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Temperature can influence trophic interactions via predictable effects on the metabolism

of ecothermic consumers. Under some conditions, warming should increase top–down

control, and trophic transfer rates, leading to declines in prey populations. We tested

this prediction in the Galápagos Islands, an equatorial upwelling region, where water

temperatures are highly variable and nutrient availability is thought to control primary

production and standing algal biomass. We used grazing assays, field surveys, and a

herbivore exclusion experiment to test the hypothesis that grazing rate and algal biomass

are, in part, regulated by temperature via the temperature–dependence of herbivory.

Grazing rates were greater during the warm season for urchins and other consumers

(including fishes, turtles, and iguanas). Field surveys at 10 sites over 5 years found

that temperature was strongly negatively related to macroalgal cover. The results of the

exclusion experiment indicate that herbivores had a large effect on macroalgal biomass,

even during intense upwelling. Our results suggest that in shallow subtidal habitats across

the Galápagos archipelago, grazing pressure increases with temperature, potentially

resulting in reduced algal biomass when upwelling is weak and greater algal biomass

when upwelling is strong and water is cold; an alternative explanation for widely observed

association between upwelling intensity and algal biomass.

Keywords: grazing, temperature acclimation, metabolic ecology, Galápagos Islands, upwelling ecosystems,

macroalgae

INTRODUCTION

Due to the temperature dependence of intra–cellular enzyme activity, the biological rates of
ectotherms are generally faster at higher temperatures (Huey and Kingsolver, 1989; Pepin, 1991;
Gillooly et al., 2001; Clarke and Johnston, 2016). This can affect the strength and outcome
of species interactions via predictable effects of temperature on biological processes including
primary production, decomposition, digestion, escape velocity, foraging rate, and individual and
population growth (Enquist et al., 2003; Brown et al., 2004; Heard et al., 2012; Dell et al., 2014;
Bruno et al., 2015). Numerous lab–based experiments (i.e., environmental chambers) and outdoor
mesocosm studies have found that sublethal warming can increase per capita grazing rates and the
top–down effects of herbivores on plant communities (Largen, 1967; Stickle et al., 1985; Sanford,
2002; O’Connor et al., 2009; Kordas et al., 2011; Kratina et al., 2012; Lemoine and Burkepile,
2012; Carr and Bruno, 2013). Further, in a remarkable large–scale (if unreplicated) field test,
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Svensson et al. (2017) used the artificially warmed Forsmark
biotest basin in the northern Baltic Sea to measure the effects of
warming on herbivores and algae in the presence and absence
of carnivorous perch. As predicted by theory, they found that
warming increased predation on mesopredators and induced
a trophic cascade, substantially increasing filamentous algal
biomass. Warming appears to have increased the metabolism
and predation rate of perch, and also caused perch to
begin consuming gammarid amphipods (after they depleted
their normal prey presumably due to increased metabolic
demand), thereby reducing grazing and indirectly facilitating
algae. As predicted and demonstrated in more controlled
mesocosm experiments, warming also simplified the food
web by effectively removing one trophic level of small fishes
(sticklebacks and minnows), that in the cooler control site
fed on the amphipods and were preyed on by the perch
(Svensson et al., 2017).

Because grazing rate can influence the biomass of primary
producers (Paine, 1992; Burkepile and Hay, 2006), the
temperature dependence of herbivore–plant interactions
could indirectly influence a variety of community properties and
ecosystem functions. Moreover, temperature–dependent
herbivory is an alternative explanation for the positive
association between the biomass of primary producers and
the occurrence or intensity of upwelling. This widespread
pattern is assumed to be caused only by the increase in
nutrient concentration associated with upwelling, enabling
higher primary production and greater standing algal biomass
(Menge and Branch, 2001; Menge et al., 2002; Vinueza
et al., 2014). However, upwelling also causes large, rapid
declines in water temperature (Sanford, 1999). Because the
metabolism of fish and invertebrate herbivores is temperature–
dependent, cooler upwelled water could reduce consumer
metabolism and grazing intensity (Bruno et al., 2015). This
could in turn lead to increased standing algal biomass.
Therefore, upwelling could influence both bottom–up and
top–down control of populations and communities of primary
producers.

