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Consumer-Resource Interactions on an
Environmental Mosaic
The Role of Top-Down and Bottom-Up Forcing of Ecological
Interactions along the Rocky Shores of the Temperate
South-Eastern Paciﬁc
Moisés A. Aguilera, Bernardo R. Broitman,
Julio A. Vásquez and Patricio A. Camus
12.1

Introduction

Over the past three decades, the biogeography,
phylogeography and ecology of the diverse and
unique species assemblage that inhabits the subtropical and temperate Paciﬁc shores of South
America (5–42!S) has received increasing scientiﬁc attention. Different studies have taken place
in an interdisciplinary context and are matched
with major developments in our understanding
of coastal oceanographic processes along the
region’s shorelines (e.g., Broitman et al., 2001;
Navarrete et al., 2005; Lagos et al., 2007; Tapia
et al., 2009, 2014). Following seminal work by
Camus (2001), the historical biogeographic division of Paciﬁc South America into a warmtemperate Peruvian region (5–42!S) and a cool
subantarctic region (42–54!S), has revealed a
more complex biogeographic structure than previously thought (e.g., Thiel et al. 2007; Rivadeneira et al. 2012; Valdovinos et al. 2003; see
Figure 12.1). The northern warm-temperate Peruvian sector appears separated from the

subantarctic province by a diffuse transitional
region that spans from 30 to 41!S. Along this
region, breaks in species distributions (see
Figure 12.2) are clumped around areas where
rapid and persistent changes in circulation and
hydrographic conditions occur, which are usually
associated to large headlands and abrupt changes
in the width of the continental shelf (e.g., Hormazábal et al., 2004). These topographically locked
oceanographic features determine a persistent
spatial structure of the coastal environment
along the transitional region, with implications
for phylogeography and ecology (e.g., Broitman
et al., 2001, 2011; Wieters et al., 2003; Rivadeneira et al., 2012; Haye et al., 2014).
First, and propelled by advances in molecular
genetics, studies of the region’s biota have
revealed the presence of several cryptic species
among some of the dominant and habitatforming algal species of the mid- and lowintertidal zones of the rocky shore, the corticated
algae Mazzaella and kelps like Lessonia, respectively (Tellier et al., 2011; Montecinos et al.,
2012). The locations of the breaks between the

Comp. by: K.VENKATESAN Stage: Proof Chapter No.: 12
Date:27/4/19 Time:11:32:35 Page Number: 308

308

Title Name: Hawkinsetal

MOISÉS A. AGUILERA, BERNARDO R. BROITMAN, JULIO A. VÁSQUEZ AND PATRICIO A. CAMUS

Fig. 12.1 (a) Biogeographic provinces (after Camus, 2001; Thiel et al., 2007) and ecoregions (after Spalding et al., 2007) along the southeast Paciﬁc coast, indicating their latitudinal boundaries. (b) Simpliﬁed view of the major cold ﬂows (white arrows) off western South
America, originating from the Antarctic Circumpolar Current (ACC) after reaching the Chilean coast: the poleward Cape Horn Current
(CHC), encompassing the southern cone, and the equatorward (HCS), an eastern boundary current formed actually by coastal and oceanic
branches. Yellow dots indicate the location of two places often referred to in the text because of their ecological or biogeographical
importance. (c) Fine-grained latitudinal breaks in species diversity (after UACH, 2006) along the Chilean coast (excluding the area south of
45!S), detected in analyses combining multiple littoral taxa from rocky and sandy shores. Breaks (associated with the latitude axis on the
left) correspond to signiﬁcant spatial changes in beta diversity (black arrows) and in both alpha and beta diversity (blue arrows). (A black
and white version of this ﬁgure will appear in some formats. For the colour version, please refer to the plate section)

cryptic species corresponds well with the geophysical template dictated by coastal oceanography (Hormazábal et al., 2004; Tapia et al.,
2009, 2014) and is further supported by the phylogeographic structure of many other coastal
species (see Haye et al., 2014). In this context,
one of the most important questions is what are
the consequences of such distributional changes
on species interactions in the rest of the community? For example, different regions separated by
the biogeographic break could evidence changes

in the functional structure of consumer assemblages (i.e., herbivores and carnivores). That
could be related to a replacement from tropical
to temperate species occurrences across the HCS
(e.g., Lancellotti and Vásquez, 1999; Valdovinos
et al., 2003; Hernández et al., 2005; Moreno et al.,
2006a). Spatial turnover of species could be inﬂuenced by large-scale processes like the El Niño
southern oscillation (ENSO), which can generate
a gradient in water temperature across this
region (Iriarte and González, 2004) affecting
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Fig. 12.2 Scheme of the geographic distributional pattern of different intertidal species, (i.e., distributional species mosaic) present
across north and central-south Chile. Most species ﬁnd their polar or equatorial range edge between the biogeographic transitional
zone at Punta Lengua de Vaca (PLV, 30!S), and near 36!S. The sunstar Heliaster helianthus and the grazer species; Scurria viridula, Scurria
zebrina and Enoplochiton niger are the main consumers in intertidal levels across the range considered. The corticated alga Mazzaella
laminarioides is dominant in mid- and high-intertidal levels south 30!S, where three clades are reported (see yellow bars, Montecinos
et al., 2012). The fucoid Durvillaea antarctica and the kelp Lessonia spicata are also dominant south PLV in low-intertidal levels. North of
this region, these algae are replaced by Lessonia berteroana (green bars, e.g., Tellier et al., 2011). Segmented bars correspond to small
population densities, or small patches, of invertebrates and algae species present across the biographic transitional zone. For example,
the mussel Perumytilus purpuratus (brown-grid bars) showed a discontinuous distribution across the transitional zone at 30!S, while a
relatively continuous distribution is observed for this species both south and north of this range (Navarrete et al., 2005). (A black and
white version of this ﬁgure will appear in some formats. For the colour version, please refer to the plate section)

rocky shore consumer assemblage composition
through affecting their early developmental
stages in the plankton (e.g., Escribano et al.,
2004). Alternatively, there could be a spatially
shifting mosaic of consumer functional structure
(Aguilera et al. unpublished data) along the two
sides of the biogeographic break underlying

changes in species composition (e.g., Rivadeneira
and Fernández, 2005; Rivadeneira et al., 2012; see
Figure 12.2) and matching the patchy spatial
structure of oceanographic conditions across the
HCS (e.g., Valle-Levinson et al., 2003; Montecinos
and Lange, 2009; Thiel et al., 2007; Tapia et al.,
2009, 2014; see Figure 12.1).
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The deep temporal signature of coastal oceanography on coastal biogeography and phylogeography is underpinned by the spatial structure of
bottom-up effects of ecological processes (e.g.,
Wieters et al., 2003; Wieters, 2005; Nielsen and
Navarrete, 2004; Navarrete et al., 2005). Nutrients
derived from coastal upwelling determine intertidal algal growth patterns (Wieters et al., 2003;
Wieters, 2005), which, in turn, deﬁne the role of
some herbivores as controllers of algal biomass and
important drivers of community composition
(Nielsen and Navarrete, 2004; Aguilera and Navarrete, 2012a; Aguilera et al., 2015a). In this way,
ecological interactions like the consumer–resource
interaction can be strongly modulated by oceanographic context (Nielsen and Navarrete, 2004), providing a mechanistic basis for the seemingly diffuse
nature of transitional biogeographic regions.
Across the Paciﬁc coasts, herbivores and carnivores play an important role regulating the
structure of rocky shore communities (e.g., Jara
and Moreno, 1984; Castilla and Durán, 1985;
Paine et al., 1985; Moreno et al., 1986; Vásquez
and Buschmann, 1997; Navarrete and Castilla,
2003; Aguilera, 2011). Speciﬁcally, given the
diversity of impacts that herbivores can have on
algal recruitment, abundance and diversity, they
can have strong and differentiated effects on
rocky shore community succession (Aguilera
and Navarrete, 2012a) and overall seascape
spatial heterogeneity (Aguilera et al., 2015a).
Most species have negative direct effects on their
target resource (e.g., algae), but a number of
species can have signiﬁcant positive indirect
effects on established algal species (Aguilera
et al., 2015b and see later). The tightly linked
functional structure results in a low functional
compensatory potential in the face of local
species loss or extinctions (Aguilera and Navarrete, 2012a), which can be caused by intense
human harvesting (Oliva and Castilla, 1986; Castilla, 1999; Moreno, 2001) and/or distributional
changes of herbivorous species following climate
change (e.g., Rivadeneira and Fernández, 2005).
One of the main challenges for the study of the
ecology of rocky shore ecosystems on the temperate Eastern Paciﬁc today, is to examine how
coastal oceanographic processes regulate species
range expansion and introduction, or contraction,

