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• We examine drivers of seagrass herbiv-
ory across 2000 km and 13° of latitude
in 2 ocean basins.

• Fish density, seagrass size, and sea tem-
perature range mostly determine her-
bivory intensity.

• In temperate regions, high summer
temperatures drive an intense herbiv-
ory via greater fish density and meta-
bolic demands.

• Almost no herbivory at the subtropic
likely due to lower seagrass density
and N content
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Despite the crucial role of herbivory in shaping community assembly, our understanding on biogeographical pat-
terns of herbivory on seagrasses is limited compared to that on terrestrial plants. In particular, the drivers of such
patterns remain largely unexplored. Here, we used a comparative-experimental approach in Cymodocea nodosa
meadows, across all possible climate types within the seagrass distribution, 2000 km and 13° of latitude in two
ocean basins, to investigate biogeographical variation in seagrass herbivory intensity and their drivers during
July 2014. Particularly, the density and richness of herbivores and their food resources, seagrass size, carbon
and nitrogen content, as well as latitude, sea surface temperature, salinity, chlorophyll, and sediment grain
size, were tested as potential drivers. We found that shallow meadows can be subjected to intense herbivory,
with variation in herbivory largely explained by fish density, seagrass size, and annual sea temperature range.
The herbivorous fish density was themost important determinant of such variation, with the dominant seagrass
consumer, the fish Sarpa salpa, absent atmeadows from regionswith low herbivory. In temperate regionswhere
herbivorous fish are present, annual temperature ranges drive an intense summer herbivory, which is likelyme-
diated not only by increased herbivore metabolic demands at higher temperatures, but also by higher fish den-
sities. Invertebrate grazing (mainly by sea urchins, isopods, amphipods, and/or gastropods) was the dominant
leaf herbivory in some temperate meadows, with grazing variation mainly influenced by seagrass shoot size.
At the subtropical region (under reduced annual temperature range), lower shoot densities and seagrass nitrogen
contents contributed to explain the almost null herbivory.Weevidenced the combined influence of drivers acting
.
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at geographic (region) and local (meadow) scales, the understanding of which is critical for a clear prediction of
variation in seagrass herbivory intensity across biogeographical regions.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

While biogeography classically deals with the factors determining
the geographic distribution of species or diversity, a more recent focus
on species interactions is of paramount interest for understanding
how biotic and abiotic conditions co-shape the variation of ecological
functions (Reichstein et al., 2014). Among species interactions, herbiv-
ory can be an important modulator of community assembly and evolu-
tionary adaptation (Ehrlich and Raven, 1964; Hulme, 1996;Wood et al.,
2017). By playing a central role in the distribution of energy and bio-
mass among producers and consumers, herbivory has the potential to
mediate effects that cascade up and down through food webs
(Schmitz, 2008; Estes et al., 2011; Ripple et al., 2016).

Strength variation in plant-herbivore interactions has been the focus
of intense research in recent years, with particular attention on latitudi-
nal gradients (Schemske et al., 2009; Moles et al., 2011; Baskett and
Schemske, 2018; Gao et al., 2019). These studies provide controversial
evidence regarding the biogeographical theory commonly known as
the “Latitudinal Herbivory Hypothesis” (LHH), which dated from the
1990s, and predicts that herbivory is more intense, and plant defences
better developed, at lower than higher latitudes (Coley and Aide,
1991; Coley and Barone, 1996).While some studies indicate either a de-
cline or increase in herbivory at higher latitudes, others report no latitu-
dinal patterns at all (reviewed by Anstett et al., 2016).

Biogeographical regions share similar natural conditions that entail
climatic, environmental, ecological and evolutionary settings delineated
across millennia, which may co-vary or not with latitude, affecting in-
teraction strengths (Harley, 2003; Pennings et al., 2003; Hemingson
and Bellwood, 2018). Thus, it can be difficult to infer the underlying
causes of ecological variation in the strength of interactions between
herbivores and plants based solely on latitude. The herbivory pressure
may vary across biogeographical regions as a function of abiotic condi-
tions, plant and herbivore (species) richness, herbivore densities, and/
or intra- or inter-specific variation in per capita interaction strengths
(Pennings and Silliman, 2005;Wood et al., 2012). Identifying the drivers
of herbivory across biogeographical regions remains an important chal-
lenge for understanding variability in the strength of this relevant biotic
interaction.