The purpose of this study was to test the hypothesis that
grazing rate and algal biomass are, in part, regulated by
temperature via the temperature–dependence of herbivory. We
combined three types of evidence to measure the effect of
temperature on herbivory and algal biomass. First, we performed
grazing assays during warm and cold (upwelling) seasons
at four sites varying in temperature. Second, we measured
herbivore density and algal community structure (cover and
composition) across this spatiotemporal temperature gradient
to determine how they were related to temperature and also to
control for grazer density in the analysis of the grazing assays.
Third, we performed a 10–week field exclusion experiment
to measure the effect of two herbivore functional groups
on macroalgal biomass during the upwelling season, when
bottom–up forces were assumed to negate top–down control.
Overall, our results suggest that temperature could influence
macroalgal biomass, even in an upwelling region where algal
community structure is thought to be controlled solely by
nutrient availability.

METHODS

Study System
This system is ideal for measuring the effects of temperature
on species interactions because the archipelago is centered at
the convergence of several different oceanographic currents
(tropical, subtropical, and upwelled water), resulting in
enormous spatiotemporal variation in water temperature (for
an equatorial region of the ocean) of ∼14–30◦C (Houvenaghel,
1978; Schaeffer et al., 2008; Witman et al., 2010). Further, while
community composition differs across the Archipelago due
to upwelling intensity, there is a suite of organisms that are
present at all the sites throughout the year. In the Galápagos
shallow subtidal, macroalgae are generally the dominant
sessile group and sea urchins are typically the most important
invertebrate grazer guild (Irving andWitman, 2009; Brandt et al.,
2012). At high densities, sea urchins can convert macroalgal
assemblages to urchin barrens or pavements of encrusting
algae (Edgar et al., 2010). The two most common sea urchins
in rocky subtidal habitats at depths between 1 and 5m are
Lytechinus semituberculatus (green sea urchin) and Eucidaris
galapagensis (slate pencil urchin) (Irving and Witman, 2009;
Brandt et al., 2012). Other important grazers include fishes (razor
surgeonfishes; Prionurus laticlavius, blue chin parrotfish; Scarus
ghobban), sea turtles, and marine iguanas.

Grazing Assays
We performed short–term grazing assays in situ at four sites
during each of two seasons (warm and cold) in 2013 to measure
the effect of temperature on herbivory. We chose the foliose
algae Ulva spp. as the prey item because it is by far the most
abundant macroalgal species in intertidal and shallow subtidal
habitats in the Galápagos (Vinueza et al., 2006; Carr and Bruno,
2013) (Table 1) and also because it is highly palatable (Carpenter,
1986). As a dominant benthic space occupier in the Galápagos
shallow subtidal, changes in herbivore–Ulva interactions could
influence algal community biomass and food web structure.

The four grazing assay sites (Figure 1) were semi–protected
from wave action on four islands that vary in temperature due
to variation in upwelling intensity and other oceanographic
features such as ocean currents. The temperature range (mean
values among the four sites) was 24.5–29.5◦C during the warm
season (Feb/Mar 2013) and 19.8–24.7◦C during the cold season
(Sept/Oct 2013). Site selection minimized among–site variation
in other factors that could potentially affect grazing rate.

Fernandina is located in the western region of the Archipelago.
The Equatorial Undercurrent (EUC) drives major upwelling
as it collides with the western islands, resulting in cold and
nutrient–rich waters around Fernandina (Houvenaghel, 1978).
The grazing assay site on Fernandina was located at Punta
Espinosa, on the northeastern point of the island (Figure 1)
and was the coolest site. Isabela is also located in the western
region, and assays were conducted on the southern edge of the
island at Túnel del Estero. This region is influenced by the EUC
and the cool (and nutrient–rich) Humboldt Current from the
south, therefore, this region of Isabela is also considered an
upwelling region (Houvenaghel, 1978; Schaeffer et al., 2008).
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TABLE 1 | Biological and physical characteristics of the four sites used in the grazing assays.