and how biotic interactions and environmental
ﬁltering deﬁne dynamic biogeographic patterns
along spatially structured marine environments
(Valdivia et al., 2015). Thus, there is a great interest in exploring the spatial structure of interacting
stressors that may shape local and regional ecosystem vulnerability in the face of unprecedented
environmental change.

12.2

Historical Biogeography of
the Temperate Eastern Paciﬁc

Along the south-east Paciﬁc and the Chilean coast
(18.5–56!S) in particular, geographic patterns of
species diversity are closely linked to meso- and
large-scale physical determinants. For instance,
mid-low latitudes are dominated by upwelling
and land–sea interactions with large oscillations
in patterns of physico-biological coupling driven
by inter-annual variations and equatorial forcing
(Strub et al., 1998; Takesue et al., 2004; Lagos
et al., 2007; Thiel et al., 2007). On the other hand,
mid-high latitudes are deeply inﬂuenced by physical interactions between coastal geomorphology
and the ACC (Ahumada et al., 2000; Camus, 2001;
Barker and Thomas, 2004; Thiel et al., 2007). On a
very large scale, however, the primary importance of the ACC (the world’s strongest current)
is reﬂected in the matching between biogeographical patterns and the spatial structure and
extent of its two branches, which form after the
ACC impinges the coast of South America around
40–45!S (see Figure 12.1). First, the polewardﬂowing CHC, that continues eastwards into the
Atlantic, forming the equatorwards Malvinas
Current, dominates the surface ocean ﬂow
around southern South America. Second, the
equatorward-ﬂowing Humboldt Current is an
eastern boundary current exerting a strong
cooling inﬂuence up to ~5!S (Sepúlveda et al.
2016). The onset of the ACC, linked to the breakup of Gondwana and the opening of the Drake
Passage, involved a substantial reversal of the
warm conditions in the late Paleogene (Pfuhl
and McCave, 2005), and was the most inﬂuential
event in the origin of modern biogeographic provinces (see review by Camus, 2001).
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Even with some departures reﬂecting the idiosyncratic histories of some taxa or methodological aspects (e.g., invertebrates: Lancellotti
and Vásquez, 1999; Haussermann and Forsterra,
2009; Navarrete et al., 2014; red and brown algae:
Meneses and Santelices, 2000; ectoparasites: González and Moreno, 2005), coastal taxa as a whole
exhibit a congruent pattern of distributional
breaks (Camus, 2001; Thiel et al., 2007) forming
three major units (arrows in Figure 12.1), from
which the ﬁrst two show biogeographic anomalies. The ﬁrst is the warm-temperate Peruvian
province (5–30/33!S) that encompasses the coasts
of Peru, which are dominated by subtropical taxa,
and northern Chile, which is dominated instead
by temperate taxa, with a marked paucity of
warm-water species (see Santelices, 1980; Brattström and Johanssen, 1983; Camus, 2001). The
second is an intermediate area (30/33–42!S)
encompassing central-southern Chile, which is
dominated by temperate and subantarctic taxa
without a common history and showing no gradual pattern of biotic replacement, thus lacking
the distinctive biogeographical character of a province or a transition zone. Finally, the coldtemperate
Magellanic
province
(42–56!S,
although extended into the Atlantic up to 42.5!S
in Argentina), encompasses austral Chile from
Chiloé Island to Cape Horn, a complex system of
islands, peninsulas, fjords, channels and inner
seas shaped by glacial and tectonic action in the
Pleistocene. This cold province is characterised by
protected hyposaline environments dominated
by subantarctic taxa (see Velásquez et al., 2016).
The origin of this provincial pattern can be traced
back to the establishment of the cold HCS, which
is connected with two major events that largely
account for the modern irregularities in northern
Chile and the intermediate area (Thiel et al.,
2007). These events involve the retreat of the
former warm-water biota to lower latitudes along
with the northward advance of the subantarctic
biota (see Brattström and Johanssen, 1983;
Camus, 2001) and the onset of the oxygen minimum zone, concurrent with mass extinctions in
the current Peruvian province (e.g., about 70 per
cent of bivalve species; Rivadeneira and Marquet,
2007). However, extralimital fossil assemblages
reveal that strong or long-lasting warming

(ENSO-like) events led to repeated invasions of
northern Chile by tropical species throughout
the Quaternary (Llagostera, 1979; Ortlieb, 1995;
Ortlieb et al., 2003), uncovering a complex scenario of extinctions and recolonisations, which
may have also been frequent over the last
10,000 years, where ENSO has been continuously
active with peaks of high-frequency clusters of
events at about 2,000 year intervals (Moy et al.,
2002). In fact, phenomena such as isolated or
correlated local extinctions and community-wide
changes are still common in northern Chile
during strong or moderate El Niño events, but
they are not observed south of 30!S, where ENSO
impacts are comparatively negligible (for reviews
and case studies see Castilla and Camus, 1992;
Camus, 1994, 2008; Thiel et al., 2007).
The interplay between past and present biogeographic factors in north-central Chile is
reﬂected in the fact that many dominant species
show phylogeographic breaks at 30!S, which originated either in the Neogene, the Pleistocene or
the Holocene (e.g., Sánchez et al., 2011; Martin
and Zuccarello, 2012; Montecinos et al., 2012;
Haye et al., 2014). These genetic signatures
remain strong in low-dispersal species, but were
partially or entirely erased in high-dispersal
species following modern gene ﬂow across 30!S
(Haye et al., 2014). For instance, major breaks in
eddy kinetic activity, wind stress and coastal
versus offshore productivity (Hormazábal et al.,
2004; Thiel et al., 2007) reveal a physical transition around 30!S that seems to play a crucial
biogeographical role (e.g., as a differential barrier
to larval transport and dispersal; see Figure 12.2).
This putative barrier helps to explain the abrupt
distributional breaks at that latitude by numerous taxa with different origins, life cycles, ecologies or habitats (Thiel et al., 2007; Broitman
et al., 2011), even including the cephalopod
fauna, which is formed entirely by non-endemic,
widely ranging and mostly eurithermic species
(Ibáñez et al., 2009). In addition, these and other
physical factors (analysed in detail in the next
section) are among the forcing agents considered
by Spalding et al. (2007; based on Sullivan and
Bustamante, 1999) to deﬁne six coastal ecoregions nested in only two provinces along the temperate south-east Paciﬁc. The larger of these two
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provinces (warm-temperate south-eastern Paciﬁc)
subsumes the Peruvian province and the intermediate area outlined in this chapter
(Figure 12.1), although the latter two are supported by the current information. Moreover,
ﬁne-grained analyses integrating databases for
several rocky- and sandy-shore taxa (UACH,
2006) detected an unusual array of spatial breaks
in species richness and beta diversity along the
Chilean coast, suggesting that current biogeographical classiﬁcations could be masking a more
complex patterning of biodiversity.