In the marine realm, herbivory can be remarkably intense (Poore
et al., 2012), and top-down effects on plant productionmediated byher-
bivores via trophic cascades are also stronger than in terrestrial systems
(Shurin et al., 2002; Bakker et al., 2016). In seagrass meadows, for in-
stance, extremely high consumption by sea urchins may cause phase
shifts in ecosystem state towards unvegetated habitats (Eklöf et al.,
2008). Thus, identifying the main drivers of variation in herbivory
strength across biogeographical regions may have strong implications
for seagrass ecology and conservation. This is of major concern, since
seagrasses are fundamental habitat-forming species on coastal soft bot-
tomsworldwide,which perform key ecological functions (e.g. provision
of habitat and food, nutrient cycling) and provide ecosystem services
contributing to humanwelfare (e.g. global carbon sequestration, shore-
line protection, enhanced fisheries; see Orth et al., 2006, Fourqurean
et al., 2012; O'Hare et al., 2018).

The seagrass Cymodocea nodosa (Ucria) Ascherson is widely distrib-
uted in the Mediterranean Sea and the adjoining coasts of the eastern
Atlantic Ocean, including the Macaronesian archipelagos of Madeira
and the Canaries, as well as the Mauritania and Senegal coasts (Green
and Short, 2003, Cunha and Araujo, 2009). In this study, we investigated
biogeographical variation in herbivory intensity on this wide-ranging
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seagrass, with a particular focus on fish and invertebrate herbivory.
We used a comparative-experimental approach in seagrass meadows,
across 13° of latitudewithin the species' distribution range, to relate ob-
served patterns in herbivory to the density and richness of herbivores
and their food resources, seagrass size, carbon and nitrogen content,
aswell as geographical and environmental conditions (latitude, sea sur-
face temperature, salinity, chlorophyll, and sediment grain size). In
brief, we aimed to determine which of these factors are the most rele-
vant drivers of seagrass herbivory across biogeographical scales.

2. Methods

2.1. Study regions and sampling design

The studywas simultaneously conducted in four biogeographical re-
gions across a temperate-subtropical latitudinal gradient (ca. 2000 km,
13° of latitude; Fig. 1), extending from the Western Mediterranean
(Ebro Delta, 41° N; Alicante, 38° N) to the South-Iberian (Ria Formosa,
37° N) and Macaronesian (Gran Canaria, 28° N) coasts in the North-
eastern Atlantic Ocean. In order to focus on widely distributed herbivo-
rous fishes and invertebrates, we specifically avoided the Southern and
Eastern limits of C. nodosa distribution, where the green sea turtle
(Chelonia mydas) can be an intense seagrass consumer (Cardona et al.,
2009; Casale et al., 2018). The study regions covered the full range of cli-
mate types within the C. nodosa geographic distribution according to
the Köppen-Geiger classification (Kottek et al., 2006), which are as fol-
lows: Gran Canaria (BWh: hot desert climate) with mild temperatures
year-round; Alicante (BSh: hot semi-arid climate) having mild winters
and hottest summers with little rain; and the Ebro Delta and Ria For-
mosa with hot, dry summers and cool, relatively wet winters (Csa:
warm temperate climate).

At each region, we sampled three shallow (<10 m depth) C. nodosa
meadows separated by 3–15 km, which were chosen arbitrarily to rep-
resent the variety of meadows within each region. Sampling took place
in summer (July 2014), when herbivory is often higher (Prado et al.,
2007, 2010) and plant growth is relative stable after the late-spring
peak (Terrados and Ros, 1992).

2.2. Seagrass herbivory

Rates of seagrass herbivory by the sparid fish Sarpa salpa and/or the
warm-temperate parrotfish Sparisoma cretense, as well as by inverte-
brates (the sea urchin Paracentrotus lividus and/or small crustaceans
and gastropods, hereafter referred as mesograzers), were quantified in
20–22 undamaged shoots of C. nodosa at each meadow, following a
tethering method (Figs. A1–A3) modified from Kirsh et al. (2002).
Each leaf within the shoot was measured, annotating the size and posi-
tion of any previous scar. The bundle of leaves of each seagrass shoot
was punchedwith a hypodermic needle just above the ligule of the out-
ermost leaf. Each shoot was attached to a labelled tent peg separated by
1 m from the next along a fishing line and fixed to the sediment at the
level of the average height of the leaf canopy. After ca. 10 days, tethered
shoots were retrieved and the leaf area loss due to new grazing scars
was calculated for each leaf, using a 1 mm2 grid. In those instances
where the leaf apex was grazed, leaf loss was calculated by subtracting
the remaining leaf area above the punchingmark (i.e. excluding leaf tis-
sue grown during the experiment) to the area measured at the start of
the experiment. Conservatively, we ignored any scratch mark that was
not confidently attributed to herbivory, as well as we did not consider



Fig. 1.Map of the four biogeographical regions in the NW Mediterranean and the NE Atlantic Ocean, where seagrass herbivory and potential predictors were studied. Circles represent
Cymodocea nodosa meadows within each region, with more intense circle colour indicating greater herbivory intensity (as total consumption). Pictures show a meadow from each
region ordered from north (left) to south (right). The map was created with QGIS 3.8.1 using Natural Earth Data.
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unrecovered tethered shoots as potential losses due to herbivory. We
differentiated between fish herbivory (which left crescent moon-
shaped bites) and invertebrate grazing (which results in serrated
edges or in holes irregularly slashed or round; see Boudouresque and
Meinesz, 1982; Kirsch et al., 2002). Consumption rates byfish and inver-
tebrates were separately quantified at the scale of individual shoots as
leaf area consumed per day.

