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INTRODUCTION

Knowledge about the scales of spatial and tempo-
ral variability in reproductive output and reproduc-
tive investment of marine invertebrates is essential to
gain a better understanding of the ecological and
evolutionary constraints that shape the reproductive
physiology and individual performance of species

within both natural communities and human-
 maintained aquaculture systems (Bertness et al.
1991, Dugan et al. 1991, Hughes et al. 2000, Lester et
al. 2007, Macala & McQuaid 2017). Information on
spatio temporal variability in reproductive output is
also important for an understanding of the factors
that determine variation in the replenishment of
coastal populations and to propose strategies for con-
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servation, management, and restoration (Pulliam
1988, Cabral et al. 2016, Macala & McQuaid 2017).
Many studies have shown that, in the case of marine
invertebrates with obligatory pelagic larval develop-
ment, reproductive investment is a main determinant
of larval output and fitness (Hughes et al. 2000, Leslie
et al. 2005, McQuaid & Phillips 2006), although
future settlement and recruitment may be decoupled
from local larval output at most spatial scales
(Hughes et al. 1999, Navarrete et al. 2010). Marine
bivalves of the family Mytilidae (i.e. mussels), com-
mon to most rocky shores of the world (Suchanek
1985), are a group of species whose fecundity has
been shown to vary over time and space; they have
also served as model species to examine the effects of
multiple stressors on individual performance (Page &
Hubbard 1987, van Erkom Schurink & Griffiths 1991,
Archambault et al. 1999, McQuaid & Lindsay 2005,
Blanchette et al. 2007, Kroeker et al. 2016). Patterns
of reproductive investment and timing in marine
mussels depend on multiple environmental variables
(e.g. sea surface temperature [SST], variability in
SST, salinity, nutrients, pH), which modulate stress
and individual physiological performance, and influ-
ence food availability (i.e. phytoplankton, particulate
organic matter), which is considered a bottom-up in -
fluence in benthic communities when such an effect
propagates to higher trophic levels (Bayne 1976,
Menge 1992). However, the relationship between a
single variable and reproductive output can be
blurred by conflicting individual responses to co -
varying factors (e.g. lower temperatures, low pH,
increased food), which form spatial mosaics of inter-
active variables that can alter the energetic require-
ments of individuals (Kroeker et al. 2016). Such costly
expenditures like growth, managing competitors, or
displaying defense responses may take precedence
over or even impede reproduction (Zardi et al. 2007,
Petes et al. 2008, Fearman & Moltschaniwskyj 2010).

In the coastal ocean, many processes produce envi-
ronmental variability over a wide range of spatiotem-
poral scales due to the interaction of hydrodynamics
and shore geomorphology (Mann & Lazier 1996,
Nickols et al. 2015). For instance, persistent variation
over a few meters can be produced by local topo -
graphy and rock surface heterogeneity interacting
with wave splash (Denny 2014, Flores et al. 2016),
while variation over 10s to 100s of meters can be
introduced by variability in surfzone hydrodynamics,
waves, and bathymetry (Shanks et al. 2010, Lentz &
Fewings 2012, Morgan et al. 2016). The variation
over 10s of kilometers can be due to coastal morphol-
ogy and intensification of upwelling (Wolanski &

Hamner 1988, Narváez et al. 2004, 2006, Lagos et al.
2005, Wieters 2005), and changes over 100s of kilo-
meters can be attributed to variation in upwelling
regimes, latitudinal gradients in solar radiation, or
coastally trapped waves (Navarrete et al. 2005, Con-
nolly et al. 2014, Tapia et al. 2014).

The biological response of many marine inverte-
brates to these dynamic oceanographic and topo-
graphic variables is to vary the allocation of energy
and resources to different physiological and repro-
ductive requirements. For example, reproductive
studies of the intertidal mussel Mytilus californianus
along the northeastern Pacific have demonstrated
large variability among sites separated by 20−30 km
along the coast of California (USA), with increased
reproductive investment around the upwelling re -
gime shift of Point Conception (Phillips 2007b). On
the southeast coast of South Africa, gamete output of
intertidal mussels was consistently higher at sites
within a bay than those separated by approximately
100 km on the open coast (McQuaid & Phillips 2006),
which could be attributed to embayment or other
environmental/oceanographic conditions that vary
over these distances. Other studies have identified
large variation in reproductive output over scales of
100−500 km (Thorarinsdóttir & Gunnarsson 2003,
Oyarzún et al. 2018). 

In this study along the coast of central Chile, we
examined a range of spatial scales accounting for
variability in reproductive investment and individual
condition of intertidal mussels, whether the general
pattern remains similar between years, and whether
environmental variation in mean SST, food availabil-
ity, and upwelling intensity can, in a simple manner,
explain observed spatial patterns.

Extensive literature on bivalves indicates a sea-
sonal cycle in their biochemical composition, with
accumulation of lipids, proteins, and glycogen in dif-
ferent tissues — including the gonads — during peri-
ods of excess nutrient/food availability and the sub-
sequent use of these reserves during food scarcity
(Bayne 1976, Bayne et al. 1983, Hawkins et al. 1985).
The utilization of such reserves can vary substan-
tially within and among mussel species (Bayne 1976,
Gosling 2003, Orban et al. 2002) due to variation in
the acquisition and allocation of energy (Bayne
2004). Most or all energy reserved in the gonads is
channeled into gametogenesis, a process typically
related to SST and food availability (Seed 1976,
Kennedy 1977, Jaramillo & Navarro 1995, Gosling
2003). Temporal patterns of gametogenesis can gen-
erate annual or semiannual spawning cycles (Tho-
rarinsdóttir & Gunnarsson 2003, Oyarzún et al. 2010,
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2018). However, continuous spawning throughout
the year can also be observed, and large mesoscale
variability in the reproductive cycle of a single spe-
cies is common among intertidal mussels (King et al.
1989, McQuaid & Phillips 2006, Phillips 2007b,
Oyarzún et al. 2018).

Here, we characterized spatial scales of variation in
individual reproductive investment, as measured by
the gonadosomatic index (GSI), and somatic invest-
ment (body condition index, CI) of the intertidal mus-
sel Perumytilus purpuratus, a common and widely
distributed species that can form dense beds along
large sections of the central coast of Chile (Castilla &
Durán 1985, Guiñez & Castilla 1999, Fernández et al.
2000, Navarrete et al. 2005, 2010). Studies on the
reproduction of P. purpuratus have shown that GSI is
an accurate indicator of gametogenic stages and
development (Oyarzún et al. 2010), and together
with individual body mass, provides an estimate of
per capita reproductive output. The species exhibits
annual or semiannual reproductive cycles at differ-
ent sites along the Chilean coast, without a clear lat-
itudinal trend in the type of cycle (Lozada & Reyes
1981, Oyarzún et al. 2010, 2018), but probably associ-
ated with large mesoscale variability in temperature
and upwelling intensity (Oyarzún et al. 2018). The
number of spawns per year decreases towards in -
creasing latitudes (lower mean temperatures), and
the timing of spawns is generally associated with
increases in mean SST (Oyarzún et al. 2018). Thus,
while significant variation in reproductive output of
P. purpuratus, as inferred from the GSI, has been
documented among sites separated by >100 and up
to 500 km (Oyarzún et al. 2018), the relative impor-
tance of this variability in comparison to other spatial
scales has yet to be examined. In fact, the great
majority of studies on invertebrate reproduction —
mussel reproduction in particular — have fixed a sin-
gle spatial scale of analysis and then correlated
reproductive patterns with environmental variables.
Here, we aimed to determine the spatial and tempo-
ral variability of reproductive investment and condi-
tioning of P. purpuratus at 4 different spatial scales,
ranging from 100s of centimeters to 10s of kilometers,
across an extensive biogeographical region of cen-
tral-northern Chile. Our goals were: (1) to identify
the spatial scales that account for the greatest varia-
tion in GSI and CI of this intertidal mussel, (2) to
assess whether spatial scales of variation were per-
sistent over the examined temporal scales (months
within reproductive season over 2 consecutive years),
and (3) to examine whether simple explanatory vari-
ables such as SST and chl a concentration can

account for some of the spatial and interannual vari-
ability in individual performance.

MATERIALS AND METHODS

Study system

The mussel Perumytilus purpuratus is a dominant
competitor that can monopolize space from the mid-
to the low zone of rocky intertidal habitat. It is distrib-
uted from the coast of Ecuador (3° S) to the Strait of
Magellan (56° S), continuing along the Atlantic coast
of Argentina (Paine et al. 1985, Alvarado & Castilla
1996, Fernández et al. 2000). P. purpuratus is the
main prey of a variety of top intertidal predators, in-
cluding the sunstar Heliaster helianthus, the carnivo-
rous gastropod Concholepas concholepas, and inter-
tidal crabs (Acanthocyclus spp.) on the central coast
of Chile (Castilla 1981, Castilla & Paine 1987). This
mussel forms dense matrices that provide substratum
and refuge for more than 90 invertebrate taxa (Prado
& Castilla 2006). Thus, this filter-feeder acts not only
as a biogenic habitat, but seems critical to the transfer
of energy and nutrients through the intertidal ecolog-
ical network (Kéfi et al. 2015, Reddin et al. 2015).