12.3

Species Distribution Patterns
and Biotic–Environmental
Coupled Processes across
Rocky Shores of the
Temperate Eastern Paciﬁc

Benthic assemblage composition across the temperate Eastern Paciﬁc rocky shores is dominated
by a diverse group of algae and invertebrates
endemic to the Peruvian or Magellanic provinces
(see Broitman et al., 2001; Moreno et al., 2006a;
Rivadeneira et al., 2012). These two biogeographic provinces are abutted by very clear
boundaries deﬁned by large-scale oceanographic
transitions (Camus, 2001; see Figure 12.1). On the
southern end of Paciﬁc South America, the Drake
Passage, around 56!S, and energetic ACC ﬂowing
through it mark the polar boundary of the
Magellanic or subantarctic province. Similarly,
the equatorial boundary end of the Peruvian province is marked by the Paita Peninsula (~ 5!S),
where the coast of western South America turns
east and the westward-ﬂowing trade winds, running along the equatorial guideline, separate the
temperate and tropical realms (Longhurst, 1998).
These two biogeographic provinces meet around
40!S, on Chiloé Island, where the eastwardﬂowing west wind drift impinges on the coast of
western South America, determining the ACC
(Chaigneau and Pizarro, 2005). The cold,
northward-ﬂowing branch of the ACC is commonly known as the Humboldt Current. However, the HCS is made by an ensemble of

equatorward- and poleward-ﬂowing currents,
some of them superﬁcial or on the subsurface, in
proximity to the coast or offshore (Strub et al.,
1998). The complex structure of the alongshore
ﬂow of the HCS is driven by the spatial and temporal variability of the wind patterns, which is
many times locked to coastal geomorphology.
Equatorward winds blowing along the coast
pushes surface waters along shore which lifts the
thermocline (Ekman transport) and following the
rotation of the earth (the Coriolis effect) displaces
the surface waters to the west. This wind-driven
offshore divergence of the equatorward-ﬂowing
coastal current brings cold, nutrient-rich waters
from the poleward-ﬂowing subsurface waters to
the surface, a process known as coastal upwelling
(Strub et al., 1998). Importantly, the inﬂux of
nutrients to the photic zone in association to
coastal upwelling along the HCS maintains some
of the most productive ﬁsheries on the planet
(Bakun and Weeks, 2008).

12.3.1

Productivity Patterns and
Invertebrate Larval Supply

The large productivity of the HCS is a deﬁning
characteristic of the Peruvian province, where
upwelling dynamics also drive energy along and
cross-shelf transport process (Hormazábal et al.,
2004). The nearshore ﬂow ﬁeld is an important
process inﬂuencing the dispersal of planktonic
larvae from benthic populations (Poulin et al.,
2002). A broad region, limited to the north by a
large headland located around 30!S, PLV is recognised as the largest upwelling foci along the
region (Aguirre et al., 2012) and marks a division
between the Peruvian province to the north and a
transitional region that extends to the south until
the well-established boundary at Chiloé Island
(Thiel et al., 2007 and see earlier). In particular,
PLV delimits a region where the rates of larval
arrival of rocky shore intertidal invertebrates are
up to three orders of magnitude higher that the
region northwards (Navarrete et al., 2002, 2005;
Valdivia et al., 2015). This spatial pattern seems
to be related to coastal geomorphology where
bays on the lee of headlands can retain larvae
from benthic species, increasing local recruitment (Palma et al., 2006) and the intensity of
year-round upwelling around 30!S. The coast
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north of PLV has also fewer sheltered bays and a
narrower continental shelf, thus providing fewer
opportunities for nearshore larval retention. In
addition, north of PLV, upwelling-favourable
winds show a reduced seasonality, implying that,
although they are not as strong and intense as in
the southern sector, they tend to blow yearround, a process that is related to the latitudinal
migration of the South Paciﬁc anticyclone (Rahn
et al., 2014). Hence, the narrower continental
shelf and temporal distribution of upwellingfavourable winds provide a transport-driven
mechanistic underpinning of the ecological and
biogeographic patterns discussed later.

12.3.2

Environmental Processes across
30!S Transitional Zone

Recent insights from molecular phylogenetics
have somehow modiﬁed prevailing views of the
biogeographic structure of the Peruvian province
(Cárdenas et al., 2009; Brante et al., 2012; Haye
et al., 2014). A region around the PLV headland is
the location where an important number of ecologically important species ﬁnd their poleward or
equatorial boundary (see Figure 12.2 and previous section). In the case of poleward boundaries,
some notable examples are the large grazers, the
chiton E. niger and the limpet S. viridula (Broitman
et al., 2011, Aguilera et al., 2013a, 2013b). On the
other hand, the limpet S. zebrina and two algae,
the fucoid D. antarctica and the gigartinacea M.
laminarioides have their equatorward boundaries
at PLV (see Figure 12.2). As mentioned earlier,
molecular phylogenetics have greatly contributed
to consolidate the transitional nature of the
region (Haye et al., 2014). The modiﬁed biogeographic structure has also important ecological
implications, as dominant species of the rocky
intertidal zone have turned out to be cryptic
species with their southern/northern range limit
around PLV. For example, M. laminarioides is a
species complex that actually comprises three
species (see yellow bars in Figure 12.2), with the
northernmost species having a restricted geographic range around PLV (small yellow dot in
Figure 12.2), which seemed to have acted as a
refuge during the last glacial maximum about
18,000 years BP (Montecinos et al., 2012).
A striking example is the kelp Lessonia nigrescens,