We also measured seagrass production rates at each meadow in
10–22 randomly selected shoots. Following the methods described
by Zieman (1974), we estimated leaf production in shoots tagged
in the field by punching the bundle of leaves with a hypodermic nee-
dle at 2 mm above the ligule of the outermost leaf. After ca. 10 days,
tagged shoots were collected and new leaf material produced (i.e.
leaf areas below the punching mark plus any new unmarked leaves)
was measured. In those instances where the oldest leaf within the
shoot was lost, its growth was set as zero according to the values
measured in the oldest leaves of other collected shoots. Production
was expressed as new leaf area produced per day and shoot.
3

Meadow-specific mean production rates were used to convert losses
due to herbivory into the proportion of daily shoot production con-
sumed by herbivores, with proportions higher than 1 indicating
that consumption exceeds production.

Rates of consumption and production were converted to biomass
consumed (or produced) at the m2 scale using site-specific leaf area to
dry mass regressions obtained from four to 19 randomly collected
shoots, as well as shoot density per meadow quantified as described
below (Table B1).

2.3. Biotic and environmental context

In conjunction with the herbivory experiments, we also quantified
biotic and abiotic characteristics of the plant and the meadow. Plant
size was measured in those shoots used to estimate consumption
rates prior to the experiments (n = 20–22) and expressed as leaf area
(excluding sheaths) in cm2 per shoot. We also analysed carbon and ni-
trogen content in powdered dry samples of seagrass leaves without
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epiphytes (five replicates of pooled material from three shoots each)
using a Carlo-Erba elemental analyser (Instruments EA 1108), which
were expressed as % of dry weight on a molar basis.

To quantify the richness and abundance of potential food resources
for herbivores at each meadow, immediately before the experiments,
we collected four to five replicate samples of vegetation separated by
ca. 5 m, by placing a fine mesh bag (<1 mm) affixed to a flexible
25 cm diameter hoop over the seagrass canopy, which was then cut at
the sediment surface level (Best and Stachowicz, 2012; see Fig. A4).
Sample bags were transported to the laboratory, where we counted
the number of C. nodosa shoots and expressed shoot density per m2.
We also quantified the richness of the seagrass-associated macroalgae
(i.e. number of species) and their total abundance (i.e. expressed as
the area covered after spreading all algal species on a horizontal surface
in cm2 per m2). Leaf epiphytes were scraped from each of four to 18 of
those seagrass shoots collected in the mesh bags, and epiphyte biomass
was expressed asmg of dryweight per g of seagrass leaf drymass. Logis-
tical constraints prevented us from obtaining epiphyte samples in the
Ebro Delta region.

We also quantified the density of invertebrates and herbivorous
fishes at each meadow. Among invertebrate grazers, we differenti-
ated between large-size (sea urchins) and small-size invertebrates
or mesograzers (mostly amphipods, isopods, gastropods, and
shrimps). Sea urchins at each meadow were counted along five
transects (10 m length × 1 m width), where Paracentrotus lividus
was the only sea urchin found. Mesograzers were collected simulta-
neously to vegetation using the same mesh bags, and then sorted,
identified and counted under a stereomicroscope (Fig. A4). They
comprised small-size invertebrates that may potentially consume
algae or seagrass leaves, including omnivorous species (58 taxa;
see Table C1). Most of the mesograzers that we identified are gener-
alist feeders that mainly consume algae, microalgae, epiphytes, de-
tritus, and small animals, while only nine species are reported to
actually feed on living seagrass (see species identity and supporting
references in Table C1). For each sample, we determined the density
and species richness of all mesograzers and of those mesograzers
that are seagrass-consumers. Herbivorous fishes were identified
and counted along six transects (25 m length × 2 m width) at each
meadow, performed around noon (10:00 to 15:00 h) before the ex-
periments or at different days. In Gran Canaria, only three transects
were done, but fish counts in this region were consistent to several
divers' observations at different days. All herbivore densities were
expressed as number of individuals per m2.

Sediment grain size, as well as the proportion of fine and coarse
fractions, were quantified in five sediment samples collected from
each meadow with a 5 cm diameter core inserted 5 cm into the sed-
iment, after organic matter removal with H2O2 6% and drying at
60 °C for 48 h. The grain size was expressed in phi units defined
as: φ = −log2 d (mm), where d is the particle diameter in mm.
Coarse (sand and gravel) and fine (clay and silt) fractions were
wet sieved through a 0.062 mm mesh. The coarse fraction was me-
chanically sieved at 1 φ intervals from −4.00 φ (16 mm) to 4.00 φ
(0.062 mm). Pipette analysis was performed at 1 φ intervals in the
fine fraction, after the addition of 0.5% sodium hexametaphosphate
solution as dispersant.