Previous studies have reported a typically bimodal
size distribution and a maximum valve length of
approximately 4 cm (Alvarado & Castilla 1996). His-
tological analyses have indicated that sexual matu-
rity occurs from 8 to 10 mm during the first year of life
and have revealed simultaneous gonadic develop-
ment in both sexes, with rare cases of hermaphro-
ditism (Lozada & Reyes 1981, Montenegro et al.
2010). Seasonal reproductive patterns vary along the
Chilean coastline but show a semiannual spawning
season in early austral spring and summer for the
central region of Chile (Lozada & Reyes 1981, Oyar -
zún et al. 2018). Following spawning, larvae spend
approximately 14 d in the water column with recruit-
ment occurring throughout the year and peaking in
summer along the central coast of Chile (Ramorino &
Campos 1979, Navarrete et al. 2008). The Humboldt
Current, which flows north along Chile to Peru, pro-
duces strong seasonal coastal upwelling which sup-
ports the highly productive open and coastal marine
ecosystems of Chile (Strub et al. 1998, Hormazabal et
al. 2001, Thiel et al. 2007). Spatiotemporal variability
in upwelling modulates onshore nutrient input, pri-
mary production, both phytoplankton and zooplank-
ton abundance, benthic community structure, and
recruitment to rocky intertidal shores (Daneri et al.
2000, Broitman et al. 2001, Narváez et al. 2006).
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Hierarchical design of field collections

To determine which are the most important spatial
scales accounting for variation in reproductive vari-
ability of P. purpuratus, among the range of scales se-
lected, and whether such spatial patterns were per-
sistent between years, a hierarchical sampling design
including 4 different spatial scales was implemented
along the central coast of Chile over a 5° latitudinal
span (600 km) during 3−4 mo of the peak austral win-
ter reproductive season in 2012 and repeated again in
2013 (Fig. 1a). Six localities separated by a mean of
110 km (range 80−140 km) were haphazardly se -
lected at wave-exposed rocky shores so as to capture
variation along this stretch of the coast. Each locality

was considered to encompass between 3 and 6 km
along the coastline, within which 3 sites separated by
a mean of 2 km (range 1−5 km) were selected (Fig. 1b).
Thus, sites within each locality can be assumed to be
similarly exposed to upwelling intensity and regimes,
yet these conditions varied widely across localities
(Narváez et al. 2004, Tapia et al. 2009, 2014). Further-
more, localities encompassed 2 regions, north and
south of 32° S, with distinct oceanographic regimes
(Navarrete et al. 2005, Tapia et al. 2014) that are evi-
dently associated with lower recruitment and overall
abundance of P. purpuratus at the most northern sites
(Broitman et al. 2001, Navarrete et al. 2005, 2008).
Sites within locality were sufficiently far apart to ex-
hibit differences in local circulation, water column

stratification, and other hydrographic
conditions (Palma et al. 2006, Bonicelli
et al. 2014), which may affect overall
mus sel performance, including growth
and reproduction. Within each site,
we  selected 3 wave-exposed rocky
platforms separated by 100−200 m
(n = 54 total platforms). While oceano-
graphic conditions associated with
upwelling and mesoscale circulation
were probably similar among the 3
platforms within sites, hydrodynamic
characteristics of the surf zone (e.g.
modulation of waves, splash, and rip
currents due to local topography)
likely varied among platforms  (Flores
et al. 2016).

Finally, within each platform, we
randomly selec ted 20 individuals
along 10−20 m transects. This among-
individual variation spaced on average
100 cm apart represents the smallest
spatial scale in our design. Individ -
uals of P. purpuratus were collec ted
monthly from the mid-intertidal zone,
as defined by Castilla (1981) and
Broitman et al. (2001), be tween May
and July in 2012 and again in 2013.
This sampling period was selected to
examine gonadic investment because
it coincides with peak GSI for central
Chile and precedes the typical early
spring spawning (Lozada & Reyes
1981, Oyarzún et al. 2018). Sampling
was extended to April for the southern
sites of Los Molles, Estación Costera
de Investigaciones Marinas (ECIM),
and Pichilemu in 2013.
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Fig. 1. (a) Central coast of Chile, showing the position of each study locality
where fecundity of Perumytilus purpuratus was measured. Inset shows an ex-
ample of the sites nested within each locality and platforms nested within
sites. Platforms E2.2 and E2.3 reside within the only no-take marine reserve in
the region. ECIM: Estación Costera de Investigaciones Marinas. (b) Hierarchi-

cal sampling design implemented within each locality
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Laboratory processing of individuals for 
GSI and CI

Mussels were placed in 70% ethanol, labeled,
brought to the lab, and kept for a minimum of 6 mo to
facilitate dissection (see Kim et al. 2006 for methods).
After this time, individuals were measured with cal i -
pers and the mantle and body tissues were dissected,
dried in an oven to constant weight, and weighed in a
precision balance to 0.00001 g. Shells were weighed
separately. Gonadic maturation oc curs inside the
mantle tissue as the follicles develop, and it is there-
fore considered a reliable indicator of reproductive
tissue in most mussels (Mathieu & Lubet 1993), and
especially in P. purpuratus (Oyar zún et al. 2010). The
body tissue is comprised of the mollusk’s foot, adduc-
tor muscle, and visceral mass, thus representing the
somatic energy concentration and development of a
mussel (Mathieu & Lubet 1993). Variation of repro-
ductive allocation over somatic allocation by P. purpu-
ratus should then be reflected in differences of mass
(i.e. GSI) at varying spatial scales.

Environmental data

To identify potential environmental factors driving
spatial differences among localities and between the
2 reproductive seasons, we obtained data on SST and
chl a as a proxy of food availability (Peterson et al.
1988, Menge et al. 1997), and calculated an index of
upwelling intensity. In situ temperature loggers (Tid-
bit, StowAway®) were deployed 1−2 m deep at 1 site
in each locality and are used to represent mean SST
for that locality (see Tapia et al. 2014 for details). Pre-
vious studies have shown that these in situ tempera-
ture loggers correlate well with satellite-derived SST
but show finer resolution (Lagos et al. 2005, Tapia et
al. 2014). Average monthly chl a concentrations were
obtained for each locality from AquaMODIS chl a 8 d
composite data (https://coastwatch.pfeg.noaa.gov/
erddap/ griddap/erdMH1chla8day.html) and are in-
terpreted here as a broad indicator of ‘food availabil-
ity’ for this filter-feeder. A total of 15 pixels of 4 km
each (240 km2) were defined in front of each locality
and averaged to represent the monthly chl a values.
Monthly chl a averages were calculated for each lo-
cality and used to examine relationships with repro-
duction and condition, for the same month of mussel
collection, and with the change in mean chl a ob-
served 1 mo before mussel collection.

A locality-specific thermal upwelling index (UI) was
calculated for this same time period following Pfaff et

al. (2011), and defined as UI = (Toffshore −  Tonshore) /
 (Toffshore − Tbottom). SSTs offshore (Toffshore) were ob-
tained from AquaMODIS SST 8 d composite data
(https:// coastwatch.pfeg.noaa.gov/erddap/ griddap/  erd
MH1sstd8day.html) at 350 km westward from each
study locality using the average of 64 pixels
(1024 km2). Onshore temperatures (Tonshore) were ob-
tained from Tidbit temperature loggers deployed at
1 m depth. Bottom sea temperature around 200 m
deep (Tbottom) was set at 10°C after data presented by
Blanco et al. (2001), whose work also showed little
variation around this temperature across our study re-
gion (Blanco et al. 2001).

Data analysis

Before analyses, we examined whether a linear
model was appropriate to characterize the relation-
ship between body mass and mantle mass (Fig. 2). To
this end, we fitted linear and quadratic polynomial
regressions using ordinary least squares (OLS) and
determined that, within the mussel size range stud-
ied, the linear relationship provided a better fit to
the data (see Table S1 in the Supplement at www. int-
res. com/ articles/ suppl/ m599 p107 _ supp. pdf), with an
exception at the locality of Guanaqueros. Deviation
from linearity at this locality had only a small effect
on the results presented here, so we used the linear
approximation to calculate GSIs (see below). An ana -
lysis of covariance showed the existence of sig -
nificant interactions between locality and body mass,
thus rejecting the null hypothesis of homogeneous
slopes among localities and suggesting the existence
of locality-specific relationships between repro duc -
tive investment and size in P. purpuratus (Table S2).
A GSI was calculated for each individual to examine
the proportion of soft tissue allocated to reproduc-
tion:

GSI = × 100 (1)

The appropriateness of gonadal indices as indica-
tors of reproductive investment has been frequent ly
discussed, and limitations of these methods have
been noted for marine invertebrates (Ebert et al.
2011). However, previous work has found very good
agreement between the GSI, the gametogenic sta -
ges, and the mature oocyte percentages for P. purpu-
ratus (Lozada & Reyes 1981, Oyarzún et al. 2010); we
therefore used GSI in this study.