WARM COOL

Site SC ST IS FE SC ST IS FE

Temperature (◦C) 29.5 28.0 26.0 24.5 24.7 20.8 22.5 19.8

Ulva cover (%) 7.4 9.3 29.8 31.3 18.6 39.1 43.6 48.9

Bare cover (%) 39.2 20.5 39.4 35.7 49.4 5.6 19.3 2.3

Crustose coralline algae cover (%) 18.7 30.2 27.6 28.4 5.3 18.2 21.8 21.3

Red filamentous algae cover (%) 0 1.5 1.8 2.3 0 22.4 6.1 6.3

Green filamentous algae cover (%) 0 0 1.4 1.1 0 2.2 5.5 1.2

Brown filamentous algae cover (%) 22.6 29.1 0 1.2 17.9 0 3.7 0

Coralline algae cover (%) 0 0 0 0 0 10.4 0 12.9

Padina cover (%) 12.1 9.4 0 0 8.8 2.1 0 0

Sargassum cover (%) 0 0 0 0 0 0 0 7.1

Eucidaris density (0.5 m−2) 1.6 6.4 10.9 4.7 3.2 5.5 10.5 5.4

Lytechinus density (0.5 m−2) 36.4 21.7 14.7 26.1 39.1 11.2 18.7 24.6

Lytechinus test size (cm) (mean ± 1 SE) 3.5 ± 0.03 3.8 ± 0.06 3.98 ± 0.06 4.05 ± 0.04 3.81 ± 0.09 3.9 ± 0.05 3.93 ± 0.06 4.09 ± 0.09

Herbivorous fish biomass (g/m−2) 2000.8 1783.1 551.3 224.3 1109.4 953.2 571.8 184.3

Damselfish biomass (g/m−2) 49.9 69.4 30.1 22.6 76.5 71.7 27.6 30.9

SC, San Cristóbal; ST, Santiago; IS, Isabela; FE, Fernandina. Values represent means (n = 25 quadrats for algal cover).

FIGURE 1 | Map of the nine study sites in the Galápagos Islands. Benthic

surveys were performed at all nine sites. Survey only sites are blue, grazing

assay sites are green, and the experimental site is red.

Santiago is a northern island, located in the central region
of the Archipelago. The Puerto Egas site is located on the
northwest side of Santiago. Puerto Egas is influenced by the
South Equatorial Current (SEC; a westward flowing current
that strongly influences the central region of the Archipelago),
the North Equatorial Countercurrent (NECC, a warm and
nutrient–poor current) and EUC meanderings, resulting in
high productivity, yet warmer waters (Houvenaghel, 1978;

Schaeffer et al., 2008; Figure 1). San Cristóbal is the easternmost
island in the Archipelago. Grazing assays were conducted at

Punta Pitt located on the northeastern point of the island,
influenced by the SEC, Humboldt Current, and the NECC
(Houvenaghel, 1978; Wellington et al., 2001; Schaeffer et al.,
2008). In general, this site has depressed nutrient loads and
warmer waters relative to the other sites, as it is north of
the upwelling region off San Cristóbal (Houvenaghel, 1978;
Schaeffer et al., 2008). Both the NECC and the Humboldt
Current contribute to the SEC, and the dominant influence
of the SEC changes seasonally (Houvenaghel, 1978; Schaeffer
et al., 2008). During the cool season (May–December), the
Humboldt Current is the major contributor to the SEC; with the
minimum average SST usually occurring in August or September.
The maximum average SST usually occurs in February and
March.

We simultaneously performed two grazing assays: one with
green urchins (L. semituberculatus) and the other with all
herbivores present at a given site. The urchin-only grazing assays
were performed in cylindrical cages constructed from plastic
vexar (30 cm wide, 15 cm tall, mesh size of 2.5 cm), attached
to chains on the substrate at 3–5m depth. Three urchins were
placed in each cage along with 5.00 ± 0.06 g (wet mass) of
Ulva (n = 10). Urchins were starved for 12 h before Ulva prey
was added. Ulva was strung onto bead wire and then was
attached to the vexar on cage floors. Urchin densities in the
cages were representative of natural urchin densities at these sites
(Table 1). Scaled for comparison, we used 21 green urchins per
0.5 m2, and the range of green urchin densities found at the 4
grazing assay sites was 11–39 per 0.5 m2. The average test size
for the urchins placed in cages across all sites and both time
periods was 3.82 ± 0.09 cm (Table 1), which is representative of
the green sea urchin populations across the archipelago. Water
temperature was measured and recorded every 5min with an
Onset temperature logger during each assay.
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In the second grazing assay, Ulva was attached to round vexar
discs attached to the chains (n = 10), so that any herbivore
could access the experimental algae. This assay was meant to
assess the temperature effect on grazing under more natural
conditions (i.e., in which herbivore density and composition were
not manipulated) and for other herbivores. Herbivores present
at the site with access to the algae included several other urchin
species, herbivorous fishes, turtles, and iguanas. Assays were
terminated after 24 h, as over∼50% of algal tissue was consumed
(Tomas et al., 2011), and final wet algal biomass was measured
after removing excess water with a salad spinner (60 revolutions).