Lastly, we retrieved for each meadow estimates of monthly sea
surface temperature (Reynolds Optimum Interpolation Sea Surface
Temperature provided by NOAA), chlorophyll (multiple-satellite
cross-calibrated chlorophyll product provided by NASA), and salinity
(Hadley EN4 subsurface salinity), made available using the
NAUPLIUS Spatiotemporal Data Toolkit (https://www.st.nmfs.noaa.
gov/copepod/about/about-nauplius.html). We used the retrieved
time series to average, for the period 2000–2014, the annual sea sur-
face temperature mean and range, as well as the annual mean salin-
ity and chlorophyll. Such environmental variables were chosen as
geographical predictors since they mostly vary among regions.
4

2.4. Statistical analyses

2.4.1. Biogeographical variation in seagrass herbivory
We examined differences in seagrass herbivory among biogeographi-

cal regions using a series of generalized linear mixed models (GLMMs),
with ‘region’ as a fixed factor (four levels) and ‘meadow’ as a random fac-
tor nested within ‘region’ (three levels). We tested separately the con-
sumption by fish and invertebrates as response variables, as well as the
total consumption and the proportion of the leaf production consumed
by herbivores. We used a negative binomial error distribution with a
squared root link function, since we were dealing with overdispersed
count data (Buckley, 2014).Wefitted a random interceptmodel, allowing
intercepts to vary amongmeadowswithin each region, butwith the same
slope for each region (Bates et al., 2015). For each response variable, we
used a null-hypothesis significance approach, in which the full mixed
model was compared, using a χ2 likelihood ratio test, against the corre-
sponding ‘null’ model lacking the fixed term, i.e. only the random effect
‘meadow’ is included (Harrison et al., 2018). In this approach, significant
p-values denoted a significant effect of the fixed factor ‘region’, since
models significantly differ in their likelihood.

2.4.2. Predictor variables that regulate seagrass herbivory
We implemented generalized linear models (GLMs) to explore the

relative contribution to seagrass herbivory of themeasured predictor var-
iables. Separate models were fitted for fish and invertebrate consump-
tion, as well as for total consumption and for the proportion of leaf
production consumed. In order to focus on comparisons among biogeo-
graphical regions, we used the mean value of each meadow (per region)
as replicate. To prevent collinearity among predictors, we selected those
with a larger biological significance among predictors that were signifi-
cantly correlated (Spearman correlation coefficients; Table C2). Specifi-
cally, we tested seagrass nitrogen, shoot-specific plant size, and
temperature range as predictor variables; in addition to fish density for
fish consumption or mesograzers density for invertebrate consumption.
Since algal cover and richness were highly correlated to each other and
to mesograzer density, algal cover was only included to model fish con-
sumption (see unselected predictors variables in Figs. C1–C2). To esti-
mate collinearity among predictors, variance inflation factors (VIF)
were calculated using the ‘car’package (Fox andWeisberg, 2019).We ex-
cluded variableswith a VIF higher than 10, according to Quinn andQuinn
and Keough (2002). Then, fine sediment was excluded from all models,
as well as productionwas only included tomodel invertebrate consump-
tion due to high collinearitywhenmodelling other response variables. To
model total seagrass consumption and the proportion of the leaf produc-
tion consumed, we considered both, mesograzer and fish densities, as
predictor variables. After checking model assumptions of homogeneous
variances and normality of errors through visual inspection of residuals
and quantile-quantile (QQ) plots (Harrison et al., 2018), as well as the
Breush-Pagan heteroscedasticity test, we used a linear model (i.e. Gauss-
ian error distribution with an identity link function) to fit each dataset.

For model selection, we firstly performed a backward stepwise ap-
proach by iteratively dropping from the full model the predictor vari-
able with a lowest contribution, until getting the most parsimonious
model according to the Akaike Information Criterion (AIC). To this
aim, we used the ‘ MASS’ package (Venables and Ripley, 2002). Lastly,
we used the ‘ MuMIn’ package (Bartoń, 2019) with a double aim:
(i) to validate the previous model (stepwise) selection, by performing
a multimodel averaging that incorporate model selection uncertainty
and rank candidate models by the AIC corrected for small samples
(AICc); and (ii) to estimate the relative importance of each predictor
variable, as the sum of Akaike weights over all possible models. Visual
inspection of model assumptions was performed on selected models.
When more than one predictor variable was selected, low collinearity
among them (VIF < 5) was also checked. All modelling was performed
using the ‘lme4’ package (Bates et al., 2015). All packages were imple-
mented in the open source software R3.6.1 (www.r-project.org).