Following the hierarchical experimental design
(Fig. 1), a nested analysis of variance was used to
analyze GSI data and estimate variance components

Mantle mass

Mantle and body mass
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for each month and reproductive season, considering
individual mussels as replicates, platforms nested
within sites, and sites nested within localities. Maxi-
mum likelihood was used to provide more stable esti-
mates of variance components than those provided
by the Type I method in unbalanced designs (Mil-
liken & Johnson 2009), although both methods were
highly coincident. Although significance testing was
not the focus of these analyses, they are presented in
Table S3, after Satterthwaite’s approximation for
degrees of freedom (Kuehl 1994) to correct for loss of
replicates under certain combinations of factor lev-
els. Visual inspection of variance components across
sampling months was used as an indication of consis-
tency within the selected spatial scales of variability.
To determine whether the spatial pattern of GSI was

persistent, or ‘geographically fixed,’ between the 2
consecutive years of the study, we simply examined
whether the variance contribution of a given locality,
site, or platform was the same from one year to the
next. Note that this approach provides weaker tests
of ‘pattern persistence’ than the test of time invari-
ance presented by Benedetti-Cecchi (2001) in a study
of spatial variability in Mediterranean intertidal as -
semblages. There, the author tested the necessary
assumption that assemblages did not vary between 2
sampling dates, so that spatial comparisons could be
made with data collected over different dates. In our
case, overall variance due to ‘year,’ or even variance
due to a ‘space × year’ interaction, may be signifi-
cantly different from 0 (which is the most likely sce-
nario in natural systems), but the pattern may still be
‘persistent’ if such variability does not significantly
alter structure across the region, breaking down the
correlations.

The CI of individuals was also calculated in order
to examine the spatiotemporal patterns of overall
individual condition and to compare with GSI pat-
terns. The CI is calculated as tissue content of the
mussel against the total mass, including shell:

CI = × 100 (2)

This CI is commonly used in bivalve aquaculture
studies for environmental, management, and mone-
tary purposes (Orban et al. 2002, Irisarri et al. 2015).
Variability of the CI and relation with environmental
variables were examined in the same manner as
described for GSI. Although these biological indices
(GSI, CI) measured different aspects of mussel biol-
ogy, they were highly correlated over space and time
(see ‘Results’) and therefore we concentrate here on
reproductive investment and then show main CI
 patterns.

We examined the relationship between GSI and 
CI with single environmental variables using OLS
 re gressions to explore linear and non-linear (poly -
nomial) relationships. Since SST and chl a show large
variability at scales from 10s to 100s of km (Narváez
et al. 2004, Lagos et al. 2005, Tapia et al. 2009, 2014),
and we do not have reliable information at lower spa-
tial scales, we averaged GSI values at the scale of
locality before conducting these analyses. Interan-
nual changes in mussel indices were contrasted with
interannual changes in mean SST, chl a, and UI at
each locality.

Lastly, to further characterize spatial patterns of
mussel reproduction and condition (GSI, CI) and
environmental variables (SST, chl a), we examined

Mantle and body mass

Total mass of the mussel
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Fig. 2. Relationship between body mass and mantle mass for
Perumytilus purpuratus at each locality for (a) 2012 and (b)
2013. Data from each year were pooled over the sampling 

period
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their spatial autocorrelation structure through correl-
ograms (Legendre & Legendre 1998, Rangel et al.
2010). Spatial correlograms of the yearly average of
GSI and CI (Moran’s I autocorrelation index) were
calculated as a function of the shortest Euclidian dis-
tance separating platforms. Similar statistical analy-
ses were performed using satellite-derived SST and
chl a for the study period of each year. In this case,
we obtained evenly spaced data across the study
region by selecting contiguous 4 km pixels adjacent
to the shore, from the northernmost to the southern-
most site. To remove the effect of latitudinal variation
in SST, prior to the correlogram analyses we re -
gressed SST over latitude and constructed correlo-
grams based on the residual of this relationship. UIs
could not be calculated in a similar manner because
we had only 1 in situ record per locality.

RESULTS

Spatial and temporal patterns

Collected individuals of Perumytilus purpuratus
ranged in size between 10 and 50 mm shell length,
and only 16 individuals were hermaphroditic
(<0.01%). All individuals had clearly defined gonad
tissue. Males and females did not differ significantly
in GSI, which has also been shown in earlier studies
of this species (Lozada & Reyes 1981, Oyarzún et al.
2018). Therefore, both sexes were pooled in the
analyses.

There were no clear latitudinal trends in GSI across
the region, either when averaging at the scale of
locality (Fig. 3a) or when examining all sites (Fig. 3b).
Note that the geographic pattern of variability in GSI
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Fig. 3. Spatial pattern of the gonadosomatic index (GSI) of Perumytilus purpuratus averaged for the sampling period at the 
level of (a) locality and (b) site (see Fig. 1). Error bars are SE; ND: no data available
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observed within localities is generally well preserved
and there is little variation among sites in the same
locality. (Fig. 3). Within the chosen window of time
for the surveys, there was no clear trend across
months (Fig. S1 in the Supplement); while at most
localities GSI fluctuated slightly from month to
month, at 1 locality (Guanaqueros), GSI in creased
consistently from May through July in both years. At
some localities (Temblador, ECIM, and especially
Punta Talca), there was a sharp decrease in GSI
between June and July of 2013, indicating that early
spawning occurred between sampling dates (see
Oyarzún et al. 2010). Thus, we performed analyses
with and without the individuals collected in July
and indicate when changes occur with respect to
using all data.

Variance component analyses
for each month showed a gener-
ally persistent structure of spatial
variability in GSI throughout the
reproductive season and between
years, with locality separated by
10s of km and individual sepa-
rated by centimeters to meters
capturing the greatest proportion
of the variance in GSI of this spe-
cies (Table 1, Fig. 4). The scales of

site (2 km) and platform (100s m) together accounted
for less than 22% of the variability in GSI throughout
the study period (Fig. 4). The notable exception to
this pattern occurred in June 2013, when variance
due to site accounted for more than 36% of the total
variance and surpassed the variance attributed by
locality (Fig. 4). In part, the result for this month of
the year is due to missing observations at Guanaque-
ros and Punta Talca. Re moving these localities from
the va riance component analyses gene rates a spatial
structure of variation more similar to the ones ob -
served during other sampling times (Fig. S2).

With the exception of Pichilemu, the southernmost
locality in the region, there were small interannual
changes in GSI (<10% on average), across all spatial
scales (Fig. 5). Once Pichilemu was removed, high
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Scale May 2012 June 2012 July 2012 May 2013 June 2013 July 2013

Locality 15.4455 34.7076 30.1407 10.1917 5.0461 62.6741
Site 0 6.5531 2.8657 5.1930 35.8914 11.3895
Platform 10.5687 7.0967 8.8330 11.0018 7.4480 9.2813
Individual 34.6730 33.7108 45.4014 46.4585 51.5660 40.0422

Table 1. Variance components of nested ANOVA for each month, indicating the
proportion of the variance in the gonadosomatic index of Perumytilus purpuratus

attributable to different spatial scales

Fig. 4. Variance components of a nested ANOVA of the gonadosomatic index (GSI) of Perumytilus purpuratus at each level of 
the hierarchical sampling design (see Fig. 1)
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interannual persistence of the spatial pattern (order
of sites) was observed at the scale of locality (Pearson
r = 0.87), although marginally non-significant (p =
0.0529) probably due to low replication (n = 5,

Fig. 5a), and significant at all other scales (Fig. 5b,c).
At Pichilemu, we observed a marked increase in GSI
in 2013, which was evident at all spatial scales within
that locality (Fig. S3).

In accordance with results from variance compo-
nents, spatial autocorrelation analyses showed sig-
nificant positive correlations of GSI at scales up to
about 100 km, switching to mostly negative and non-
significant correlations at larger spatial scales in both
years (Fig. 6a). Roughly coincident decorrelation
scales of ca. 100 km were observed in SST after re -
moving the latitudinal trend and in chl a (Fig. 6b,d),
but in the case of SST another significant spatial
structure was observed at about 300 km (Fig. 6b) in
2012.