which dominates the low-intertidal zone along
the Peruvian province and is a key component
of the assemblage (Thiel et al., 2007 and see later).
Lessonia has been recently recognised as comprised of two cryptic species, L. berteroana to the
north and L. spicata to the south (green bars in
Figure 12.2). The distribution limit between these
two cryptic species is a geographic mosaic; i.e.,
interspersed patches of both species that spans
the great Coquimbo bay and extends from PLV
up to 29!S (Tellier et al., 2011; González et al.,
2012; Figure 12.2). This also corresponds to the
area where the northernmost populations of the
mid-intertidal species M. laminarioides are located
(Aguilera et al., 2015b). Several other examples
are related to the contrasting phylogeographic
structure of other benthic species, not all of them
from rocky shores (Haye et al., 2014).
Intertidal zonation patterns across the region
are characterised by a low-intertidal zone dominated by a conspicuous belt of kelps of the genus
Lessonia, which dominate primary space on the
low-intertidal shore along with calcareous or
ﬂeshy, crustose algae, chieﬂy the calcareous
Lithothamnion spp. and the non-calcareous species
Hildenbrandia lecannellieri, respectively. Fleshy
species are more common south of PLV (Broitman et al., 2011), where other corticated algae
such as several species of Gelidium, and the fucoid
D. antarctica, among other species, also occupy an
important proportion of primary space. Fleshy
algae species and Gelidium present between Lessonia and Durvillaea clumps are browsed by large
keyhole limpets, mainly Fissurella limbata and Fissurella maxima while periphyton (microalgae,
cyanobacteria and sporelings of macroalgae) are
grazed by several chitons, most noticeably the
large Acanthopleura echinata and E. niger, the latter
only lives north of PLV (Broitman et al., 2011;
Aguilera et al., 2015a). Sea urchin species, Loxechinus albus and Tetrapygus niger, commonly graze on
adult and juvenile Lessonia and ﬂeshy algae on
rock pools. The small balanoid barnacles, Nothobalanus ﬂosculus and Balanus laevis, and large
clumps of the mussel Semimytilus algosus are seasonally abundant in the low shore, but they are
rapidly extirpated by carnivores (see later). The
mid-intertidal zone to the south of PLV is dominated by the mussel P. purpuratus, which are
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conspicuously absent to the north except for isolated patches inside sheltered bays (Broitman
et al., 2001; Navarrete et al., 2005; see brownmesh bars in Figure 12.2). Corticated algae interspersed or atop mussel beds are abundant,
notably the M. laminarioides complex and several
other species of Gigartinaceae south of 36!S.
Small chthamaloid barnacles, mainly Jehlius
cirratus and Notochthamalus scabrosus are common
space occupiers (Shinen and Navarrete, 2010),
particularly north of PLV where they are the most
abundant sessile invertebrates of the midintertidal zone. Grazers are abundant, particularly limpets from the genus Scurria and several
species of chiton, particularly Chiton granosus
(Aguilera and Navarrete, 2007). The keyhole
limpet Fissurella crassa is also abundant, especially
inside Perumytilus beds. The large seastar H. helianthus and the muricid gastropod Concholepas
concholepas are key carnivores across the intertidal zone, exerting strong top-down pressure on
invertebrate prey.
The studies highlighted point out to the large
role played by environmental ﬁltering, like
upwelling intensity and sea water temperature,
which can constrain/allow larval settlement and
recruitment through large scales (dozens of kilometres; Valdivia et al., 2015). These processes can
shape species composition of local assemblages
across the large region encompassed by our
review. For example, changing coastal wind patterns under climate change in the region are
forecasted to increase in intensity and change to
poleward direction (Sydeman et al., 2014; Rykaczewski et al., 2015). In turn, this intensiﬁcation is
expected to homogenise coastal upwelling
regions (Wang et al., 2015), suppressing the rich
spatial structure observed across the HCS. Alternatively, locally intensiﬁed upwelling in a
warming world may provide for spatially persistent refugia that reinforce the alongshore relationship of oceanographic spatial structure with
species composition patterns (Hu and Guillemin,
2016; Lourenço et al., 2016). In this way, a major
challenge ahead is to increase our ability to combine environmental models that integrate
species’ distributions and their physiological
limits, and incorporate trophic interactions as
determinants of local ecological structure.

12.4

Consumer–Resource
Interaction: Diversity in
Response to Local
Environmental Gradients

12.4.1

Herbivore–Alga Interaction in
Space and Time

Herbivory is related to the consumptive effects
that animals impose on populations or communities of plants, and is considered one of the most
important ecological processes in marine ecosystems around the world (Lubchenco and Gaines,
1981; Hawkins and Hartnoll, 1983; Poore et al.,
2012). Marine herbivores can determine temporal
and spatial distribution of algae in both intertidal
and subtidal habitats (Lubchenco and Gaines,
1981; Hawkins and Hartnoll, 1983; Jenkins
et al., 2005; Poore et al. ,2012). Through consumption of mature algae and spores, different
herbivores can affect successional pathways,
determining algal species composition and abundance (Hawkins and Hartnoll, 1983). As herbivores are also consumed by carnivores,
including humans, they also have a central
importance in food web dynamics and ecosystem
functioning (e.g., Paine, 1980; Ling et al., 2009;
Poore et al., 2012).
Seminal studies by Paine (e.g., 1980, 1992) on
the functional structure of benthic herbivore
assemblages on northern Paciﬁc coasts, showed
that very few species have strong impacts on algal
community structure. Thus, low compensatory
potential was observed for grazers with strong
per capita impacts (Paine, 1992; see also Sala
and Graham, 2002 for kelp forest ecosystems).
Along the coast of Chile, on the southern Paciﬁc,
the benthic herbivore guild is characterised by
species with diverse functional roles (e.g., Moreno
and Jaramillo, 1983; Jara and Moreno, 1984; Nielsen and Navarrete, 2004; Aguilera and Navarrete,
2007, 2012a; and see Vásquez and Buschmann,
1997 and Aguilera, 2011 for review). Keyhole
limpets (Fissurella spp.), chitons (e.g., C. granosus,
E. niger, Tonicia spp.), Scurrinid limpets (e.g., S.
zebrina, Scurria ceciliana, S. viridula) and sea
urchins (T. niger, L. albus) are the most abundant
herbivores present in rocky intertidal habitats
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along the Chilean coast (see Vásquez and Buschmann, 1997 and Aguilera, 2011 for review). In
subtidal systems, kelp-associated species like the
ﬁsh Scartichthys viridis, the sea urchin L. albus and
the turban snail Tegula atra are among the most
important strict herbivore species (Ojeda and
Muñoz, 1999; Vásquez and Buschmann, 1997).
Omnivorous ﬁsh species like Aplodactylus
punctatus and Girella laevifrons are also kelpassociated species (Pérez-Matus et al., 2007), and
they can exert important grazing/browsing control of different algae species (Pérez-Matus et al.,
2012).
In intertidal habitats, most benthic grazers
have strong negative effects on more palatable
early successional species (e.g., Ulva spp.), that
dominate the seascape in the absence of herbivores or under reduced densities of them (see
Aguilera, 2011 for review). Thus, equivalence or
redundancy in consumptive effects on ephemeral
algae is expected for most species of the herbivore
assemblage. Experimental studies have shown
that most species have diverse functional roles
throughout the different stages of community
succession (Aguilera and Navarrete, 2012a). Speciﬁcally, most herbivores have redundant effects
during early succession, but differentiated effects
are common during late succession when corticated algae are more dominant (Aguilera and
Navarrete, 2012a). Even the magnitude and direction of effects on periphyton (i.e., microalgae and
cyanobacteria) community structure can differ
among herbivorous species (Aguilera et al.,
2013a). Exceptionally, keyhole limpets (F. crassa,
Fissurella picta) have a more differentiated and
strong negative effect during late succession consuming the dominant corticated alga M.
laminarioides (Moreno and Jaramillo, 1983; Aguilera and Navarrete, 2012a). Thus, low compensatory potential in controlling M. laminarioides
biomass is expected for the other benthic herbivore species if Fissurella spp. are absent or if densities of these limpets are reduced by human
harvesting, which is intense on Chilean coasts
(e.g., Moreno et al., 1984; Oliva and Castilla,
1986; Moreno, 2001; and see later). In the same
context, medium-sized grazers (20–30 cm) like
chitons and scurrinid limpets tend to have a more
positive indirect effect on M. laminarioides

