ligule. At the end of the experiment, we measured leaf 
growth (expressed in cm2 ⋅ shoot− 1 ⋅ day− 1) by tracking the displace-
ment of the piercing scar. The experimental unit was the individual tank 
(n = 3 per experimental condition). 

2.4. Herbivore foraging activity 

To assess the effect of temperature on individual and shoal feeding 
behaviour, we filmed a total of 93 shoals feeding in P. oceanica seagrass 

meadows between 5 and 8 m in 5 locations of NW and W Spanish coast 
with different temperature regimes. All videos were shot during the 
summer of 2016, when S. salpa feeding activity is typically at its peak 
(Prado et al., 2007; Tomas et al., 2005). As before, we grouped locations 
into low temperature locations (Medes and Fenals: 22.5 ◦C average 
temperature during sampling period) and high temperature locations 
(Espardell, Isla Grosa and Cabo Cope: 25◦ average temperature during 
sampling period, Fig. 2b). We allowed 3–4 min for the fish to acclimatise 
to the diver’s presence and then recorded the shoal with a hand-held 
underwater video camera, with an average of 7 min of footage per 

Fig. 3. a) Pelagic larval duration (PLD), b) growth rate during PLD (GRPLD) and c) settlement size of Sarpa salpa larvae at high and low temperature sites. Growth 
values were extracted from the residuals of the model GRPLD ~ PLD due to their being collinear. Significant differences (p < 0,05) are marked with asterisks. 

Table 1 
Results of larval development, feeding activity and preference of S. salpa in 
relation to temperature. p-values correspond to those provided by each test. D.f 
= degrees of freedom, significant effects are in bold.  

Response 
variable 

Descriptive 
variable 

Test d. 
f 

Statistic p- 
Value 

PLD Temperature Kruskal- 
Wallis 

1 F =
4.1096 

0.042 

GRPLD (resid) Temperature Anova 1 F = 7.44 0.002 
Settlement size Temperature Kruskal- 

Wallis 
1 F = 2.151 0.142 

Plant shoot 
growth 

Temperature Anova 3 F =
47.043 

< 
0.001 

Shoal feeding 
time 

Temperature Kruskal- 
Wallis 

1 X2 =

0.003 
0.952 

Bite rate Temperature Kruskal- 
Wallis 

1 X2 =

0.707 
0.401 

Preference Temperature T-test 34 T = 2.155 0.038  

Fig. 4. Posidonia oceanica shoot growth at four different incubating tempera-
tures. Letters indicate significant differences (p < 0,05) according to post-
hoc tests. 
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shoal (see Buñuel et al., 2020 for details). To assess shoal feeding 
behaviour, we noted the percentage of time each shoal spent grazing 
inside the meadow compared to swimming and hovering. For individual 
activity, we used three metrics: (i) bite rates per individual (number of 
bites per unit of time); (ii) bout duration per individual (i.e. time each 
fish spent between its first descent into the seagrass leaves to feed and its 
exit towards the water column); and (iii) number of bouts during the 
feeding time. We used different clips to assess bouts and bites, since the 
quality of the video needed to accurately estimate bite rate was 
considerably higher than that needed for determining if a fish was 
feeding within the meadow or not (bout duration and number of bouts). 
Therefore, for bite rate analysis, we selected clips of any duration, but 
where the mouthparts of individual fish could be clearly seen. Wherever 
possible, we followed a maximum of 5 individuals from each shoal to 
measure individual activity. We were less restrictive with the quality of 
the video for estimates of bout duration and number, but sought a 
minimum video length (i.e. 30 s) in order to standardise our assessment. 
We extracted an average value of bite rate for each location; this value 
was multiplied by number of bouts and bout duration for each replicate 
(i.e. total bite rate = average bite rate (location) × bout duration ×
number of bouts). This was done to get past the opportunistic nature of 
bite rate data, and to obtain an integrative estimate of bite rate in a given 
feeding time. 