Field Surveys
We quantified natural herbivore abundance and benthic
community composition to determine how temperature was
related to macroalgal cover, and secondarily whether this
relationship was confounded by grazer density. Between 2010
and 2014, nine sites were surveyed adjacent to six islands that
differ in nutrient availability and temperature due to variation
in upwelling intensity and other oceanographic factors (Vinueza
et al., 2006, 2014; Schaeffer et al., 2008). All sites were surveyed
at least once, and most sites were surveyed multiple times (i.e.,
during the warm and cool season and/or during a warm and
cool year) for a total of 37 surveys. Surveys were performed
along five 30–m transects placed parallel to shore at 3–4m depth.
Along each transect, five photoquadrats were placed adjacent
to the transect line at fixed intervals, totaling 25 photoquadrats
per survey. Each photograph captured an area of 0.42 m2. One

FIGURE 2 | Effects of season (temperature) and site on the grazing rate of

Ulva by urchins (A) and all herbivores (B). Solid black midlines are median

values, the upper and lower limits of the box indicate the third and first

quartiles, and the circles are outliers. Values above the boxes in the lower plot

are the mean temperature (◦C) during both grazing assays (values also apply

to the urchin-only assays) at the four sites during the two seasons.

hundred points were placed over each photograph in a stratified
random design. Image analysis was conducted with ImageJ
v1.48. Percent cover of each algal species was classified to genus
and filamentous algae was distinguished as red (Centroceras
spp., Ceramium spp., Polysiphonia spp.), green (Bryposis spp.,
Chaetomorpha antennina) or brown (Ectocarpus spp.). Divers
conducted visual herbivore censuses along 30× 2m belt transects
(five per survey) by recording the species–level identity and
length of each individual (fishes, iguanas, and turtles). Fish
length estimates were converted to fish biomass estimates using
published length–biomass relationships (Froese and Pauly, 2013).
No iguanas or turtles were encountered in the transects, although
they were often observed nearby. Urchin identity and abundance
was determined by counting all urchins along five 30 × 1m belt
transects.

FIGURE 3 | Relationships between (A) ocean temperature and Ulva cover

(P < 0.0001, R2 = 21.8), and (B) cover by all other macroalgae (not including

Ulva: P = 0.01, R2 = 14.4). Each point represents a single survey at a given

site/time period.

Frontiers in Marine Science | www.frontiersin.org 4 August 2018 | Volume 5 | Article 279

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Carr et al. Temperature Control of Algal Biomass

Exclusion Experiment
To quantify the effect of herbivores on algal biomass, we
conducted a 10–week field exclusion experiment at the Isabela
site (Figure 1) during the cold season (September–December
2013). Forty boulders (∼35 cm × 25 cm × 15 cm; l × w× h)
at a depth of 5m were collected, brought to the surface, and
completely cleared ofmacroalgae and invertebrates. Each boulder
was randomly assigned one of the following treatments (n =

10): (1) open plots that allowed access to all grazers, (2) cages
with sides but no top, designed to exclude urchins, but allowed
fish, iguana, and sea turtle grazing, i.e., “mobile” herbivores,
(3) cages with a top and openings in the sides that prevented
grazing by mobile herbivores but allowed access by urchins
and other benthic grazers, and (4) full cages that excluded
all macroherbivores but not mesograzers such as amphipods
or small snails. Cages were 15 × 15 × 15 cm with a mesh
size of 2.5 cm. Cages were left in place for 10 weeks, during
which a macroalgal community developed, but fouling did not
overwhelm the cages. At the conclusion of the experiment,
macroalgae was collected, sorted by functional group (or genus),
and weighed. Excess water was removed with a salad spinner (60
revolutions) before measuring algal wet mass.

Statistical Analyses
The results of the grazing assays were analyzed with two–factor
analysis of variance (ANOVA), using the final algal wet mass as
the response variable and season and site as fixed factors.