https://www.st.nmfs.noaa.gov/copepod/about/about-nauplius.html
https://www.st.nmfs.noaa.gov/copepod/about/about-nauplius.html
http://www.r-project.org
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3. Results

3.1. Biogeographical variation in seagrass herbivory

Total herbivory on seagrass leaves significantly differed among
regions (Table 1), with plants in Alicante and Ria Formosa sub-
jected on average to 15 times greater consumption than those in
Gran Canaria and Ebro Delta (Figs. 1, 2a). Gran Canaria plants
were almost not consumed (with only few marginal fish bites re-
corded in two meadows), while those in the Ebro Delta experi-
enced significantly lower herbivory, which was almost exclusively
due to invertebrate grazing (only marginal fish bites occurred in
one meadow).

Fish herbivory significantly differed among regions following the
same global pattern, while this pattern was slightly non-significant
(p = 0.051) for invertebrate grazing (Table 1, Fig. 2a). Intra-regional
variability in consumption by both, fish and invertebrates, was also par-
ticularly large in Alicante and Ria Formosa regions (Table B1, Fig. 2a).
Fish herbivory was dominant at two meadows in Alicante and one in
Ria Formosa (where it was exclusive), while invertebrate grazing was
dominant in the two other Ria Formosa meadows. The other Alicante
meadow suffered an intense herbivory, which was equally due to fish
and invertebrates.

We also found a significant biogeographical variation in herbiv-
ory impact (Table 1), with herbivory levels exceeding seagrass
production in Alicante and Ria Formosa, but not in the Ebro Delta
or Gran Canaria (Fig. 2b). On average, herbivore consumption was
4- and 2-fold greater than seagrass production in Alicante and Ria
Formosa, respectively. Specifically, herbivory exceeded seagrass
production in five out of the six meadows from Alicante and Ria
Formosa, reaching herbivore consumption 8.5 times seagrass pro-
duction at the Alicante meadow where both, fish and invertebrate
consumptions were high.

3.2. Predictor variables that regulate seagrass herbivory

Fish density was the only relevant predictor of seagrass consump-
tion by fish, accounting for ca. 71% of the total variance, and with con-
sumption increasing with fish density (Table 2). Two predictors,
seagrass nitrogen and sea temperature range, separately increased the
amount of explained variance (i.e. higher adjusted R2), although the
model improvementwas not large enough for the selection of both var-
iables in a more parsimonious model (Table C4).

From the three predictors determining invertebrate consumption
that were initially selected by the stepwise procedure, seagrass size
was the most important despite a lack of significance due to a high
intra-regional variability (Tables 2–3). The two other predictors,
seagrass production and temperature range, were not selected in the
MuMIn averaging due to a low importance (Table 3).

Three uncorrelated (VIF < 1.5) predictor variables were key
determinants of both, total seagrass consumption and the proportion
of leaf production consumed by herbivores, explaining 88% and 92% of
the total variance, respectively (Tables 2 and 3). Fish density was the
most important predictor for both responses, while the secondmost im-
portant predictor was seagrass size for the total consumption and
Table 1
Results of GLMMs examining variation in seagrass herbivory among biogeographical re-
gions. Significant effect of the fixed factor ‘region’, based on χ2 likelihood ratio tests, is
highlighted in bold.

Response variable Fixed factor χ2 df p-value

Total consumption Region 12.5 3 <0.01
Fish consumption Region 11.3 3 0.01
Invertebrate consumption Region 7.8 3 0.051
Leaf production consumed Region 12.2 3 <0.01

5

temperature range for the proportion of leaf production consumed
(Table 3, Fig. 3).

Fish density showed a high intra-regional variation in Alicante and
Ria Formosa, whereas no fishwas found in the Ebro Delta, and low den-
sitieswere consistently found in Gran Canaria (Fig. 3a). Fish densitywas
highest in meadows where fish herbivory was high (Figs. 2a, 3a). The
only herbivorous fish found at temperate meadows was S. salpa, while
at subtropical meadows it was S. cretense. Fish density only negatively
correlated with salinity (Table C2, Fig. 3h).

A high inter- and intra-regional variation was observed for seagrass
size. A much higher size was found in Ria Formosa than in the other re-
gions (Fig. 3b); however, the lowest plant size was also found in a
meadow from this region, as a result of intense fish herbivory. Seagrass
size did not significantly correlate with other predictors (Table C2).