2.5. Herbivore preference 

Finally, we conducted a field choice experiment to indirectly test if 
temperature modified the palatability of seagrasses. Fish could choose 
between plants previously incubated in the laboratory at warmer or 
cooler conditions to evaluate their preference, with the assumption that 
a preference would either signal lower plant defences (mechanical or 
chemical) or more nutritious plant tissues. This experiment was 
repeated twice in two different locations (each differing in their mean 
summer temperature): Medes (42◦02′N, 3◦21′E, NW Mediterranean, 
mean summer temperature = 22.5 ◦C) and Isla Grosa (37◦43′N, 0◦42′W, 
W Mediterranean, mean summer temperature = 25 ◦C). We collected 
shoots of P. oceanica at both sites, and half of the shoots from each 
location were incubated in cold water aquaria (22 ◦C) and the other half 
in warm water aquaria (30 ◦C) for one week. At the end of the week, 
plants were transplanted to each field site in pairs (plants incubated in 
warm and cool water placed next to each other) to evaluate fish pref-
erence. We measured the area of all treated shoots at the start of the 
experiment, ensuring that there were no herbivory marks on any of the 
selected shoots. We transplanted the shoots at the same locations they 
had been picked from, using 23 replicates (pairs) in Medes and 13 in the 
Isla Grosa. We collected the shoots after 5 days, checked them for signs 
of herbivory and measured the total area once again to evaluate con-
sumption by herbivores. 

2.6. Statistical analysis 

The effect of heating on pelagic larval duration (PLD) was tested 
using a Kruskal-Wallis test, due to the non-normal distribution of data, 
assessing the difference in PLD between the high and low temperature 
sites. Growth during PLD (GRPLD) was tested using a linear mixed ef-
fects model, where temperature was included as fixed factor (2 levels: 
low and high) and location as a random factor (5 levels). Given the 
strong collinearity we found between GRPLD and PLD (the longer the 
PLD, the lower the GRPLD, p < 0.05), we used the residuals of the linear 
model of GRPLD vs. PLD as the response variable instead of GRPLD. In 
this way, we could test the effect of warming on larval growth regardless 
of the amount of time the larvae spent in the water column. Finally, we 
tested for differences in settlement size between temperature regimes 
using a Kruskal-Wallis test. Normality and homogeneity of variance 
were checked and fulfilled for linear models. We set the significance 
level at p = 0.05. 

To assess the influence of warming on seagrass performance, we 
analysed the effect of the predictor variable ‘temperature’ coded as a 
fixed factor (4 levels: 20, 24, 28 and 32 ◦C) on the response variable 
‘plant shoot growth’ with linear models, using the average value for each 
aquarium. Assumptions of normality and homoscedasticity were visu-
ally checked and fulfilled. 

To evaluate if water temperature (two levels: high and low) had any 
effect on the response variable ‘time spent feeding by the shoal’, we used 
a Kruskal-Wallis test since data were strongly non-normal. Similarly, 
Kruskal-Wallis tests were used to test the effect of water temperature on 
the response variable ‘bite rate’. 

Finally, a paired t-test was used in choice experiments to check for 
fish preference towards plants incubated in cold or warm water. As-
sumptions of normality and homoscedasticity were visually checked and 
fulfilled. 

3. Results 

3.1. Early life history of S. salpa 

There was a small but significant negative relationship between 
pelagic larval duration (PLD) and temperature (Fig. 3a, Table 1). While 
larvae spent around 18 days in the water column at high temperature 
locations, individuals from colder regions spent one day more on 

Fig. 5. Foraging behaviour of Sarpa salpa at high and low temperature sites. a) 
Percentage time the shoal spent feeding (shoal feeding time) and b) bite rate 
(number of bites per minute). 
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average. Additionally, growth during PLD (GRPLD) was significantly 
higher at higher temperatures (using the residuals of GRPLD ~ PLD 
model to avoid collinearity, see Methods) (Fig. 3b, Table 1). Individuals 
in the high temperature regime showed 10% higher larval growth than 
individuals in colder locations. As a result, the size of settlers was similar 
in cold and warm regions (Fig. 3c). 

3.2. Plant performance 

P. oceanica growth rates were negatively affected by increasing 
temperatures (Fig. 4). Thus, while growth at control (20 ◦C) and 24 ◦C 
did not differ significantly, shoots subjected to 28 ◦C and 32 ◦C grew 
significantly less than controls (30% and 50% decrease relative to the 
controls, respectively, see Fig. 4 and Table 1). 

3.3. Herbivore foraging activity 

Sarpa salpa shoals observed both in warm and cold locations spent a 
similar amount of time feeding (68.5% and 63.3%, respectively (Fig. 5a, 
Table 1). At the individual level, fish bite rates were around 25 bites/ 
min in both regions and were apparently unaffected by temperature 
(Fig. 5b). 

3.4. Herbivore preference 

Feeding choice experiments showed that fish had a significant pref-
erence for plants incubated at warmer water temperatures (30 ◦C) than 
those incubated at colder ones (22 ◦C) (Fig. 6, Table 1). 