(Aguilera and Navarrete, 2012a; Aguilera et al.,
2015a). It is not clear, however, if positive effects
on abundance and recovery of the corticated alga
by the ‘grazer/scraper’ functional group is additive and mediated through removal of the opportunistic, potentially competitive dominant,
green algae.
Different studies have shown that, despite
phylogenetic inertia i.e., the similarity in phenotypic traits shared by sister species (see Webb
et al. 2002), in either diet (e.g., Santelices et al.,
1986; Camus et al., 2008) or morphology (e.g.
Espoz et al., 2004) among mollusc species, limited
redundancy (sensu Bellwood et al., 2003; Hoey and
Bellwood, 2009) in both temporal and spatial distribution of effects would be expected in this
herbivore assemblage. This could be partly
related to their broad distribution of body sizes
and micro-scale habitat use patterns within the
assemblage (e.g., Firth and Crowe, 2008; Aguilera,
2011), which could also mediate herbivore coexistence as observed in other ecosystems (e.g.,
grasslands; Ritchie and Olff, 1999). Coexistence
can also be related to different physiological
and/or behavioural responses (Chapman and
Underwood, 1992, Klein et al., 2011), which
together can account for a functional niche differentiation (see Rosenfeld, 2002 functional
model). Both direct and indirect effects, commonly related to differences in behaviour and
habitat use at micro-scales (centimetres) observed
in some grazers of this guild (e.g., Muñoz et al.,
2005; Aguilera and Navarrete, 2011, 2012b), can
contribute to the differences in the functional
roles different species play on the Chilean rocky
intertidal community. Consequently, spatial distribution of algae and bare rock could correlate
either negatively or positively with the microspatial (a few centimetres) distribution of herbivores
during foraging (Chapman and Underwood,
1992), which creates heterogeneity at the scales
of dozens of centimetres to metres in the seascape (Aguilera et al., 2015b). Therefore, within
the herbivore guild, some species segregate their
functional roles at different successional times,
independent of the taxonomic afﬁnities and similarity in feeding capabilities, which were previously considered key traits for functional
characterisation (Steneck and Watling, 1982).
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Commonly, magnitude of per capita effects of
benthic herbivores present on Chilean coasts seem
directly related to species body size (Aguilera,
2011; Aguilera and Navarrete, 2012a). Thus, a
monotonical increase in effect (per capita) is
expected for a given body mass of individual herbivore species present in the guild (Wood et al.,
2010). No clear relationship has been observed
between body size and the homing range of different species (Aguilera and Navarrete, 2011), modifying the general pattern suggested for the
amplitude of different consumer effects. For
example, large (i.e., ~7.6 cm shell length) molluscan grazer species like Fissurella spp. and/or chitons
(e.g., C. granosus) exhibit a homing behaviour and
have well-constrained foraging ranges (45–120 cm
length) (Aguilera and Navarrete, 2011). In addition, factors like predation risk can also constrain
the spatial amplitude and frequency of grazing
beyond body size per se, determining higher metabolic demands and the consequent (net effect)
high grazing pressure in the resource community
(e.g., Espoz and Castilla, 2000; Escobar and Navarrete, 2011; Manzur et al., 2014). Thus, non-trophic
interactions (e.g., behaviourally mediated effects)
are one of the main processes shaping herbivore–
algae interaction network and inﬂuencing community structure in this system (see Kéﬁ et al.,
2012, 2015).
There is still scant knowledge regarding the
role of bottom-up processes inﬂuencing
herbivore–algae interactions in this system.
A study by Nielsen and Navarrete (2004) showed
that upwelling intensity can determine variation
in grazers’ roles on different functional groups of
algae over the mesoscale (over 10s to 100s of
kilometres). Corticated algae dominate sites with
intense upwelling, while ephemeral algae are
abundant at sites not exposed to upwelling (Nielsen and Navarrete, 2004). This pattern could
deﬁne the role that functionally distinct herbivores (i.e., ‘scrapers-grazers’; C. granosus, Scurria
araucana, versus ‘browsers-grazers’; keyhole
limpets, Siphonaria lessoni) play at different
upwelling regimes. For example, since facultative
‘browser’ herbivores like Fissurella spp. and some
ﬁsh species like S. viridis are capable of controlling
dominant corticated algae, like M. laminarioides
during late successional stages of the community,

the role of these herbivores might be greater
under intense upwelling. However, human
harvesting of these herbivores (see Oliva and Castilla, 1986; Castilla, 1999; Moreno, 2001; Godoy
et al., 2010) can reduce their densities, and their
demographic pattern (e.g., sex ratio; Borges et al.,
2016 and see Fenberg and Roy, 2008 for review),
to levels that do not allow them to control dominant late successional algal forms (Nielsen and
Navarrete, 2004).
Given the spatial structure of upwelling front
across the coast of Chile from north to southern
coasts (e.g., Montecinos and Lange, 2009; Tapia
et al., 2014 and discussed earlier), herbivore–algae
interaction patterns seem to be mostly inﬂuenced
by nutrient effect rather than latitudinal effects,
contrary to previous hypotheses (see Poore et al.,
2012 for discussion). This could be also reﬂected
across the northern biogeographic transitional
zone (e.g., 30!S), where both quantitative and
qualitative characteristics of herbivore–algae
interactions can be strongly variable across the
biogeographic boundary as can be derived from
differences in life history dynamics of populations
living at the range edge of their distributions (e.g.,
Fenberg and Rivadeneira, 2015).

12.4.2

Predator Guild Structure in Rocky
Shore Habitats; Keystone versus
Weak Interactors

Predator–prey interaction strength analyses have
provided important insights into the factors that
regulate the structure of consumer guilds in
marine community structure (e.g., Paine, 1992;
Menge et al., 1994; Navarrete and Menge, 1996;
Berlow et al., 1999; Sala and Graham, 2002). In
Chilean rocky intertidal communities, different
quantitative estimates of predation intensity
have helped to develop substantial recommendations about conservation and resource management (e.g., Castilla and Durán, 1985; Castilla
and Fernández, 1998; Fernández et al., 2000; Gelcich et al., 2010). On the wave-exposed rocky
intertidal zone of central Chile, the predator
guild
preferentially
consumes
important
habitat-forming species such as mussels and barnacles, freeing space for the recruitment of other
invertebrate and algal species (Castilla and Paine,
1987; Navarrete and Castilla, 2003). The seastar H.
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helianthus and the muricid gastropod C. concholepas can be considered keystone predators (Navarrete and Castilla, 2003), because they have strong
per capita effects on beds of the competitively
dominant mussel, P. purpuratus, triggering dramatic changes in overall community structure
(Castilla and Durán, 1985, Paine et al., 1985;
Navarrete and Castilla, 2003). Predatory crabs
Acanthocyclus gayi and Acanthocyclus hassleri also
prey on mussels and barnacles at fairly high
rates, and can coexist with Concholepas and Heliaster (e.g., Castilla and Durán, 1985; Navarrette
and Castilla, 1988, 1990). Nonetheless, low per
capita effects on mussel and barnacle species are
observed for these crabs compared with Concholepas and Heliaster (Navarrete and Castilla, 2003).
Also, juveniles and adults of the omnivorous
clingﬁsh Sicyases sanguineus occasionally feeds on
mussels and barnacles at mid- and low-intertidal
levels, with low impacts on these species (Cancino
and Castilla, 1988). The whelks Acanthina monodon
and Crassilabrum crassilabrum are commonly
found on the very-low-intertidal fringe and shallow subtidal areas generating moderate to low
per capita impacts on habitat-forming species.
Therefore, ﬁeld and laboratory evidence suggest
that few large interactors and multiple weakinteracting species characterises the predator
guild in intertidal rocky shore communities present in central Chile (Navarrete and Castilla,
2003). Experimental exclusion of humans from
a portion (~500 m long) of the coast in 1982
(actually the marine reserve at Las Cruces: i.e.,
Estación Costera de Investigaciones Marinas),
showed rapid increase of the commercially
exploited gastropod Concholepas which drastically
affected the biomass and productivity of herbivores and algae in the rocky intertidal community (e.g., Castilla and Durán, 1985, Botsford
et al., 1997; Fernández et al., 2000; and see also
Godoy and Moreno, 1989 for indirect effects of
human exclusion). Therefore, studies conducted
in the predator guild present in central-northern
Chile (see earlier references) are at the core of the
most important and challenging ecological
research topics dealing with how changes in
predator density/diversity can propagate through
food webs, inﬂuencing ecosystem functioning
(Otto et al., 2008). It is not clear, however, if