Sea temperature range increased monotonically with latitude, from
13.1 °C in the northernmost region to 4.9 °C in the subtropical region
(Fig. 3c). Indeed, temperature range largely correlated with latitude
(Spearman r = 0.96; Table C2, Fig. 3g), and both biogeographic vari-
ables positively correlated with seagrass nitrogen, shoot density, salin-
ity, and chlorophyll, and negatively correlated with seagrass C:N
(Table C2; Fig. 3c–i). Seagrass nitrogen and shoot density increased
with temperature range (and latitude), with Alicante and Ria Formosa
(middle-latitude regions) having similar intermediate values on aver-
age (Fig. 3d–f). Salinity variation was marked by differences in ocean
basins, with Mediterranean regions having larger values than Atlantic
regions (Fig. 3h). Chlorophyll product was greater in the Ebro Delta
and Ria Formosa, both more enclosed and productive systems than Ali-
cante and Gran Canaria (Fig. 3i).

4. Discussion

We found that herbivore consumption on seagrass was, on average,
15 times higher and more variable in two biogeographical regions: Ali-
cante and Ria Formosa. On such regions, herbivory greatly exceed
seagrass production, removing on average ca. 3 times leaf production.
A low herbivory impact was observed in the two other regions, with
leaf production consumed averaging 28% in the Ebro Delta and almost
zero in Gran Canaria. Biogeographical variation in herbivorywasmainly
driven by contrasting fish density, seagrass size, and sea temperature
range across meadows or regions. The highest leaf herbivory at higher
temperature ranges (mid latitudes) that we found, contrasts with the
typically greater herbivory at lower latitudes predicted by the LHH, as
previously found in terrestrial systems (Adams and Zhang, 2009) and
intertidal mangrove forests (Feller et al., 2013). Our findings also con-
trast with a previous study reporting higher herbivory at lower latitudes
for a seagrass species (Amphibolis antarctica) of austral distribution
(Vergés et al., 2018).

The herbivorous fish densitywas themost important determinant of
both, total seagrass consumption and the proportion of leaf production
consumed by herbivores. Fish density was, as well, the only significant
driver of fish consumption alone, thus indicating a prevalence of the in-
fluence of fish impact in the overall herbivory pattern. The herbivory
variation narrowly related to the density of the dominant herbivore is
consistent with the pattern globally reported for aquatic ecosystems
(Bakker et al., 2016; Wood et al., 2017). On average, the density of her-
bivorous fish was higher in Alicante and lower in Gran Canaria
meadows, with no occurrence in meadows from the Delta Ebro. This
trend was unforeseen, since higher densities would be expected in the
subtropical Canaries, where herbivorous fish are more diverse com-
pared to temperate regions following the typical herbivorous fish diver-
sity pattern (Floeter et al., 2005). However, we found parrotfish
(S. cretense) but not sparid fish (S. salpa) in Gran Canaria meadows,
which is consistent with previous observations at subtropical meadows
from the Canary Islands (Espino et al., 2011, 2016). Parrotfish popula-
tions are abundant in the Canaries, where they usemeadows as nursery
grounds (Tuya et al., 2006; Espino et al., 2016), although juveniles are



Fig. 2. Seagrass herbivory at each meadow within the four biogeographical regions, from north to south (mean ± SE). (a) Seagrass consumption by fish (solid fill) and invertebrates
(hatched lines), and (b) proportion of the site-specific leaf production consumed by herbivores, with values higher than 1 (red dashed line) indicating that consumption exceeds
production. Useful replicates (retrieved shoots) are shown in parentheses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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not able to feed on C. nodosa likely because their jaws are not powerful
enough to bite seagrass leaves (Del Río et al., 2016). Parrotfish adults are
reported to inhabit shallow rocky bottoms in the Canary Islands, and
only perform occasional incursions into C. nodosa meadows adjacent
to rocky reefs (Tuya et al., 2006; Espino et al., 2015). This highlights
that fish abundance depends on habitat use or preference, which is con-
sistent with previous studies reporting that rocky and coral reefs often
hold higher herbivorous fish densities than seagrass habitats
(Eggertsen et al., 2019).

The only fish with a relevant herbivory impact on seagrass in our
study was S. salpa, a motile fish that commonly occurs in schools up to
50–60 individuals (Peirano et al., 2001; Raventos et al., 2009). The den-
sity of S. salpa showed a high local variation within the two regions that
averaged the higher herbivory intensity (i.e. Alicante and Ria Formosa).
Both, regional and local variation in fish density, were in accordance
with the pattern in herbivory impact. Particularly, the values of
S. salpa density that we found in our study regions agree previous stud-
ies. High densities of S. salpa have been reported in Alicante, which in
summer preferentially feed on C. nodosa patches surrounded by mixed
meadows of Posidonia oceanica and Caulerpa prolifera, likely attracted
by habitat heterogeneity and complexity (Marco-Méndez et al., 2017).
In Ria Formosa, S. salpa populations preferentially inhabit areas close
to hard substrates (Isidoro Costa, personal communication); they are
also common in seagrass meadows and rare in unvegetated bottoms
(Ribeiro et al., 2006, 2008). We found no S. salpa at meadows in Gran
Canaria, where they commonly inhabit rocky bottoms (Tuya et al.,
Table 2
Predictor variables regulating seagrass herbivory, according to results of model selection from
heteroskedasticity test and collinearity (via the VIF) among predictors (when more than one w