4. Discussion 

The strength of species interactions can be modified by temperature 
even when one of the actors remains relatively unaffected. Our results 
indicate that under warmer conditions, the herbivorous fish Sarpa salpa 
experienced only a small reduction in its potential dispersal ability, 
growing faster to a largely invariant settlement size. In addition, S. salpa 
foraging activity was similar across temperature regimes. In contrast, its 
primary resource, the long-lived seagrass Posidonia oceanica showed 
distinct responses to warming, growing slower and becoming more 
palatable under high temperature conditions. As a result, the impact of 

S. salpa herbivory on P. oceanica may intensify in the coming decades 
even if temperature does not influence its grazing activity. 

The impacts of climate change on species distribution in both marine 
and terrestrial systems is likely to be large. As global temperatures rise, 
species ranges shift, expand or contract, and populations disappear 
particularly from the “warm” edges of their distributions. In species with 
a dual life history, where most dispersal takes place during the larval 
phase, temperature can disproportionately impact how far they can 
travel, by modifying larval growth and influencing settlement processes. 
Numerous studies on benthic fish are equivocal on the impacts of tem-
perature on larval dispersal. Thus, while some species may increase their 
pelagic larval duration (PLD, a good indicator of how much time the 
larvae has to disperse in the plankton), others may show reduced PLDs at 
higher temperatures (Bignami et al., 2017; Green and Fisher, 2004; 
McLeod et al., 2015; Moyano et al., 2017). The herbivorous fish S. salpa 
shows a clear decrease in PLD, as it grows considerably faster (GRPLD) 
to a largely invariant settlement size at higher temperatures. However, 
all in all, a larva from the fish species S. salpa growing at warm tem-
peratures sees its plankton stage reduced by only 5.5%. While several 
other factors including the current regime and post-settlement move-
ment could certainly influence dispersal patterns; the average distance 
larvae can travel in the study area, in a day is around 12 km (Schunter 
et al., 2011), which is unlikely to be ecologically significant at the scale 
of the Mediterranean. Of course, should this pattern be maintained at 
even higher temperatures it could affect population connectivity at 
regional scales (Álvarez-Romero et al., 2018; Kleypas et al., 2016). 
Under these circumstances S. salpa ranges may contract and find 
themselves in more disconnected pockets across the coast (Pascual et al., 
2017), which could then result in a lumpy distribution of herbivory on 
P. oceanica meadows. While the influence of temperature on PLD was 
small, faster growing larvae could potentially influence post-recruitment 
processes like growth and settlement survival. A priori, an increase of 
larval growth rate and a faster recruitment could increase fish survi-
vorship, since the pelagic larval phase is the most vulnerable life stage 
(Moyano et al., 2017; Pörtner and Farrell, 2008), but there is no clear 
evidence that temperature influenced post-settlement growth and mor-
tality for S. salpa. As it stands, S. salpa distributions and dispersal pat-
terns are likely to be more affected by current regimes, post-settlement 
movement, or incidental bycatch than by temperature alone. In fact, the 
largest shoals of S. salpa currently occur in fishing-free locations like 
MPAs (Raventos et al., 2009), where they can have a disproportionate 
impact on P. oceanica meadows (Pagès et al., 2012; Planes et al., 2011; 
Prado et al., 2008). 

As environments change, behavioural modifications are among the 
first to manifest as a phenotypic response (Sih et al., 2011). However, 
the foraging behaviour of S. salpa was quite unaffected by temperature 
regimes. Temperature is known to modify essential metabolic rates since 
it accelerates consumer physiology (Gutow et al., 2016a; Pörtner, 2012). 
The resulting energy costs require herbivores to compensate either by 
increasing feeding rates or by modifying their feeding choices. However, 
neither the time spent foraging nor the rate at which S. salpa foraged 
changed between temperature regimes. It is possible that the tempera-
ture regimes present within the Mediterranean are well within the wide 
optima of S. salpa. As a species, it occurs in geographies as far apart as 
Mozambique and the Atlantic coast of France (Braum, 1987; Hureau 
et al., 1984), and is likely to be metabolically adapted to a range of 
environmental conditions. Although it feeds largely on seagrass as an 
adult (Havelange et al., 1997), it can supplement its diet with macro-
algae and detritus, showing a dietary plasticity that may allow it to 
easily adapt to changing metabolic conditions. 