interspeciﬁc competition is a strong structuring
factor in the predator guild, as observed in molluscan herbivores present in this (Godoy and Moreno, 1989; Aguilera and Navarrete, 2012b) and in
other southern coastal systems (e.g., Branch,
1976; Fletcher and Underwood, 1987; Underwood, 1992).
In kelp-dominated subtidal habitats, characterised mainly by Lessonia trabeculata, and Macrocystis intergrifolia, the predator guild presents
from subtropical to temperate habitats is characterised by diverse ﬁsh species (e.g., Graus nigra;
Semicossyphus pulcher; Cheilodactylus variegatus; Pinguipes chilensis; Pérez-Matus et al., 2012). Most
species seem to have a strong direct effect on
invertebrate assemblages (e.g., shrimps, bivalves,
polychaetes, gastropods amphipods, etc.) through
feeding on juvenile and adult individuals (Ojeda
and Muñoz, 1999; Pérez-Matus et al., 2012). Other
important carnivorous species are echinoderms
such as Meyenaster gelatinosus, Stichaster striatus,
H. helianthus and Luidia magellanica, and the
omnivorous sea urchins T. niger and L. albus, all
of which share food resources with ﬁsh species
(Vásquez, 1993a; Pérez-Matus et al., 2012; Vásquez and Donoso, 2013), and therefore can alter
the habitat available to ﬁsh species in kelp forests
(Pérez-Matus et al., 2007). Experimental studies
suggest the seastar M. gelatinosus has keystone
effects on subtidal invertebrate assemblages
through intraguild predation on Heliaster, one of
the stronger interactors of the rocky intertidal
(Gaymer and Himmelman, 2008, and see earlier).
Large body size (radial amplitude) and higher
movement rates seems to confer an advantage
to Meyenaster over Heliaster (Viviani, 1979), with
non-lethal effects (behaviourally mediated effect)
of the former having considerable impacts on
individual performances of the latter. Notwithstanding, poor performances of Meyenaster compared with Heliaster on wave-exposed habitats
suggest the latter could have a predominant role
on shallow subtidal communities more exposed
to wave action (Viviani, 1979).
Currently, intense harvesting of subtidal kelp
species (Lessonia, Macrocystis, see later) is reducing
habitat availability for predatory species, conforming the guild with additional impacts from
ﬁshing eroding the functional structure of this
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kelp-associated predator guild (Godoy et al.,
2010). For example, unregulated spearﬁshing
has shifted the guild structure from large carnivorous species towards smaller-sized omnivores
and herbivorous species in temperate reef ﬁsh
communities (Godoy et al., 2010, 2016). Erosion
of the functional structure of this guild correlates
with similar human-induced impacts reported in
other subtidal ecosystems where depletion of the
ﬁsh assemblage had entailed a critical regime
shift (e.g., coral reefs; Bellwood et al., 2004).
Reduction of ﬁsh predators can shift the structure of the ecosystem to one where sea urchins
(e.g., Tetrapygus/Loxechinus) reduce algal productivity and create urchin barrens in subtidal hardbottom habitats (Vásquez and Donoso, 2013; see
Ling et al., 2009 for similar effects for rangeshifted sea urchin). Little knowledge is still available on the potential for Meyenaster or Heliaster to
compensate ﬁshing impacts and structuring subtidal invertebrate communities. Redundancy in
controlling Tetrapygus abundances among the
predator species might forestall ecosystem
regime shift (from kelp to coralline or bare rock
areas; e.g., see Ling et al., 2009 for examples of
impacts of ﬁshing spiny lobster Jasus edwardsii on
sea urchin catastrophic effects on kelps). However, as kelp harvesting is intense in both subtidal and intertidal habitats in northern Chile (e.g.,
Vásquez et al., 2012; Oróstica et al., 2014; Vega
et al., 2014), there would be low potential for
overall compensatory effects (Ghedini et al.,
2015) in this system. Therefore, management
strategies are urgently needed to regulate kelp
harvesting and ﬁshing in order to control the reef
ﬁsh crisis and seemingly inevitable regime shift
(e.g., Gelcich et al., 2009, 2010).

12.4.3

The Role of Parasite–Host
Interactions in Coastal
Ecosystems

In general, parasite–host interactions are one of
most overlooked interactions in marine communities despite their outstanding ecological and
economic effects (Poulin, 1999; Lafferty et al.,
2015). In Chile, some studies have focussed on
patterns of diversity and richness of parasitic
infracommunities (host like molluscs and ﬁsh
species; e.g; George-Nascimento et al., 2002;

Muñoz and George-Nascimento, 2002; González
and Moreno, 2005) and their geographic distribution patterns (Oliva and González, 2005). Other
studies have considered the primary transmission pathways from primary to ﬁnal host species
in intertidal systems (especially for parasitic
trematode species; Loot et al., 2008; Aldana
et al., 2009). In this context, more focussed studies have reported on the direct impact of ﬁshing
and human activities on the parasitic transmission pathways, infracommunity structure and
prevalence (e.g., Loot et al., 2008; Wood et al.,
2013). For example, different species like the ﬁsh
C. variegatus and A. punctatus, the limpet Fissurella
latimarginata and the sea urchin L. albus are target
species for subsidence ﬁsheries in central Chile
(33!S), and their densities are commonly low in
unprotected areas (Godoy et al., 2016). Different
parasites infect these species, and both prevalence and incidence were high in host populations present inside a marine protected area
(MPA; Wood et al., 2013). These results showed
that ﬁshing drives a decline in parasite abundance at the population level, through reducing
the availability of hosts and resource for parasites
(Wood et al., 2013).
No studies have explored the alteration of
consumer behaviour to parasite load (e.g.,
Thomas and Poulin, 1998), which can have
important indirect consequences on consumer–
resource interactions (Poulin, 1999). Similarly,
few studies have reported on the direct parasite
transmission pathways, which can help to incorporate the parasite–host dimension in these wellstudied food webs (Lafferty et al., 2006, 2015).
Notwithstanding, the importance of parasite load
on interspeciﬁc interaction of marine mammal
species (i.e., sea lions and fur seals) has been
previously suggested (George-Nascimento et al.,
1992). Little information is thus available to
address the direct and indirect impact of parasites on other consumer interactions, like
predator–prey or herbivore–algae dynamics, and
also their role as a structuring factor of host
communities in this system (see Poulin, 1999 for
review). Further studies are thus needed to
include parasite–host interactions in the highly
diverse food web present in coastal marine ecosystems of Chile (Kéﬁ et al., 2015).
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12.5