Relationships with environmental variables

No simple linear, unimodal, or saturation-type rela-
tionship was observed between GSI and temperature
or chl a concentration either in 2012 or 2013, or pool-
ing both years (Fig. 7a,b). Changes in temperature or
in the mean chl a concentration observed the month
prior to collecting individuals were also not associ-
ated with GSI (Fig. 7c,d). However, while interannual
differences in GSI were small at most sites (<10%),
these changes, at each locality and month, were sig-
nificantly and negatively correlated to the interan-
nual change in mean SST observed at that locality
and month (Fig. 7e); a positive interannual increase
in GSI was significantly associated with a decrease in
SST. These results include the stark increase in GSI
observed at Pichilemu between 2012 and 2013
(Fig. S3), where the largest interannual changes in
SST were also observed. In contrast, interannual
variability in chl a concentration did not explain
inter annual variation in GSI. The UI, calculated for
each locality and time period, showed no association
with GSI within years (Fig. 8a,b), nor did the change
in UI observed between years at each locality and
time period coincide with GSI (Fig. 8c). Note that
2012 was on average a year of more intense up -
welling than 2013, which corresponds well with the
lower temperatures observed in corresponding
months during that year.

Monthly values of CI remained slightly more stable
than GSI among months and followed the same over-
all pattern across all spatial scales (Figs. S4 & S5).
Slight declines in CI, at months suspected of spawn-
ing events (between June and July), were observed
only at Temblador, Punta Talca, and ECIM, and only
in 2013. The spatial and temporal structure of CI
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Fig. 5. Pearson correlations (r) examining the persistence of
the spatial patterns in the gonadosomatic index (GSI) of Pe-
rumytilus purpuratus between years at the scale of (a) local-
ity, (b) site, and (c) platform. Bold p-values represent a sig-
nificant regression at α = 0.05. The site Pichilemu was 

removed
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closely followed that of GSI across the study region
(Fig. 9 and see Fig. S5), with the exception of Tem-
blador. The relationships between CI and environ-
mental variables (SST, chl a, UI) were therefore quite
similar to those observed between GSI and these
variables (Figs. S6 & S7), but with a notable excep-
tion. This was the significant positive relationship
between observed values of chl a and CI for both
years, suggesting that greater CI values are related
to increased food availability (Fig. S6b).

DISCUSSION

Our results here show that in the intertidal
mussel Perumytilus purpuratus, GSI and individual
condition have very characteristic scales of variabil-
ity, with the main scales of variation found among
individuals centimeters to several meters apart,
with in platforms, and among localities separated by
10s and up to about 100 km. Intermediate scales
contribute much less to variation in reproduction
and condition. Importantly, the spatial structure of
variance and geographic patterns were highly pre-

served among months and between years, which is
of great significance for site-based management.
While the spatial structure of variation in GSI
 suggests the influence of mesoscale oceanographic
processes as sociated with upwelling variability,
 single environmental variables that correlate with
upwelling (SST, chl a, UI) were not associated with
GSI in any year. Below we discuss potential pro-
cesses underlying spatial-temporal patterns of vari-
ation in mussel re productive output and condition,
suggest that they are consistent with the hypothesis
of persistent multivariate mosaics of environmental
conditions, and highlight the consequences for
meta  population dy namics and  management.

Spatial scales of variability in reproductive
 investment

Our spatially intensive study on reproductive pat-
terns of P. purpuratus along the coast of central
Chile shows that there are no latitudinal gradients
or geographic breaks across the study region, but
there are characteristic spatial scales that account
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Fig. 6. Spatial correlograms (Moran’s I autocorrelation index as a function of the distance separating platforms) of the average
ranking of (a) gonadosomatic index (GSI) and (c) condition index (CI) values of Perumytilus purpuratus. Spatial correlograms 

for satellite (Moran’s I index) (b) residual sea surface temperature (SST) and (d) chl a measurements along the coast
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Fig. 7. Regressions of the environmental variables (a,c,e) sea surface temperature (SST) and (b,d,f) chl a in relation to gonado-
somatic index (GSI) of Perumytilus purpuratus at the level of locality. The current state of the environment per month was
compared to (a,b) mean GSI values and (c,d) the environmental change between months. (e,f) Interannual relationships were
determined by calculating the difference of monthly GSI, SST, and chl a values between 2012 and 2013. The bold p-value in 

(e) represents a significant regression at α = 0.05, visualized with a regression line
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for most of the variability. First, a large fraction of
variance in GSI and CI was observed among locali-
ties located 10s of kilometers apart, which coincided
well with correlogram analyses, showing positively
correlated patterns up to about 100 km. Variability
over these scales is likely related to variation in
coastal morphology (bathymetry, orientation, eleva-
tion) and the interaction with wind-driven upwelling
of subsurface waters, which is generally intensified
around capes and headlines and strongly modifies
patterns of coastal circulation (Figueroa & Moffat
2000, Strub et al. 1998) as well as SST variability,
nutrient delivery, and surface chlorophyll (Wieters
et al. 2003, Lagos et al. 2005, Correa-Ramirez et al.
2007, Tapia et al. 2009). These environmental condi-
tions, especially temperature and chlorophyll, mod-
ulate the reproductive output of several mussel spe-
cies (Jaramillo & Navarro 1995, Thorarinsdóttir &
Gunnarsson 2003, Zardi et al. 2007, Fearman &
Moltschaniwskyj 2010, Oyarzún et al. 2018). The

fact that the spatial structure of vari-
ability was persistent not only within
the reproductive season, but also
between years that differed in mean
SST and overall upwelling intensity
again suggests that coastal topogra-
phy at scales of 10s of kilo meters
generates persistent oceanographic
features that modulate the perform-
ance of benthic filter-feeders on the
shore. Indeed, this is characteristic of
the physical oceanographic profile
found in coastal systems and particu-
larly within the coastal boundary
layer, which, in contrast with off-
shore waters, is controlled by the
strong modulation of flows by bottom
topography and coastal heterogene-
ity (Lentz & Fewings 2012, Nickols et
al. 2015), leaving persistent signals
in coastal communities (Menge et al.
1997, 2003, Wieters et al. 2009, Pfaff
et al. 2011). Thus, while we did not
find a direct correlation between the
calculated UI and biological indices,
we did find that the dominant spatial
scales of variability in coastal hydro-
dynamics, associated with upwelling
processes (Narváez et al. 2004, 2006,
Lagos et al. 2005, Wieters 2005), co -
incide well with the dominant scales
of variation in GSI of P. purpuratus
within our study region.

Second, a large fraction of variation in GSI and CI
was also attributed to variability over scales a few
centimeters to several meters within a comparatively
homogeneous wave-exposed rocky platform. Envi-
ronmental and biological factors associated with an
individual’s microhabitat have been shown to affect
its performance (e.g. growth, size, shape) and alter
behavior and energy allocation to different individ-
ual needs. For instance, mussel location within the
mussel bed can affect physiological development,
 in cluding mussel geometry, shell thickness, and
reproduction (Briones & Guiñez 2005, Petes et al.
2008, Briones et al. 2014). Other studies in intertidal
mussels show large inter-individual variation in
reproductive investment and spawning cycles. For
instance, Petes et al. (2008) found that the mussel
Mytilus californianus on the coast of Oregon, USA,
displayed varying physiological trade-offs within the
same mussel bed that differed with respect to mussel
placement. High-edge mussels showed less repro-

118

Fig. 8. Relationship between the gonadosomatic index (GSI) of Perumytilus
purpuratus and the upwelling index (Pfaff et al. 2011) for (a,b) each year and 

(c) the interannual change 
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ductive investment with a singular spawning event,
whereas low-edge mussels showed continuous spawn -
ing throughout the year. Similarly, Phillips (2007a)
reported that variation of the maternal investment in
egg volume and egg energy content of M. californi-
anus in California was primarily due to the individual
female rather than other spatial or temporal factors.
Although we attempted to standardize the position
that collected mussels occupied within the bed
(towards the center and surface layers), our results
showed large variation among individuals that were
in close proximity. Thus, it is pos sible that a combina-
tion of the previously described environmental and
biological microenvironment, individual hormonal
condition, and genetic makeup can introduce large
variation in reproductive investment and individual
condition in this dominant intertidal mussel.

Intermediate spatial scales, among platforms 100s
of meters apart and among sites 1−5 km apart, ac -
counted for much smaller fractions of variance in GSI
and CI of P. purpuratus. This suggests that environ-
mental conditions affecting mussel GSI among

selected platforms and sites were relatively more
homogeneous across the study region than condi-
tions encountered within a platform or in different
localities. A notable exception occurred in June 2013,
when variance due to site surpassed the contribution
due to the scale of locality (Fig. 4). Such results are
due in part to incomplete sampling for that month,
but it may also reflect a temporary change in envi-
ronmental conditions which maximized differences
among sites placed 1−2 km apart. Unfortunately,
we do not have in situ SST records of all platforms
and sites, nor the available wave data to evaluate
this high-resolution environmental variability across
such scales. Satellite-based data also lacked the res-
olution to compare environmental variables at all of
our spatial scales.