We used generalized linear mixed–effects models to estimate
the relationship between temperature (and other abiotic factors)
and herbivore density and the benthic cover of macroalgae.
Fixed factors included: herbivorous fish biomass, green and
pencil urchin densities, temperature (measured for 30 days prior
to sampling date, with either HOBO temperature loggers or
AHVRR Pathfinder Version 5.2, PFV5.2, satellite data obtained
from the US National Oceanographic Data Center and GHRSST,
NOAA 2013), ENSO cycle (obtained from theMultivariate ENSO
Index, maintained by NOAA, and based on the Oceanic Niño
Index, ONI, or the running 3–month mean SST anomaly),
and distance to and area of closest upwelling region to each
site measured from Schaeffer et al. (2008). Because of repeated
measurements at the same sites over multiple years (2010–2014),
we nested sites within years. This random effect of the model
structure accounts for the statistical non-independence of these
observations. The best fit model was chosen with an Information
Theoretic approach (Burnham, 2004). We calculated differences

FIGURE 4 | Relationships between herbivore abundance and algal cover. Note in panels C and D “macroalgal cover” does not include Ulva cover. Each point

represents a single survey at a given site / time period. (A) P < 0.0001, R2 = 0.22, (B) P < 0.011, R2 = 0.18, (C) P < 0.05, R2 = 0.11, (D) P < 0.45, R2 = 0.02.
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FIGURE 5 | Comparison of the coverage of major benthic groups between “cool” (<24◦C, n = 21) and “warm” (<24◦C, n = 17) sampling periods. Algal groups are

shown on the X-axis as Ulva, CCA, crustose, corticated, and filamentous, which are grouped as Red (Centroceras spp., Ceramium spp., Polysiphonia spp.), Green

(Bryposis spp., Chaetomorpha antennina), and Brown (Ectocarpus spp.).

between the Akaike Information Criterion (AICc, for small
sample sizes) of each model and the minimum AIC. All
numerical explanatory covariates were standardized (divided by
two standard deviations) and centered to compare relative effect
sizes. We evaluated multi–collinearity between all explanatory
covariates with a Spearman rank (rs) correlation matrix and pairs
plot based on the mean values. A logistic (logit) transformation
was applied to the percent cover data. Normality was determined
by plotting the theoretical quantiles vs. the standardized residuals
(Q–Q plots). Homogeneity of variance was evaluated by plotting
the residuals vs. the fitted values for the final model and for each
of the covariates.

For the field exclusion experiment, we compared treatment
effects on final algal biomass with ANOVA and Tukey’s HSD post-
hoc tests. All analyses were performed in the statistical software
R v.3.1.2.

RESULTS

Grazing Assays
In the urchin–only grazing assay, grazing rates were more than
five times greater during the warm season than the cold season
(Figure 2A) at all four sites, and there was a highly statistically
significant effect of season (P < 0.0001). The site effect and the

season x site interaction were both marginally significant (P =

0.02), both due apparently to the especially low grazing rate at
the Isabella site during the cold season. Grazing rates were also
lower during the cold season for the all-herbivores grazing assay
(Figure 2B), for which the season effect was significant (P <

0.0001) but the site effect and the season x site interaction were
not (P = 0.25 and 0.55 respectively).

Field Surveys
Across all sites and time periods, mean Ulva cover was 23%,
crustose coralline algae (CCA) was 17%, red filamentous algae
was 12%, brown filamentous algae was 11%, coralline macroalgae
was 7%, green filamentous algae was 5%, corticated algae was
5%, and bare space was 17%. Spatial and temporal variability in
Ulva cover was negatively related to temperature, herbivorous
fish biomass, and green urchin density (Table S1, Figures 3A,
4A,B). Non- Ulva macroalgal cover was negatively related to
temperature (Table S1, Figure 3B) but not herbivore densities
(Figures 4C,D). In other words, at higher temperatures, non-
Ulva macroalgal cover decreased, independent of herbivore
density.