Drivers for Coastal
Biodiversity in Subtidal KelpDominated Ecosystems

Kelps dominate shallow subtidal rocky-bottom
areas in temperate and cold seas to a depth of
~40 m (Dayton et al., 1984; Harrold and Pearse,
1987; Vásquez, 1992; Graham et al., 2007). In the
south-east Paciﬁc the geographic and local distribution of subtidal Laminarian species are variable: L. trabeculata dominates rocky subtidal
environments to a depth of ~40 m (Villouta and
Santelices, 1984; Vásquez, 1992) and Macrocystis
pyrifera forms shallow beds south of 42!S. M. pyrifera forms coastal belts to intertidal zone to ~15
m in northern-central latitudes (Vega et al.,
2005), and to Cape Horn including the fjord zone
and the Atlantic coast up to Chubut area in
Argentina (Buschmann et al., 2004).
Shallow subtidal environments structured by
kelp species (ecosystem engineering; sensu Jones
et al., 1994) are highly productive and harbour
high diversity and abundance of invertebrates
and ﬁshes. Kelp holdfasts constitute feeding
areas, refuges against predation and bottom currents, spawning, settlement areas and nursery
sites (Vásquez and Buschmann, 1997; Vásquez
et al., 1998, 2001b; Graham et al., 2007; Teagle
et al., 2017; Walls et al., 2017). A wide diversity of
algae live under kelp canopy including several
Corallinales, Asparagopsis armata, Halopteris
paniculata and Gelidium spp; some barnacles and
other sessile invertebrates (Pyura chilensis, Phragmatopoma moerchi, Aulacomya atra) are also part of
the associated species sheltered by the kelp
canopy (Vásquez et al., 1993a, 1993b, 2001a,
2001b; Vásquez and Vega, 2004; Thiel et al.,
2007). Invertebrate predators such as the muricid
snail C. concholepas, seastars (M. gelatinosus, S. striatus, H. helianthus and L. magellanica) and
intermediate-size coastal ﬁshes (C. variegatus,
Semicossyphus darwinii and Pinguipes chilensis) constitute the predator guild in kelp forests along the
Chilean coastline. The omnivorous-herbivore
guild presents in kelp forest ecosystems include
sea urchins (T. niger and L. albus), gastropods
(Tegula spp. and Fissurella spp.), as well as ﬁshes

(A. punctatus, G. laevifrons and Kyphosus analogus;
Pérez-Matus et al. 2007, 2012). Marine mammals
such as the sea lion Otaria ﬂavescens and the sea
otter Lontra felina distribute widely along the
coastal zone of the Humboldt Current, and also
use kelp beds as feeding areas (Vega et al., 2005,
Vásquez et al., 2006; Thiel et al., 2007).
In absence of kelp assemblages, subtidal rocky
reefs commonly form alternative states dominated by crustose coralline algae (‘barren-ground’;
sensu Lawrence, 1975, and see Ling et al., 2009).
The most important grazer determining this state
are the sea urchins T. niger (Molina) and the sympatric but less common species L. albus (Molina)
(Rodríguez and Ojeda, 1993). The sea urchin T.
niger is an omnivore, while L. albus is an herbivore
and feeds on foliose algae and drifting algal rafts
(Rodríguez and Ojeda, 1993; Thiel et al. 2007;
Vásquez and Donoso, 2013). Although both
species can completely destroy kelp beds on a
local scale (see Dayton, 1985; Buschmann et al.,
2003), T. niger is primarily responsible for generation and maintenance of barren areas typically
observed in northern Chile (Vásquez and Buschmann, 1997).
The distribution, abundance and diversity patterns of subtidal kelp communities along the
south-east Paciﬁc coastline are the result of complex life history strategies and interactions with
environmental factors like water movement,
nutrient availability, distribution of surface temperature associated with El Niño–La Niña ﬂuctuation, herbivory pressure and a high and intense
harvesting by ﬁshermen (Muñoz et al., 2004;
Vega et al., 2005; Buschmann et al., 2006; Vásquez et al., 2006; Graham et al., 2007).
Long-term studies of subtidal communities
before and after El Niño (Vásquez et al., 2006)
suggest that different bottom-up and top-down
factors might control ecosystem changes in northern Chile, including the intensity and frequency of
upwelling, buffering the positive thermal
anomalies of superﬁcial seawater temperature
and favoring the persistence of kelps.
Site-dependent oceanographic conditions may
generate optimal scenarios for spawning, larval
development and recruitment of the echinoderm
T. niger, which is the main grazer in subtidal
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rocky coastal areas, and also may decouple the
correlation between carnivore abundances and
population dynamics of sea urchins. In this context, abundance variability of some predator
species as L. magellanica or H. helianthus may promote population increase of the urchin T. niger
during El Niño events. These events might thus
promote the development of two alternate states:
(1) environments dominated by kelp versus and
(2) barren ground areas dominated by urchins
and coralline crustose algae (Graham et al.,
2007; Ling et al., 2009). Nevertheless, other areas
of the south-eastern Paciﬁc during El Niño
1997–1998 showed that superﬁcial warming
decreased the abundance of kelp on shallow
bottoms, inducing migrations of grazers to deeper
zones (Fernández et al., 2000; Lleellish et al., 2001).
In a wider context, El Niño–La Niña events include
large-scale bottom-up and top-down effects which
involves various levels of marine subtidal food
webs, most of them difﬁcult to predict. In this
context, impacts of relative frequency of these
large-scale environmental processes on kelps are
commonly coupled with changes in human
impacts like direct kelp harvesting. For example,
human impact involving the landings of brown
macroalgae in Chile reaches 4,000,000 wet t
year"1 (Vásquez et al., 2012), constituting the
world’s largest landings from natural populations.
As was previously mentioned, most of the brown
macroalgae are foundation species of marine ecosystems (Graham et al., 2007), forming the basis of
coastal food webs (Halpern et al., 2006). In Chile,
brown macroalgae contribute signiﬁcantly to the
total biomass of subtidal ecosystems (Santelices
et al., 1980; Santelices and Ojeda, 1984). Similarly,
brown macroalgae are highly connected with all
trophic levels (Vásquez et al., 2006; Thiel et al.,
2007), generating a signiﬁcant impact on the ecosystem in an ecological and evolutionary context
(Steinberg et al., 1995; Seeley and Schlesinger,
2012).
Recent comparative studies done in MPAs
versus open access areas present in northern
Chile show that harvesting has been affecting
the population dynamics of kelps and the structure of their associated communities (Vega et al.,
2014). Inside MPAs, Lessonia recruitment, density
and biomass have temporal patterns similar to

those described when populations of this brown
macroalgae had less extraction (i.e., during 2000).
By contrast, in open access areas, the lack of
surveillance or assignments of use and property
to artisanal ﬁsherman (see Gelcich et al. 2008,
2009) promotes an indiscriminate harvest.
Intensiﬁcation of harvesting negatively affect
the structure and population dynamics of subtidal communities associated with kelps compared
with populations in areas with some conservation
strategies like marine parks or co-management
areas with sustainable management plans (Vásquez et al., 2012).
Kelps are useful sentinels of change because
they are highly responsive to environmental conditions (Wernberg et al., 2013; Bell et al., 2015;
Smale and Vance, 2016) and are directly exposed
to many human activities that impact the coastal
zone (e.g., harvesting, pollution, sedimentation,
invasive species, ﬁshing, recreation). In a global
analysis of kelp forest changes over the past ﬁfty
years, Krumhansl et al. (2016) identiﬁed a high
degree of variability in the magnitude and direction of changes across the geographic range of
kelps. Although most of the changes worldwide
are well correlated with warming or cooling of
water surface associated with climate change, the
decline of kelps in northern and central Chile is
signiﬁcantly related with the intensity of commercial harvest, despite a regional cooling trend
(Krumhansl et al., 2016). This information shows
that subtidal kelp ecosystem dynamics in the
south-east Paciﬁc, contrary to other coasts, is
strongly controlled by processes directly related
to disturbances generated by human harvesting,
which are directly coupled with economic variation related to kelp exportation rates and
market price ﬂuctuations.