Response
variable

Stepwise selection Multimod

Significant predictors (p-value) Model pre

Fish
consumption

Fish density (p < 0.001) Fish densi

Invertebrate
consumption

Seagrass size (p < 0.01), production (p = 0.03),
temperature range (p = 0.04)

Seagrass s

Total
consumption

Fish density (p < 0.0001), seagrass size (p < 0.001),
Temperature range (p < 0.01)

Fish densi
temperatu

Leaf production
consumed

Fish density (p < 0.00001), temperature range
(p = 0.003), seagrass size (p = 0.006)

Fish densi
temperatu
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2019). Similarly, no S. salpa was found in the Ebro Delta, in spite of the
similar temperature range, shoot size, and even higher seagrass density
and nitrogen content relative to values observed in Alicante and/or Ria
Formosa. Sarpa salpa absence inside the Ebro Delta is consistent with a
previous study (Costa et al., 2002). This enclosed environment is charac-
terized by lowwater depths, reduced tidal influence and large freshwa-
ter inputs, coupledwith a lack of hard-bottomhabitats, in which S. salpa
is known to recruit (Harmelin-Vivien et al., 1995). Proximity to other
habitats, among other factors, are reported to largely influence the den-
sity of herbivorous fish and subsequent herbivory intensity (Downie
et al., 2013; Unsworth et al., 2008). Suchhabitat interconnectivity is par-
ticularly relevant within fish home ranges, which in the case of S. salpa
may extend to few km2 in Mediterranean areas (averaging 1.3 and
5 km2 in Pagès et al., 2013 and Jadot et al., 2006, respectively) to broader
ranges (43 km2) at the Ria Formosa lagoon (Abecasis et al., 2012).

Interestingly, we found that mean annual temperature did not co-
vary with latitude, but followed the Köppen-Geiger climate types
(Kottek et al., 2006); that is, the hot desert climate region (Gran
Canaria) showing the highest mean sea surface temperature, and the
warm temperate regions (Ebro Delta and Ria Formosa) having the low-
est temperatures. In our study, annual temperature ranges monotoni-
cally vary with latitude, mediating a greater (and more variable)
herbivory in two out of the three temperate regions, which are charac-
terized by dry, hot summers and cool winters with different rain levels.
The behaviour of temperate herbivores is commonly adjusted to
seasonal variation in environmental conditions (e.g. temperature,
stepwise approach and multimodel averaging. For each selected model, the Breush-Pagan
as selected), are shown. See full results in Tables C3–C4.

el averaging selection

dictors (VIF) df AICc Weight
(wi)

Adjusted
R2

Breush-Pagan test
(p-value)

ty 3 −1.5 0.48 0.71 BP = 0.72
(p = 0.40)

ize 3 7.5 0.55 0.42 BP = 6.8
(p = 0.01)

ty (1.1), seagrass size (1.2),
re range (1.1)

5 9.4 0.91 0.88 BP = 0.05
(p = 0.82)

ty (1.1), seagrass size (1.2),
re range (1.1)

5 40.2 0.84 0.92 BP = 0.03
(p = 0.87)



Table 3
Relative importance of the predictor variables regulating seagrass herbivory frommultimodel averaging of GLMs (full method: sumof Akaikeweights over all possiblemodels). Significant
predictors are highlighted in bold.

Response variable Predictor Estimate Adjusted SE z statistic p-value Relative importance

Fish consumption Fish density 5.81 1.23 4.73 0.000 1.00
Seagrass nitrogen 0.03 0.07 0.45 0.66 0.24
Temperature range 0.004 0.01 0.36 0.72 0.18
Seagrass size 0.0001 0.00 0.06 0.96 0.05
Algal cover 0.000000004 0.000001 0.00 0.998 0.05

Invertebrate consumption Seagrass shoot size 0.02 0.01 1.64 0.10 0.91
Temperature range 0.01 0.03 0.51 0.61 0.33
Seagrass production −0.05 0.39 0.13 0.90 0.23
Mesograzer density −0.000001 0.00002 0.07 0.95 <0.01
Seagrass nitrogen 0.0001 0.01 0.01 0.99 <0.01

Total consumption Fish density 10.13 1.57 6.47 <2e−16 1.00
Seagrass size 0.03 0.01 4.13 0.00004 0.99
Temperature range 0.06 0.02 2.42 0.02 0.94
Algal cover −0.0000002 0.000002 0.09 0.92 0.02
Seagrass nitrogen −0.0000610 0.02 0.00 1.00 0.01