We defined “cold” sampling periods as those where mean
SST was <24◦C. This delineation is based on the signature of
the EUC, adjusted to account for shallow water heating and
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FIGURE 6 | Herbivore effects on algal biomass, plotted as final wet mass at

the conclusion of the 10 week field experiment. Treatment labels indicate which

herbivores were able to access the plots. “Benthic” = urchins (and potentially

other benthic grazers) and “Mobile” = fishes, iguanas, and turtles. n = 10.

mixing with the other tropical surface currents. Total non- Ulva
macroalgal cover was higher at the cold (48%, n = 21) than the
warm (18%, n = 17) sampling periods (Figure 5). The same was
true for; foliose (32%± 3.9% compared to 10%± 3.0%), coralline
algae (10% ± 1.8% compared to 4% ± 2.0%), and filamentous
algae (34% ± 4.2% compared to 25% ± 8.0%). Conversely, the
cover of bare space was greater during warm (25% ± 2.9%) than
cold (11% ± 2.1%) periods, as was the cover of crustose algae
(24%± 0.6% compared to 15%± 0.8%, Figure 5).

Exclusion Experiment
The herbivore presence and composition treatments significantly
affected final algal biomass (P < 0.0001), with 90% more Ulva
spp. biomass in the full exclusion plots (the “None” plots in
Figure 6 which no macro-herbivores were able to access) as
compared to the “All” plots, accessible by all herbivores. Algal
biomass did not differ between the mobile herbivore and benthic
herbivore treatments (post-hoc Tukey HSD tests). Final algal
wet biomass of the mobile and benthic treatments differed
significantly from both the “All” treatment and the “None”
treatment. The dominant algal functional group in all four
treatments was green sheet–like algae (Ulva spp.) and relative
biomass was similar across treatments: 82.3, 80.7, 76.1, and
78.2%, open plots, benthic herbivores, mobile herbivores, and full
exclusions respectively. The other algal functional groups present
were red corticated algae (Hypnea spp.) and red filamentous algae
(Ceramium spp., Centroceras spp. and Polysiphonia spp.).

DISCUSSION

Grazing Assays: Temperature–Dependent
Herbivory
Sublethal warming ranging from 4.7 to 7.2◦C (among the four
sites) significantly increased the strength of herbivory. These

results are consistent with predictions from metabolic theory
and numerous empirical studies conducted in environmental
chambers (O’Connor, 2009; Kordas et al., 2011; O’Connor et al.,
2011), including with Lytechinus urchins (Carr and Bruno, 2013).
The open, all-herbivore plots allowed unrestricted grazer access
and tested the generality of temperature–dependent herbivory to
other grazer guilds (i.e., fishes, sea turtles, and marine iguanas)
under more natural conditions. We expected to see higher
variance in the open plot grazing due to spatiotemporal variation
in grazer composition and density. Nonetheless, more Ulva was
consumed during the warm season (Figure 2B), suggesting the
observed effects of temperature are general and relatively strong.
There was no relationship between green urchin density and open
plot grazing rates (urchin density was controlled in the urchin–
only cages), suggesting that although green urchin density varied
between sites and time periods, this was not a significant factor
influencing open plot grazing rates.

Grazing Assays: Hints of Thermal
Acclimatization
In the urchin-only grazing assay, grazing rates were generally
consistent across sites, despite substantial differences in
temperature (Figure 2) suggesting site–specific temperature
effects. For example, the warm season grazing rate was nearly
identical at the Fernandina and San Cristóbal sites, despite a
5◦C difference in temperature. The one exception to this pattern
was at the Isabella site during the cool season, when grazing was
especially low. The temperature was not lower than for the other
three sites, so the cause of this result is not clear. Consistent
performance among sites, despite differences in temperature,
is consistent with the hypothesis that urchin populations are
acclimatized or adapted to local thermal conditions. That
thermal history influences temperature sensitivity is well
documented (Roberts, 1957; Helmuth et al., 2002; Howells
et al., 2013). For example, Marshall and McQuaid (2010) found
that the relationship between the metabolic rate of marine
snails and temperature depends on the temperature range and
variability experienced by the organism. However, there are other
explanations for the observed variation in the temperature–
dependence of grazing across sites. For example, wave exposure
and other physical attributes such as flow characteristics could
have influenced herbivory (Dayton, 1985; Irving and Witman,
2009).