Historically, hierarchical sampling designs have
been used in marine ecology to identify spatial pat-
terns of species density/cover and community compo-
sition (e.g. Underwood & Chapman 1996, Fras chetti
et al. 2001), several of which show an emerging gen-
erality of large variation at the smallest and the
largest of scales, similar to our own results. However,
these results are dependent on the range of spatial
scales chosen by the authors and the variables meas-
ured, rendering direct comparisons difficult at best.
Moreover, few studies have used hierarchical sam-
pling to examine patterns of reproduction of inverte-
brates across multiple spatial scales (e.g. Hughes et
al. 2000), so it is difficult to compare hierarchical spa-
tial structure of reproduction with other mussel or
invertebrate studies, which are typically concen-
trated in a single scale (e.g. across sites). It is possible
that the same factors that affect the abundance and
density of organisms may also affect their individual
performance and reproductive success, thus linking
patterns of abundance and reproductive investment
at certain scales with resulting influences on total lar-
val output (reproductive output) and recruitment.
However, a similar pattern of mesoscale variability in
reproduction and absence of latitudinal trends was
observed in the sea urchin Strongylocentrotus pur-
puratus by Lester et al. (2007) along the upwelling
ecosystem shoreline from central to Baja California,
which the authors attributed to upwelling modula-
tion of food supply and local conditions. Thus, the
pattern documented for P. purpuratus may not be
restricted to filter-feeders but may be general to
many invertebrates in upwelling-influenced shores
and could play a key role in recruitment variation
along the coast (Hughes et al. 2000).

Although there were no latitudinal trends or clear
regional-scale differences in GSI, as could have been
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Fig. 9. Linear regression between mean gonadosomatic in-
dex (GSI) and condition index (CI) values of Perumytilus
purpuratus among months at the scale of (a) locality and (b) 

site (see Fig. 1)
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expected given the well documented latitudinal gra-
dient in SST (Broitman et al. 2001) and regional dif-
ferences in oceanographic regimes (Navarrete et al.
2005, Tapia et al. 2014), we did observe that the
localities straddling the reported discontinuity in
oceanographic regimes (Guanaqueros and Punta
Talca) showed comparatively greater GSI than other
sites. Similar results of increased reproductive in -
vestment around a major oceanographic regime
were also observed by Phillips (2007b) in the inter-
tidal mussel Mytilus californianus around Point Con-
ception in California, suggesting that the coastal
morphology and oceanographic changes encoun-
tered at both of these breaks could generate ideal
conditions for reproduction of benthic filter-feeders
(i.e. a combination of low temperatures and high
phytoplankton biomass).

Determinants of among-site variability in GSI and
CI and persistent environmental mosaics

Neither in situ measured SST nor a thermal index
of UI explained among-site variation in P. purpuratus
GSI. As previously noted, temperature seems to play
an important role in the initiation of gametogenesis
and acts as a cue for spawning in many intertidal
mussels (Suchanek 1985, Gosling 2003). Indeed,
Oyarzún et al. (2018) reported a link between SST
and GSI of P. purpuratus across sites spanning over
2000 km of the Chilean coastline, with increased GSI
values at sites with colder mean SST. They also noted
that spawning tended to occur when SST increased
by about 1°C, which was witnessed in our results as
well (July 2013 at Punta Talca). The lack of congru-
ence concerning temperature correlations between
studies is probably due to the large differences in
geographic scope and the magnitude of the tempera-
ture gradient observed between extremes of the
study regions. We showed that over a region of
600 km in central Chile, variability in mean SST is
not a simple predictor of GSI among sites. Moreover,
although the dominant scale of spatial variability in
GSI coincides well with variability in mesoscale pro-
cesses associated with upwelling (Lagos et al. 2005,
Navarrete et al. 2008), thermal indices of upwelling,
such as the one presented here (UI, Pfaff et al. 2011),
or the MUZIC UI proposed by Tapia et al. (2009,
results not shown), did not explain among-site varia-
tion in GSI or CI. We interpret this apparently contra-
dictory result as an indication of the multiple envi-
ronmental determinants and stressors that control
individual condition and, in particular, reproductive

investment. Indeed, while the thermal field is usually
used as an indicator of upwelling intensity (Wieters
2005, Tapia et al. 2009, Pfaff et al. 2011), SST vari-
ability is only one of the many variables that are
altered by the phenomenon of upwelling and that can
influence an individual’s energy allocation. Changes
in circulation, dissolved oxygen, trace elements, nu -
trients, pH, particulate organic matter (POM), chl a,
zooplankton abundance, and even atmospheric con-
ditions (e.g. winds and fog) are only some of the many
variables that could be modulated by mesoscale
oceanographic processes (Strub et al. 1998, Menge et
al. 2003, Wieters et al. 2003, Broitman & Kinlan 2006).
Many of these variables can have direct and indirect
effects on individual performance and/or shifts in
energy allocation.

Since intertidal mussels rely on the influx of phyto-
plankton and POM for survival, growth, and re -
production, the expectation is that there are good
 correlations between reproductive investment and
satellite-measured surface chl a, and earlier studies
have shown this (Jaramillo & Navarro 1995, Narváez
et al. 2008). While we did observe a weak but signif-
icant direct correlation between chl a concentration
and the individual CI across the study region, sug-
gesting that increased food availability supports
increased growth of soft tissue within the mussel
shell, we did not observe any relationship with GSI.
Again, this points to the rather complex relationship
between upwelling intensity, food availability, and
food quality for benthic filter-feeders (Blanchette et
al. 2007, Puccinelli et al. 2016), which can interact
with other environmental variables to determine an
individual’s energy budget. Ultimately, the amount
of food consumed by mussels will be controlled by
particle selection, absorption efficiency, gut capacity,
and the ingestion rate of each mussel (Gosling 2003).
While both the quantity and quality of the diet will
affect the available energy, temperature plays a role
in the rates of each physiological process and stimu-
lates key neurohormonal mechanisms that regulate
gamete development (Zwann & Mathieu 1992). Thus,
at the microscale, there exists ‘a complex interplay
between neuroendocrine and environmental factors’
(Gosling 2003, p. 140).

Interestingly, interannual variation in reproductive
investment was small but significant at all localities,
and was significantly and inversely associated with
observed interannual changes in SST at each site and
month of the year. This is consistent with the hypo -
thesis that SST plays an important role in deter -
mining mussel GSI, but that it is not the only factor
modulating spatial variability. After examining the
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reproductive investment of this bioengineer, we
found the highest CI values in Coquimbo Bay (Tem-
blador and Guanaqueros) where chl a values were
highest. GSI values were greatest around the break
at Punta Talca, Guanaqueros, and Pichilemu in 2013
when temperatures were lowest and cooling rates
were greatest, indicative of strong upwelling. In the
case of Guanaqueros, it is worth noting that these
conditions (low temperature, high chl a) seem to be
responsible for a slightly more allometric rather than
linear relationship between body and mantle weight,
suggesting that mussels may ‘opportunistically’ take
advantage of pockets of favorable environmental
conditions (Hawkins et al. 1985), perhaps altering
patterns of energy allocation.

CONCLUSIONS

Our results also support the idea that mussel de -
velopment and the resulting reproductive output is
‘context-dependent’ and driven by multiple factors
that may nonetheless form persistent environmental
mosaics (Kroeker et al. 2016), which in this case
occur at scales of 10s and up to 100 km. Results found
on P. purpuratus may not be too different, in gen-
 eral, from other mussel species, many of which are
commercially harvested. Indeed, the identification of
such dynamics for a community of species across a
region is an important ecological consideration for
the spatial planning of marine protected areas
(Crowder & Norse 2008) and understanding connec-
tivity among populations (Carson et al. 2010). The
existence of temporally persistent patterns of repro-
duction provides grounds for spatial management
designed to protect sources of larvae for the meta -
population. The fact that such a persistent pattern
occurs over scales of 10s of kilometers may also facil-
itate implementation of management or conservation
measures. Spatial patterns over scales too small (e.g.
100s of meters or less) make it impossible to enforce
effective regulation, or require larger areas to
achieve similar results. Moreover, since the scales of
variability probably are within the same order of the
scales of larval dispersal, the spatial pattern of repro-
duction and therefore expected larval output along
the shore may have important consequences on
meta population dynamics and structure. Lack of
 simple correlations with environmental variables
illustrates how site-specific information on reproduc-
tive investment is required to make decisions and
shows that general assumptions based on upwelling,
SST, or chl a are not useful for anticipating mussel

reproductive investment and total larval output
across localities. This is the result of the multifactorial
nature of the environment, and studies should there-
fore consider these multiple stressors and deter -
minants of individual performance across multiple
spatial scales when designing experiments.