12.6

Concluding Remarks: Gaps in
the Knowledge

Given the advances in understanding the processes inﬂuencing variation in distributional patterns and species interactions in rocky shore
habitats in this ecosystem, further studies are
needed to make explicit predictions regarding
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the persistence and dynamics of multiple species
ranges and changing ecological interactions
among species in the face of intensiﬁed human
harvesting and global change (e.g., Ling et al.,
2009; Firth et al., 2009). Hence, the main challenges are thus related, but not constrained to,
examining the persistence of biogeographic transitional zones and species range shift under
climate-driven impacts (e.g., changes in currents:
e.g., Ling et al., 2009; heat waves: Sunday et al.,
2012; homogenisation of upwelling patterns:
Wang et al., 2015) by examining the stability of
species geographic range edges. In this context,
information of the geographic variability in the
intensity and direction of consumer effects could
be of great interest, i.e., under which condition or
environmental context herbivore positive effects
are more frequent than negative impacts on algal
biomass or diversity? Global change is driving
rapid variation in assemblage structure in the
face of changing environmental conditions (Parmesan and Yohe, 2003; Poloczanska et al., 2008;
Sunday et al., 2012; Sydeman et al., 2014). Species
ranges are changing in different coasts as a consequence of the synergistic effect of climate
warming and human harvesting (e.g., Lima
et al., 2006; Parmesan, 2006; Smale and Wernberg, 2013; Fenberg and Rivadeneira, 2015 and
see Burrows et al., 2011 and Mieszkowska et al.,
2014 for reviews). Thus, one of the most important questions is: how the shift in consumer
species (i.e., herbivores, predators) distribution
patterns can inﬂuence variation in community
structure and ecosystem functioning (e.g., Ling
et al., 2009)? Recent evidence suggests that the
ranges of some herbivore species are shifting
across the temperate Eastern Paciﬁc coast (Rivadeneira and Fernández, 2005; Aguilera et al.,
2013b). Clear cooling trends (i.e., negative temperature anomalies) are observed across the HCS
(e.g., Lima and Wethey, 2012; Rykaczewski et al.,
2015; Wang et al., 2015), human harvesting is
intensifying (e.g., consumers: Fernández et al.,
2000; Godoy et al., 2016; kelps: Krumhansl
et al., 2016) and there is potential for the presence of coastal artiﬁcial infrastructure could trigger species range shifts as recent studies suggest
in other systems (e.g., Airoldi et al., 2015; Dong
et al., 2016, and see Firth et al., 2016 for review).

Another important concern is the impact of
exotic non-native species on community structure and functioning along the coast of Chile
(Camus, 2005; Castilla et al., 2005). At least ﬁftyone marine non-indigenous invertebrate and
algae species have been reported across the country (Castilla and Neill, 2009). However, given the
scarce localities studied along Chilean coast the
number of exotic species in Chile may be underestimated (see Villaseñor-Parada et al., 2017 for
review). Most of these non-native species have
been associated with aquaculture operations
(e.g., Codium fragile var. tomentosoides, Ciona
intestinalis; Neill et al., 2006 and see Naylor et al.,
2001 and Villaseñor-Parada et al., 2017 for
review) and transported by ships (e.g., Pyura
praeputialis) (Castilla and Neill, 2009, see Keller
et al., 2011 for discussion). Few studies, however,
have been conducted in Chile (but see Dumont
et al., 2011) on the role of artiﬁcial infrastructures (e.g., pilings) as a habitat for different nonindigenous or exotic species (e.g., Bulleri and Airoldi, 2005; Airoldi et al., 2015 and see Firth et al.,
2016 for review). Given the recent proliferation of
coastal infrastructure in Chile (e.g., artiﬁcial
breakwaters; see Aguilera, 2018), an increase of
suitable habitat for the spread and establishment
of intertidal and subtidal non-indigenous species
could be expected (see Firth et al., 2016). Many of
the introduced species in Chile also correspond to
parasites of both native and exotic (e.g., from
aquaculture) host species (Moreno et al., 2006b),
which have impacts on the structure of natural
communities and on economic activities associated with aquaculture. In addition, there is an
important number of introduced bio-engineer
species like the ascidian P. praeputialis and the
sea grass Heterozostera tasmanica which provide
habitat for a diverse range of intertidal species
(Ortiz and Wolff, 2002; Castilla et al., 2005). In
contrast to the fact that most exotic species (nontarget species) exert negative impacts on economic activities (e.g., like fouling species), the
ascidian P. praeputialis, which is found exclusively
inside the Bay of Antofagasta, ~24!S, is currently
under intense exploitation by small-scale ﬁsheries in northern Chile (Castilla et al., 2005; Manríquez et al., 2016). Thus, there is a challenge to
deal with the presence and future introduction of
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non-native species to natural habitats along the
coast of Chile (see Soto et al., 2001; Camus, 2005;
Castilla and Neill, 2009 for discussion). On the
one hand, environmental monitoring plans are
required to prevent introduction, and ongoing
research based on ballast water risk assessments
(Camus et al., unpublished data) will soon provide
the ﬁrst ofﬁcial protocols to be applied in Chilean
ports. On the other hand, appropriated strategies
are required to restore natural ecosystem
through non-native species eradication/control
(e.g., Glen et al., 2013), and also to delineate
species-speciﬁc conservation plans for species
which provide important ecosystem services.
A rich ecological knowledge has been accumulated through the study of trophic and nontrophic community interactions along the
Chilean rocky shores. Studies have reached a
level of resolution that has allowed ecosystemscale exploration about the structure of complex
networks (see Kéﬁ et al. 2012, 2015). There is still
scant knowledge, however, on the consequences
of the range contraction or expansion of species
on inﬂuencing community homogenisation or
diversiﬁcation (e.g., Olden et al., 2004, but see
Vergés et al., 2016). For example, through range
expansions or invasions, consumer species might
displace native species with similar traits or those
with a strong overlap in niche space through
competitive effects (i.e., as the limiting similarity
hypothesis suggests; MacArthur and Wilson,
1967). The functional replacement can drive
widespread and unpredictable changes in the
functioning of ecosystem through modiﬁed interactions at different trophic levels (Stachowicz
et al., 2008 and see Ling et al., 2009 for cascade
effects of sea urchin range expansion). Conversely, loss of key consumers could diminish
resistance of native assemblages to species introductions (Bulleri et al., 2009). Species functional
identity, richness and competitive potential seem
to be critical traits to predict changes in the community composition and the consumer functional structure (e.g., Arenas et al., 2006; Firth
et al., 2009). Thus, ﬁeld experiments are needed
to forecast community responses to changes in
community structure driven by human-induced
alteration, which operate at different temporal
and spatial scales on coastal ecosystems present

across the large and heterogeneous south-east
temperate Paciﬁc coast.
Strong and consistent changes in the timing,
intensity and spatial heterogeneity of coastal
upwelling in response to future warming by climate change impacts are predicted for most eastern boundary upwelling systems (Sydeman et al.,
2014; Rykaczewski et al., 2015; Wang et al.,
2015). For the HCS, an increase in upwelling
intensity and duration will result in a substantial
reduction of the latitudinal variation in coastal
upwelling (Wang et al., 2015). Because there is a
strong linkage between upwelling and marine
ecosystem productivity, the projected geographic
homogenisation in the intensity, timing and
spatial structure of coastal upwelling may inﬂuence the geographical distribution of marine biodiversity across the south-east temperate Paciﬁc
coast owing to biotic homogenisation (e.g., Olden
et al., 2004). Hence, synergistic effects of
upwelling homogenisation and coastal impacts
on local ecosystems through intensive harvesting, urbanisation and associated exotic species
proliferation are expected in this system. These
large-scale changes pose a strong challenge on the
persistence and stability of the large-scale spatial
variation in species diversity present across Chile,
and on the opportunities to develop general ecosystem management and conservation strategies.
This will be a central research topic in the future
to contribute to conservation and restoration of
local coastal ecosystems tightly connected across
the HCS.
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