Exclusion Experiment: Top-Down Control
During Upwelling
Upwelling communities are believed to be strongly influenced
by bottom–up effects. A widely–observed pattern is the positive
association between the biomass of primary producers and the
occurrence and intensity of upwelling (Menge and Branch, 2001;
Menge et al., 2002; Vinueza et al., 2014). The generally accepted
explanation is that upwelling increases the flux of limiting
nutrients to phytoplankton and macroalgae, thereby increasing
primary productivity and standing algal biomass (Bustamante
et al., 1995; Broitman et al., 2001; Menge and Branch, 2001;
Menge et al., 2002; Nielsen, 2003; Nielsen and Navarrete, 2004;

Frontiers in Marine Science | www.frontiersin.org 7 August 2018 | Volume 5 | Article 279

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Carr et al. Temperature Control of Algal Biomass

Vinueza et al., 2006, 2014). However, a strong role of top–down
control is also recognized in marine communities (Menge, 1991;
Paine, 1992; Leonard et al., 1998; Trussell et al., 2002; Harley,
2011). Furthermore, in many nearshore systems, the processes
that mediate resource supply can also influence consumers and
predation intensity, so that bottom–up and top–down forces
are mechanistically intertwined and often negatively related.
For example, food flux to filter–feeding invertebrates in rocky
intertidal sites in Maine is controlled largely by flow velocity, yet
high flow also deters predators, thereby releasing prey from top–
down control at locations where food and nutrient flux is greatest
(Leonard et al., 1998).

The results of the herbivore–exclusion experiment suggest
that grazers have a strong effect onmacroalgal biomass in shallow
subtidal habitats in the Galápagos, even during intense upwelling
when nutrient flux was presumably high. At the end of the 10–
week experiment, plots open to all grazers (Figure 6) had very
little algae and significantly less than the other three treatments.
There was no difference in algal biomass between the Mobile and
Benthic herbivore treatments, suggesting that both groups had
similar effects on macroalgae. Moreover, algal biomass in these
treatments was roughly half that in total exclusion treatments
(plots which no herbivore could access) and double what was seen
in the “all” herbivore plots, suggesting that the effects of mobile
and benthic grazers are roughly additive.

The Potential Effect of
Temperature-Dependent Herbivory
Our field exclusion experiment clearly demonstrates the large
role of herbivores in controlling standing algal biomass during
the upwelling season in an upwelling region, indicating
strong top–down control. The grazing assays, and previous
laboratory experiments with the same species (Carr and
Bruno, 2013), indicate that grazing by one of the system’s
dominant consumers is temperature-dependent. Considered
together, these results lead to the inference that grazing
pressure is higher when and where upwelling is relaxed
across Galápagos archipelago. This interpretation suggests it
is plausible that the widely–observed association between
higher algal biomass and upwelling intensity could be due
in part to reduced grazing pressure during upwelling via the
temperature–dependent metabolism of ectothermic herbivores.
This interpretation is also concordant with the survey data
indicating that macroalgal cover was far greater during cool
season than warm season surveys. Thus, our findings suggest
that temperature plays an important, but frequently overlooked
influence on species interactions and community structure. We
did not assess the role of nutrient flux and it is likely that it
and other factors influence standing algal biomass. Measuring
the relatively and interactive effects of temperature and nutrients
on macroalgae would require nutrient manipulations and
measurements, both of which were outside the scope of this
study.

Vinueza et al. (2006, 2014), working in intertidal habitats
in the Galápagos (our study was conducted in the shallow
subtidal), attributed among–site variation in algal biomass and

productivity to local nutrient concentration via spatiotemporal
variation upwelling intensity. However, nutrient concentration
was not quantified or manipulated. Moreover, their results
were also consistent with temperature–dependent grazing, as
temperature was positively related to grazing rate (and generally
declined during upwelling). Favoring a bottom–up explanation
over the possibility of temperature–mediated top–down control
is a nearly universal phenomenon in studies in upwelling
systems (Menge and Branch, 2001; Nielsen and Navarrete,
2004). Furthermore, the norm is to not measure or even
manipulate nutrient availability, but rather to use upwelling
(and chlorophyll a) as a natural (nutrient availability) treatment
even though upwelled water is not just nutrient rich, but
also much cooler. These mensurative studies have led to the
paradigm that algal–biomass in upwelling systems is entirely
bottom–up controlled. Nutrient availability and other factors
very likely influence macroalgal biomass in this system, however,
we propose that top–down and bottom–up processes are coupled
via upwelling in the Galápagos islands, as they are in other
systems (Leonard et al., 1998). Untangling the relative role of
nutrients and temperature is the next step in work on the role
of environmental processes like upwelling, in coastal ecosystems.
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