Acknowledgements. We thank N. Weidberg, J. Bonicelli, R.
Finke, and K. Plummer for assistance with analyses and dis-
cussions that helped in the preparation of this manuscript.
We are also indebted to S. Karythis, E. Ramos, E. Lamb, R.
Uribe, M. Parragué, M. Barahona, F. Rojas, and other ‘Eci -
mianos’ for assistance with sample collection and analyses
in the laboratory. Financial support for this project was pro-
vided by Fondecyt grants 1120158 and 1160289 to S.A.N.,
and by the Center for Marine Conservation, grant ICM-
CCM RC130004 of Iniciativa Científica Milenio of the Minis-
terio de Economia, Fomento y Turismo.

LITERATURE CITED

Alvarado JL, Castilla JC (1996) Tridimensional matrices of
mussels Perumytilus purpuratus on intertidal platforms
with varying wave forces in central Chile. Mar Ecol Prog
Ser 133: 135−141

Archambault P, McKindsey CW, Bourget E (1999) Large-
scale shoreline configuration influences phytoplankton
concentration and mussel growth. Estuar Coast Shelf Sci
49: 193−208

Bayne BL (1976) Aspects of reproduction in bivalve mol-
luscs. In:  Wiley M (ed) Estuarine processes, uses, stresses
and adaptation to the estuary. Academic Press, New
York, NY, p 432−448

Bayne BL (2004) Phenotypic flexibility and physiological
tradeoffs in the feeding and growth of marine bivalve
molluscs. Integr Comp Biol 44: 425−432

Bayne BL, Salkeld PN, Worrall CM (1983) Reproductive
effort and value in different populations of the marine
mussel, Mytilus edulis L. Oecologia 59: 18−26

Benedetti-Cecchi L (2001) Variability in abundance of algae
and invertebrates at different spatial scales on rocky sea
shores. Mar Ecol Prog Ser 215: 79−92

Bertness MD, Gaines SD, Bermudez D, Sanford E (1991)
Extreme spatial variation in the growth and reproductive
output of the acorn barnacle Semibalanus balanoides.
Mar Ecol Prog Ser 75: 91−100

Blanchette CA, Helmuth B, Gaines SD (2007) Spatial pat-
terns of growth in the mussel, Mytilus californianus,
across a major oceanographic and biogeographic bound-
ary at Point Conception, California, USA. J Exp Mar Biol
Ecol 340: 126−148

Blanco JL, Thomas AC, Carr ME, Strub PT (2001) Seasonal
climatology of hydrographic conditions in the upwelling
region off northern Chile. J Geophys Res 106: 11451−
11467

Bonicelli J, Moffat C, Navarrete SA, Largier JL, Tapia FJ
(2014) Spatial differences in thermal structure and vari-
ability within a small bay:  interplay of diurnal winds and
tides. Cont Shelf Res 88: 72−80

Briones C, Guiñez R (2005) Asimetría bilateral de la forma
de las valvas y posición espacial en matrices del chorito
Perumytilus purpuratus (Lamarck, 1819) (Bivalvia:  Mytili -
dae). Rev Chil Hist Nat 78: 3−14

121

https://doi.org/10.3354/meps133135
https://doi.org/10.1006/ecss.1999.0481
https://doi.org/10.1093/icb/44.6.425
https://doi.org/10.1007/BF00388067
https://doi.org/10.3354/meps215079
https://doi.org/10.4067/S0716-078X2005000100001
https://doi.org/10.1016/j.csr.2014.07.009
https://doi.org/10.1029/2000JC000540
https://doi.org/10.1016/j.jembe.2006.09.022
https://doi.org/10.3354/meps075091


Mar Ecol Prog Ser 599: 107–124, 2018

Briones C, Rivadeneira M, Fernández M, Guiñez R (2014)
Geographical variation of shell thickness in the mussel
Perumytilus purpuratus along the southeast Pacific coast.
Biol Bull (Woods Hole) 227: 221−231

Broitman BR, Kinlan BP (2006) Spatial scales of benthic and
pelagic producer biomass in a coastal upwelling eco -
system. Mar Ecol Prog Ser 327: 15−25

Broitman BR, Navarrete SA, Smith F, Gaines SD (2001) Geo-
graphic variation of southeastern Pacific intertidal com-
munities. Mar Ecol Prog Ser 224: 21−34

Cabral RB, Gaines SD, Lim MT, Atrigenio MP, Mamauag
SS, Pedemonte GC, Aliño PM (2016) Siting marine pro-
tected areas based on habitat quality and extent provides
the greatest benefit to spatially structured metapopula-
tions. Ecosphere 7: e0153

Carson HS, López-Duarte PC, Rasmussen L, Wang D,
Levin LA (2010) Reproductive timing alters population
connectivity in marine metapopulations. Curr Biol 20: 
1926−1931

Castilla JC (1981) Perspectivas de investigación en estruc-
tura y dinámica de comunidades intermareales rocosas
de Chile central. II. Depredadores de alto nivel trófico.
Medio Ambiente 5: 190−215

Castilla JC, Durán LR (1985) Human exclusion from the
rocky intertidal zone of central Chile:  the effects of Con-
cholepas concholepas (Gastropoda). Oikos 45: 391−399

Castilla JC, Paine RT (1987) Predation and community
organization of Eastern Pacific, temperate zone, rocky
intertidal shores. Rev Chil Hist Nat 60: 131−151

Connolly TP, Hickey BM, Shulman I, Thomson RE (2014)
Coastal trapped waves, alongshore pressure gradients,
and the California Undercurrent. J Phys Oceanogr 44: 
319−342

Correa-Ramirez MA, Hormazábal S, Yuras G (2007)
Mesoscale eddies and high chlorophyll concentrations
off central Chile (29°–39°). Geophys Res Lett 34: L12604

Crowder L, Norse E (2008) Essential ecological insights for
marine ecosystem-based management and marine spa-
tial planning. Mar Policy 32: 772−778

Daneri G, Dellarossa V, Quiñones R, Jacob B, Montero P,
Ulloa O (2000) Primary production and community respi-
ration in the Humboldt Current System off Chile and
associated oceanic areas. Mar Ecol Prog Ser 197: 41−49

Denny M (2014) Biology and the mechanics of the wave-
swept environment. Princeton University Press, Prince-
ton, NJ

Dugan JE, Wenner AM, Hubbard DM (1991) Geographic
variation in the reproductive biology of the sand crab
Emerita analoga (Stimpson) on the California coast.
J Exp Mar Biol Ecol 150: 63−81

Ebert TA, Hernandez JC, Russell MP (2011) Problems of the
gonad index and what can be done:  analysis of the pur-
ple sea urchin Strongylocentrotus purpuratus. Mar Biol
158: 47−58

Fearman J, Moltschaniwskyj NA (2010) Warmer tempera-
tures reduce rates of gametogenesis in temperate mus-
sels, Mytilus galloprovincialis. Aquaculture 305: 20−25

Fernández M, Jaramillo E, Marquet PA, Moreno CA and
others (2000) Diversity, dynamics and biogeography of
Chilean benthic nearshore ecosystems:  an overview and
guidelines for conservation. Rev Chil Hist Nat 73: 
797−830

Figueroa D, Moffat C (2000) On the influence of topography
in the induction of coastal upwelling along the Chilean
coast. Geophys Res Lett 27: 3905−3908

Flores G, Aguilera JC, Almar R, Cienfuegos R, Navarrete SA
(2016) A new remote sensing method for high-resolution
quantification of submersion regimes in wave exposed
shores. Limnol Oceanogr Methods 14: 736−749

Fraschetti S, Bianchi CN, Terlizzi A, Fanelli G, Morri C,
Boero F (2001) Spatial variability and human disturbance
in shallow subtidal hard substrate assemblages:  a re gio -
nal approach. Mar Ecol Prog Ser 212: 1−12

Gosling E (2003) Bivalve molluscs:  biology, ecology and cul-
ture. Fishing News Books, Oxford

Guiñez R, Castilla JC (1999) A tridimensional self-thinning
model for multilayered intertidal mussels. Am Nat 154: 
341−357

Hawkins AJS, Salkeld PN, Bayne BL, Gnaiger E, Lowe DM
(1985) Feeding and resource allocation in the mussel
Mytilus edulis:  evidence for time-averaged optimization.
Mar Ecol Prog Ser 20: 273−287

Hormazabal S, Shaffer G, Letelier J, Ulloa O (2001) Local
and remote forcing of sea surface temperature in the
coastal upwelling system off Chile. J Geophys Res 106: 
16657−16671

Hughes TP, Baird AH, Dinsdale EA, Moltschaniwskyj NA,
Pratchett MS, Tanner JE, Willis BL (1999) Patterns of
recruitment and abundance of corals along the Great
Barrier Reef. Nature 397: 59−63

Hughes TP, Baird AH, Dinsdale EA, Moltschaniwskyj NA,
Pratchett MS, Tanner JE, Willis BL (2000) Supply-side
ecology works both ways:  the link between benthic
adults, fecundity, and larval recruits. Ecology 81: 
2241−2249