Leaf production consumed Fish density 49.13 5.98 8.22 <2e−16 1.00
Temperature range 0.23 0.10 2.31 0.02 0.92
Seagrass size 0.06 0.03 2.03 0.04 0.89
Seagrass nitrogen −0.008 0.10 0.08 0.93 0.02
Algal cover −0.0000001 0.000004 0.02 0.98 0.01
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photoperiod), food resources (e.g. plant quality and biomass) and ener-
getic requirements (Silva et al., 2017; Abarca, 2019; Huang et al., 2020).
For instance, this variation largely drives changes in herbivore move-
ment patterns and home range sizes (Morellet et al., 2013). Specifically,
massive schools of S. salpa are known to actively feed on shallow tem-
perate Mediterranean seagrass meadows from June to September.
They accumulate reserves for the winter, when adult individuals mi-
grate to deeper waters (>40 m) during a period of less feeding and
preparation for reproduction (Francour, 1997; Peirano et al., 2001). In
the autumn-winter period, adult individuals are also reported to leave
the Atlantic lagoon, Ria Formosa, towards open coastal waters (Ribeiro
et al., 2006). Our studywas conducted in summer, when per capita con-
sumption rates that match, or even exceed, rates of primary production
are common, since increased herbivore metabolic demands are gener-
ally more sensitive to higher temperatures than rates of photosynthesis
(O'Connor, 2009). Thus, we evidenced that some shallow temperate
seagrass meadows can endure substantial summer herbivory, which is
underpinned by large annual temperature ranges that mediated sea-
sonal patterns of variation not only in herbivore (fish and invertebrates)
metabolic demands, but also in fish densities. Previous studies con-
ducted in shallow temperate meadows of the Mediterranean endemic
P. oceanica suggest that the spatially variable and intense fish herbivory
that we observed in summer is consistent across seagrass species and
over the years (Prado et al., 2007 and 2010; Planes et al., 2011).

In the subtropical region, under reduced annual temperature range,
a lower shoot density and seagrass nitrogen content contributed to ex-
plain the almost null herbivory that we found. Such explanation would
agree with previous studies showing reduced densities of S. salpa at
meadows featuring lower seagrass shoot densities (Guidetti and
Bussotti, 2000). In contrast, reports on the effects of seagrass nitrogen
content on S. salpa consumption are not uniform, indicating either an
increase (Prado et al., 2010) or no effect (Peirano et al., 2001; Marco-
Méndez et al., 2016). We detected, however, no link between these bi-
otic predictors and herbivory across the other (temperate) regions.
The observed increase in plant nitrogen content with latitude is consis-
tent with previous studies in terrestrial, freshwater and marine plants
(Borer et al., 2013; Reich and Oleksyn, 2004).

We found that C. nodosa shoot size was the second most important
predictor of total consumption, and the third in determining thepropor-
tion of leaf production that was consumed by herbivores. Seagrass size
is likely associated with invertebrate grazing, which followed the
same biogeographical pattern than fish herbivory (albeit slightly not
7

significant, p = 0.051). Both, seagrass size and invertebrate grazing on
seagrass showed markedly high intra-regional variability, which may
surpass inter-regional variation according to previous studies
(Mascaró et al., 2009; Vergés et al., 2018). Interestingly, invertebrate
grazing was almost the exclusive leaf herbivory in the Ebro Delta,
while dominated at one and twomeadows in Alicante and Ria Formosa,
respectively. While sea urchins are often important seagrass consumers
(e.g. Prado et al., 2007; Heck and Valentine, 2006), we found that they
were absent or scarce in most C. nodosa meadows. In our study
meadows, sea urchins were associated with larger shoots in Ria For-
mosa, as well as with the large bivalve Pinna nobilis in the Ebro Delta
(see also Camps-Castellà et al., 2020). We found no sea urchin at Gran
Canaria and Alicante meadows, although they are relevant C. nodosa
consumers in seagrass meadows interspersed with rocky reefs in Ali-
cante (Marco-Méndez et al., 2015). This would indicate that homoge-
neous C. nodosa is not a suitable habitat for sea urchins in terms of
refuge provision.

5. Conclusions

In summary, we found that shallow seagrass meadows in temperate
regions (i.e. with amarked annual temperature range) can be subjected
to intense herbivory during summer, but only in environments where
meadows are accessible within herbivorous fish home ranges. We evi-
denced an interplay of drivers acting at geographic (region) and local
(meadow) scales, which understanding is critical for a clear prediction
of variation in herbivory intensity across biogeographical regions. As
ocean temperatures continue to rise under near-future climate change,
wider annual temperature ranges are expected to promote biogeo-
graphical variation in seagrass herbivory via enhanced summer meta-
bolic requirements, and thus, increased consumption at temperate
meadows supporting high densities of herbivorous fish. This is a matter
of major concern under current climate change, with associated marine
heat waves and expanding distribution ranges of warm-water herbivo-
rous fishes.
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