In sharp contrast to its main herbivore, the seagrass P. oceanica shows 
clear responses to increased temperature, which are likely to translate 
into functionally relevant and ecosystem-wide impacts over the coming 
century. P. oceanica is a temperate-adapted seagrass which does best in 
cooler waters. Our results show that in warmer waters, its growth rate 
reduced substantially, confirming trends that have been documented in 

Fig. 6. Preference experiments: palatability of plants incubated at warm and 
cold conditions. Positive values indicate a preference for plants incubated at 
warm temperatures and the effect is significant when the confidence interval 
does not intercept 0. 
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other field and mesocosm studies (Jordà et al., 2012; Marbà and Duarte, 
2010; Ontoria et al., 2019a; Pagès et al., 2018). Similarly, its capacity to 
deter S. salpa appears to diminish in warmer environments. Our results 
show that under warmer conditions, P. oceanica defences are likely to 
reduce considerably, making the plant more palatable to fish herbivores. 
While observations on other macrophyte species suggest that in-
cubations at high temperatures modify plant palatability to consumers 
(Mannino et al., 2016; O’Connor, 2009; Sudatti et al., 2011), the exact 
pathway by which temperature influences the acquisition of defences is 
poorly understood in seagrasses (Jiménez-Ramos et al., 2017). This is 
crucial, since the principal strategy P. oceanica employs to deal with 
herbivory is to resist offtake as much possible with a suite of structural 
and chemical defences (de los Santos et al., 2019; Vergés et al., 2008). 
Whether this strategy continues to remain effective in a hotter world is 
an open question, but we cannot discard other physiological factors 
involved in plant palatability. In fact, Hernán et al. (2017) also found 
higher herbivore preference for heated P. oceanica seedlings using the 
sea urchin Paracentrotus lividus. Although these results were not related 
to any alteration in leaf chemical content, higher temperatures did affect 
physical factors (e.g. leaf thickness) which could interfere with herbi-
vore choice. It is important to clarify that our field experiment was set up 
specifically to test for fish preferences, with the assumption that fish 
would choose leaves with less defences or more nutritive conditions. We 
cannot directly infer that higher palatability would translate to higher 
consumption in the field, since several other factors (including the 
availability of other preferred resources and fish metabolic needs, 
among others) will influence absolute consumption. Whatever the 
mechanism, given the increased palatability and lower growth observed 
in this study, P. oceanica will certainly be more vulnerable to herbivory 
pressure in a warmer Mediterranean Sea. 

The agents in our simple two-species interaction respond quite 
differently to temperature. However, the consequence of these separate 
responses still implies a significant intensification of the interaction as 
both species adjust to changes both in their environment as well as to 
each other. Even if fish distribution, survival and foraging behaviour 
remain unaffected at higher temperatures, the reduced ability of 
P. oceanica to offset herbivory and regrow after it is grazed, may lead to 
increased herbivory pressure. The consequences of such an increase for 
the ecosystem are unclear. For one, even this simple two-species inter-
action is governed by more processes than we have examined here. For 
instance, fish physiological responses and population dynamics could be 
strongly influenced as climate change modifies temperatures, season-
ality, oceanographic currents etc. How these changes modify herbivory 
pressures by S. salpa is still uncertain. For another, in its evolutionary 
history, P. oceanica has likely had to deal with considerably greater 
herbivory in the past from other herbivorous fish and green turtles. It 
may well be able to resist herbivory with novel or old evolutionary 
strategies. That this species displays phenotypic plasticity in response to 
warming is evident: at higher temperatures, field and laboratory studies 
show that it is capable of shifting from primarily vegetative growth to 
the production of sexual propagules, sometimes using pseudoviviparous 
strategies for dispersal (Ballesteros et al., 2007; Ruiz et al., 2018). 

That said, climate change is introducing several new interactors to 
this system. Herbivore preference can also change as a result of shifting 
distributions or because their alternate food sources are better able to 
produce defences. Under temperature stress, secondary metabolite 
production can be crucial in determining how strongly different mac-
rophytes will be defended (Staehr and Wernberg, 2009; Sudatti et al., 
2011). In addition, as the oceans heat, herbivorous fish from the 
Indo-Pacific are increasingly finding their way into the Mediterranean 
through the Suez Canal (Bianchi and Morri, 2003; Vergés et al., 2014). In 
the complex real world of ongoing climate change, P. oceanica will have 
to contend not merely with an intensification of its interaction with 
S. salpa, but with this growing assemblage of tropical herbivores as well. 
In many parts of the eastern Mediterranean, this novel guild of herbi-
vores has already converted the simple two-species system into a 

multi-herbivore assemblage, all grazing on the same seagrass resource. 
Between habitat loss due to local anthropogenic stressors and intensi-
fying herbivory pressure, the iconic meadows of P. oceanica are under-
going major transformations. Whether they survive these combined 
impacts will depend on our ability to understand and manage these 
growing pressures. 
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