Irisarri J, Fernández-Reiriz MJ, Labarta U (2015) Temporal
and spatial variations in proximate composition and
 Condition Index of mussels Mytilus galloprovincialis
 cultured in suspension in a shellfish farm. Aquaculture
435: 207−216

Jaramillo JR, Navarro JM (1995) Reproductive cycle of the
Chilean ribbed mussel Aulacomya ater (Molina, 1782).
J Shellfish Res 14: 165−171

Kéfi S, Berlow EL, Wieters EA, Joppa LN, Wood SA, Brose U,
Navarrete SA (2015) Network structure beyond food
webs:  mapping non-trophic and trophic interactions on
Chilean rocky shores. Ecology 96: 291−303

Kennedy VS (1977) Reproduction in Mytilus edulis aoteanus
and Aulacomya maoriana (Mollusca:  Bivalvia) from Tay-
lors Mistake, New Zealand. NZ J Mar Freshw Res 11: 
255−267

Kim Y, Ashton-Alcox KA, Powell EN (2006) Histological
techniques for marine bivalve molluscs:  update. Tech
Memo NOS NCCOS 27. NOAA, Silver Spring, MD 

King PA, McGrath D, Gosling EM (1989) Reproduction and
settlement of Mytilus edulis on an exposed rocky shore
in Galway Bay, west coast of Ireland. J Mar Biol Assoc
UK 69: 355−365

Kroeker KJ, Sanford E, Rose JM, Blanchette CA and others
(2016) Interacting environmental mosaics drive geo-
graphic variation in mussel performance and predation
vulnerability. Ecol Lett 19: 771−779

Kuehl RO (1994) Statistical principles of research design and
analysis. Wadsworth Publishing Company, Belmont, CA

Lagos NA, Navarrete SA, Véliz F, Masuero A, Castilla JC
(2005) Meso-scale spatial variation in settlement and
recruitment of intertidal barnacles along the coast of
central Chile. Mar Ecol Prog Ser 290: 165−178

Legendre P, Legendre L (1998) Numerical ecology, 2nd
English edn. Elsevier Science, Amsterdam

122

https://doi.org/10.1086/BBLv227n3p221
https://doi.org/10.3354/meps327015
https://doi.org/10.3354/meps224021
https://doi.org/10.1002/ecs2.1533
https://doi.org/10.1016/j.cub.2010.09.057
https://doi.org/10.2307/3565575
https://doi.org/10.1175/JPO-D-13-095.1
https://doi.org/10.1029/2007GL029541
https://doi.org/10.1016/j.marpol.2008.03.012
https://doi.org/10.3354/meps197041
https://doi.org/10.1016/0022-0981(91)90106-7
https://doi.org/10.1007/s00227-010-1541-2
https://doi.org/10.1016/j.aquaculture.2010.04.003
https://doi.org/10.3354/meps290165
https://doi.org/10.1111/ele.12613
https://doi.org/10.1080/00288330.1977.9515676
https://doi.org/10.1890/13-1424.1
https://doi.org/10.1016/j.aquaculture.2014.09.041
https://doi.org/10.1890/0012-9658(2000)081%5b2241%3ASSEWBW%5d2.0.CO%3B2
https://doi.org/10.1038/16237
https://doi.org/10.1029/2001JC900008
https://doi.org/10.3354/meps020273
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10506549&dopt=Abstract
https://doi.org/10.3354/meps212001
https://doi.org/10.1029/1999GL011302
https://doi.org/10.4067/S0716-078X2000000400021


McCabe & Navarrete: Spatial scales of mussel reproductive investment

Lentz SJ, Fewings MR (2012) The wind- and wave-driven
inner-shelf circulation. Annu Rev Mar Sci 4: 317−343

Leslie HM, Breck EN, Chan F, Lubchenco J, Menge BA
(2005) Barnacle reproductive hotspots linked to near-
shore ocean conditions. Proc Natl Acad Sci USA 102: 
10534−10539

Lester SE, Gaines SD, Kinlan BP (2007) Reproduction on the
edge:  large-scale patterns of individual performance in a
marine invertebrate. Ecology 88: 2229−2239

Lozada E, Reyes P (1981) Reproductive biology of a popula-
tion of Perumytilus purpuratus at El Tabo, Chile. Veliger
24: 147−154

Macala L, McQuaid CD (2017) Effects of size-dependent
allocation of energy to maintenance, growth, and repro-
duction on rehabilitation success in overexploited inter-
tidal mussels Perna perna (L.). J Shellfish Res 36: 9−16

Mann KH, Lazier JRN (1996) Dynamics of marine eco -
systems:  biological-physical interactions in the oceans.
Blackwell Science, Oxford

Mathieu M, Lubet P (1993) Storage tissue metabolism and
reproduction in marine bivalves:  a brief review. Inver-
tebr Reprod Dev 23: 123−129

McQuaid CD, Lindsay JR (2005) Interacting effects of wave
exposure, tidal height and substratum on spatial varia-
tion in densities of mussel Perna perna plantigrades. Mar
Ecol Prog Ser 301: 173−184

McQuaid CD, Phillips TE (2006) Mesoscale variation in
reproduction, recruitment and population structure of
intertidal mussels with low larval input:  a bay/open coast
comparison. Mar Ecol Prog Ser 327: 193−206

Menge BA (1992) Community regulation:  Under what con-
ditions are bottom-up factors important on rocky shores?
Ecology 73: 755−765

Menge BA, Daley BA, Wheeler PA, Dahlhoff E, Sanford E,
Strub PT (1997) Benthic-pelagic links and rocky inter-
tidal communities:  bottom-up effects on top-down con-
trol? Proc Natl Acad Sci USA 94: 14530−14535

Menge BA, Lubchenco J, Bracken MES, Chan F and others
(2003) Coastal oceanography sets the pace of rocky inter-
tidal community dynamics. Proc Natl Acad Sci USA 100: 
12229−12234

Milliken GA, Johnson DE (2009) Analysis of messy data.
Vol 1:  Designed experiments. Chapman & Hall/CRC,
Boca Raton, FL

Montenegro VD, Olivares PA, González MT (2010) Herm -
aphroditism in marine mussel Perumytilus purpuratus
(Lamarck, 1819), (Mollusca:  Mytilidae). Int J Morphol 28: 
569−573

Morgan SG, Shanks AL, Fujimura AG, Reniers AJHM and
others (2016) Surfzone hydrodynamics as a key determi-
nant of spatial variation in rocky intertidal communities.
Proc R Soc B 283: 20161017

Narváez DA, Poulin E, Leiva G, Hernández E, Castilla JC,
Navarrete SA (2004) Seasonal and spatial variation of
nearshore hydrographic conditions in central Chile. Cont
Shelf Res 24: 279−292

Narváez DA, Navarrete SA, Largier J, Vargas CA (2006)
Onshore advection of warm water, larval invertebrate
settlement, and relaxation of upwelling off central Chile.
Mar Ecol Prog Ser 309: 159−173

Narváez M, Freites L, Guevara M, Mendoza J, Guderley H,
Lodeiros CJ, Salazar G (2008) Food availability and
reproduction affects lipid and fatty acid composition of
the brown mussel, Perna perna, raised in suspension cul-
ture. Comp Biochem Physiol B 149: 293−302

Navarrete SA, Wieters EA, Broitman BR, Castilla JC (2005)
Scales of benthic-pelagic coupling and the intensity of
species interactions:  from recruitment limitation to top-
down control. Proc Natl Acad Sci USA 102: 18046−18051

Navarrete SA, Broitman BR, Menge BA (2008) Interhemi-
spheric comparison of recruitment to intertidal communi-
ties:  pattern persistence and scales of variation. Ecology
89: 1308−1322

Navarrete SA, Gelcich S, Castilla JC (2010) Long-term
 monitoring of coastal ecosystems at Las Cruces, Chile: 
defining baselines to build ecological literacy in a world
of change. Rev Chil Hist Nat 83: 143−157

Nickols KJ, White JW, Largier JL, Gaylord B (2015) Marine
population connectivity:  reconciling large-scale disper-
sal and high self-retention. Am Nat 185: 196−211

Orban E, Di Lena G, Nevigato T, Casini I, Marzetti A,
Caproni R (2002) Seasonal changes in meat content, condi-
tion index and chemical composition of mussels (Mytilus
galloprovincialis) cultured in two different Italian sites.
Food Chem 77: 57−65

Oyarzún P, Toro J, Jaramillio R, Guiñez R, Briones C,
Astorga M (2010) Análisis comparativo del ciclo gameto -
génico de Perumytilus purpuratus (Bivalvia:  Mytilidae),
en las localidades de Taltal y Huasco, norte de Chile. Rev
Biol Mar 45: 43−58

Oyarzún P, Toro J, Garcés-Vargas J, Alvarado C and others
(2018) Reproductive patterns of mussel Perumytilus pur-
puratus (Bivalvia:  Mytilidae), along the Chilean coast: 
effects caused by climate change? J Mar Biol Assoc UK
98: 375−385

Page HM, Hubbard DM (1987) Temporal and spatial pat-
terns of growth in mussels Mytilus edulis on an offshore
platform:  relationships to water temperature and food
availability. J Exp Mar Biol Ecol 111: 159−179

Paine RT, Castillo JC, Cancino J (1985) Perturbation and
recovery patterns of starfish-dominated intertidal assem-
blages in Chile, New Zealand, and Washington State.
Am Nat 125: 679−691

Palma W, Escribano R, Rosales SA (2006) Modeling study of
seasonal and interannual variability of circulation in the
coastal upwelling site of the El Loa River off northern
Chile. Estuar Coast Shelf Sci 67: 93−107

Peterson WT, Arcos DF, McManus GB, Dam H, Bellantoni D,
Johnson T, Tiselius P (1988) The nearshore zone during
coastal upwelling:  daily variability and coupling be tween
primary and secondary production off central Chile.
Prog Oceanogr 20: 1−40

Petes L, Menge B, Harris A (2008) Intertidal mussels exhibit
energetic trade-offs between reproduction and stress
resistance. Ecol Monogr 78: 387−402

Pfaff MC, Branch GM, Wieters EV, Branch RA, Broitman BR
(2011) Upwelling intensity and wave exposure deter-
mine recruitment of intertidal mussels and barnacles in
the southern Benguela upwelling region. Mar Ecol Prog
Ser 425: 141−152

Phillips NE (2007a) High variability in egg size and ener-
getic content among intertidal mussels. Biol Bull (Woods
Hole) 212: 12−19

Phillips NE (2007b) A spatial gradient in the potential repro-
ductive output of the sea mussel Mytilus californianus.
Mar Biol 151: 1543−1550

Prado L, Castilla JC (2006) The bioengineer Perumytilus
purpuratus (Mollusca:  Bivalvia) in central Chile:  bio -
diversity, habitat structural complexity and environmen-
tal heterogeneity. J Mar Biol Assoc UK 86: 417−421

123

https://doi.org/10.1146/annurev-marine-120709-142745
https://doi.org/10.1073/pnas.0503874102
https://doi.org/10.1890/06-1784.1
https://doi.org/10.2983/035.036.0103
https://doi.org/10.1080/07924259.1993.9672303
https://doi.org/10.3354/meps301173
https://doi.org/10.3354/meps327193
https://doi.org/10.2307/1940155
https://doi.org/10.1073/pnas.94.26.14530
https://doi.org/10.1073/pnas.1534875100
https://doi.org/10.1098/rspb.2016.1017
https://doi.org/10.1016/j.csr.2003.09.008
https://doi.org/10.3354/meps309159
https://doi.org/10.1016/j.cbpb.2007.09.018
https://doi.org/10.1017/S0025315406013282
https://doi.org/10.1007/s00227-006-0592-x
https://doi.org/10.2307/25066576
https://doi.org/10.3354/meps09003
https://doi.org/10.1890/07-0605.1
https://doi.org/10.1016/0079-6611(88)90052-3
https://doi.org/10.1016/j.ecss.2005.11.011
https://doi.org/10.1086/284371
https://doi.org/10.1016/0022-0981(87)90053-0
https://doi.org/10.1016/S0308-8146(01)00322-3
https://doi.org/10.1086/679503
https://doi.org/10.4067/S0716-078X2010000100008
https://doi.org/10.1890/07-0728.1
https://doi.org/10.1073/pnas.0509119102


Mar Ecol Prog Ser 599: 107–124, 2018

Puccinelli E, Noyon M, McQuaid CD (2016) Hierarchical
effects of biogeography and upwelling shape the dietary
signatures of benthic filter feeders. Mar Ecol Prog Ser
543: 37−54

Pulliam HR (1988) Sources, sinks, and population regula-
tion. Am Nat 132: 652−661

Ramorino L, Campos B (1979) Desarrollo larval y postlarval
de Perumytilus purpuratus (Lamarck, 1819) Bivalvia: 
Mytilidae. An Mus Hist Nat Valparaíso 12: 207−218

Rangel TF, Diniz-Filho JAF, Bini LM (2010) SAM:  a compre-
hensive application for spatial analysis in macroecology.
Ecography 33: 46−50

Reddin CJ, Docmac F, O’Connor NE, Bothwell JH, Harrod C
(2015) Coastal upwelling drives intertidal assemblage
structure and trophic ecology. PLOS ONE 10: e0130789

Seed R (1976) Ecology. In:  Bayne BL (ed) Marine mussels: 
their ecology and physiology. International Biological
Programme, Vol 10. Cambridge University Press, Cam-
bridge, p 13−65

Shanks AL, Morgan SG, MacMahan J, Reniers AJHM
(2010) Surf zone physical and morphological regime as
determinants of temporal and spatial variation in larval
recruitment. J Exp Mar Biol Ecol 392: 140−150

Strub PT, Mesías JM, Montecinos V, Rutllant J, Salinas S
(1998) Coastal ocean circulation off western South
 America. In:  Robinson AR, Brink KH (eds) The sea, Vol
11. John Wiley & Sons, Hoboken, NJ, p 273−313

Suchanek TH (1985) Mussels and their role in structuring
rocky shore communities. In:  Moore PG, Seed R (eds)
The ecology of rocky coasts. Columbia University Press,
New York, NY, p 70−96

Tapia FJ, Navarrete SA, Castillo M, Menge BA and others
(2009) Thermal indices of upwelling effects on inner-
shelf habitats. Prog Oceanogr 83: 278−287

Tapia FJ, Largier JL, Castillo M, Wieters EA, Navarrete SA
(2014) Latitudinal discontinuity in thermal conditions
along the nearshore of central-northern Chile. PLOS
ONE 9: e110841

Thiel M, Macaya EC, Acuña E, Arntz WE and others (2007)
The Humboldt Current System of northern and central
Chile. Oceanogr Mar Biol Annu Rev 45: 195−344

Thorarinsdóttir GG, Gunnarsson K (2003) Reproductive
cycles of Mytilus edulis L. on the west and east coasts of
Iceland. Polar Res 22: 217−223

Underwood AJ, Chapman MG (1996) Scales of spatial pat-
terns of distribution of intertidal invertebrates. Oecologia
107: 212−224

van Erkom Schurink C, Griffiths CL (1991) A comparison
of reproductive cycles and reproductive output in four
southern African mussel species. Mar Ecol Prog Ser 76: 
123−134

Wieters EA (2005) Upwelling control of positive interactions
over mesoscales:  a new link between bottom-up and top-
down processes on rocky shores. Mar Ecol Prog Ser 301: 
43−54

Wieters EA, Kaplan DM, Navarrete SA, Sotomayor A,
Largier J, Nielsen KJ, Véliz F (2003) Alongshore and
temporal variability in chlorophyll a concentration in
Chilean nearshore waters. Mar Ecol Prog Ser 249: 
93−105

Wieters EA, Broitman BR, Branch GM (2009) Benthic com-
munity structure and spatiotemporal thermal regimes in
two upwelling ecosystems:  comparisons between South
Africa and Chile. Limnol Oceanogr 54: 1060−1072

Wolanski E, Hamner WM (1988) Topographically controlled
fronts in the ocean and their biological influence. Science
241: 177−181

Zardi GI, McQuaid CD, Nicastro KR (2007) Balancing sur-
vival and reproduction:  seasonality of wave action,
attachment strength and reproductive output in indige-
nous Perna perna and invasive Mytilus galloprovincialis
mussels. Mar Ecol Prog Ser 334: 155−163

Zwann A, Mathieu M (1992) Cellular biochemistry and
endocrinology. In:  Gosling EM (ed) The mussel Mytilus: 
ecology, physiology, genetics and culture. Elsevier Sci-
ence Publishers, Amsterdam, p 223−307

124

Editorial responsibility: Lisandro Benedetti-Cecchi, 
Pisa, Italy

Submitted: November 1, 2017; Accepted: April 20, 2018
Proofs received from author(s): June 25, 2018

https://doi.org/10.3354/meps11567
https://doi.org/10.1086/284880
https://doi.org/10.1111/j.1600-0587.2009.06299.x
https://doi.org/10.1371/journal.pone.0130789
https://doi.org/10.1016/j.jembe.2010.04.018
https://doi.org/10.1016/j.pocean.2009.07.035
https://doi.org/10.1371/journal.pone.0110841
https://doi.org/10.3354/meps334155
https://doi.org/10.1126/science.241.4862.177
https://doi.org/10.4319/lo.2009.54.4.1060
https://doi.org/10.3354/meps249093
https://doi.org/10.3354/meps301043
https://doi.org/10.3354/meps076123
https://doi.org/10.1007/BF00327905
https://doi.org/10.3402/polar.v22i2.6456



