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Abstract
Intertidal systems are ideal for the study of tagation produced by natural oscillations
and environmental and human perturbations. Thestéersg are also important for
humans as barriers against erosion and as a sofufoed and recreation. However, in
Ecuador we lack a basic understanding of the gatiercommunity structure and the
variation associated with seasonal cycles andnthgence of oceanographic processes at
different spatial and temporal scales. In manyspaf the world large-scale oceanic
atmospheric oscillations (ENSO, PDO) and marineeris largely determine the abiotic
conditions experienced by intertidal communities)d amodulate the biological
interactions that establish community structure.skasonal and inter-annual variation
causes temperature patterns and nutrient and lsmpglly to change, these communities
can be stressed into altered states. Understartimgmpacts of these changes in
community structure and biodiversity is criticat nabling scientists and policy makers
to detect dramatic changes in community structageta envision management actions.
We assessed intertidal communities along a latialdproductivity and temperature
gradient covering 360 km of the Ecuadorian coast.pa&fformed 20 quadrats in the low
zone at each of 10 sites during both warm and pléges of the seasonal cycle, and took
algal biomass samples from each quadrat. Commustitycture was significantly
different between sites, and while the biogeogmapgbne (North vs. South sites) did not
explain this variation, quadrats taken at each wiee significantly different between
phases. Biomass was higher in southern sites tharorthern sites, as was diversity,
evenness, and species richness and abundance oftanssmers. This study provides
baseline data for intertidal communities along tdwmtinental coast of Ecuador, and
illustrates the complex nature of the combinatibnudrients, temperature, and biological
interactions in determining intertidal communityusture.



Resumen

Ecosistemas intermareales presentan un sistemgalaaestudiar la variacién producida
por cambios naturales y perturbaciones ambienyadedgropogénicos. Estos sistemas son
también importantes para los humanos por su funcidno barreras contra la erosion
costera y como fuente de comida y recreacion. ®imeego, en el Ecuador carecemos de
un conocimiento de los patrones de estructura odeicmlades y la variacion en éstas que
se asocia a los ciclos estacionales y la influedeigrocesos oceanograficos a diferentes
escalas temporales y espaciales. En muchas regieh@sundo, ciclos atmosféricos de
gran escala (ENSO, PDO) y corrientes marinas geag@éerminan en gran parte las
condiciones abioticas que se experimentan en Iasimidades intermareales, y modulan
las interacciones biolégicas que determinan laiestra de la comunidad. Con el cambio
de patrones de temperatura y fuentes larvariasadaysor variacion estacional e inter-
anual, estas comunidades pueden ser forzadas @do®stdternativos por el estrés
ambiental. Un conocimiento de los impactos de estambios en estructura de
comunidades y biodiversidad es necesario para pedectar cambios dramaticos y crear
soluciones y estrategias de manejo. Nosotros evalsi@omunidades intermareales a lo
largo de una gradiente de productividad y tempesatiue cubre 360 km de costa
ecuatoriana. Realizamos 20 cuadrantes en la zqaadbaada uno de 10 sitios durante
ambos fases del ciclo estacional (uno calienterg bio), y tomamos muestras de
biomasa de algas de cada cuadrante. La estructurtasd comunidades se diferia
significativamente entre sitios, y mientras zonagbbgrafica (Norte vs. Sur) no
explicaba esta diferencia, los diferentes fasemdestreo (caliente y frio) si lo hacian.
Biomasa era mas alta en sitios del sur que en ®é,noomo también la diversidad,
equidad, y riqueza y abundancia de especies de coesmamidores. Este estudio
proporciona un base de datos para las comunidatirsnareales a lo largo de la costa
continental del Ecuador, e ilustra la naturalezameja de la combinacion de nutrientes,
temperatura, e interacciones bioldgicas para keraéacion de patrones de estructura de
comunidades intermareales.
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Introduccién

Ecuador lacks basic information about biodiverpiyterns and community
structure of many marine systems and how theserpattelate to biological, human and
environmental factors. Such understanding is kegntble managers and scientists to
detect natural variation from that caused by hupraenvironmental perturbations.
Rocky shores have been widely used worldwide tdyshiodiversity patterns and
ecological processes because shores are tracyabdens that constitute ideal indicators
of impacts such as climate change and fishinghleamore, coastal systems are
important to humans as a barrier against stormeatsis and hurricanes, for recreational
purposes or as a source of food. Our study aimsderstand patterns of vertical,
horizontal, and temporal zonation in the rocky itiial ecosystems of Ecuador, their
importance to both ecological and human coastalsa@nd how these systems are being
affected by anthropogenic forces of change.

Patterns of community composition in intertidebgystems are strongly
determined by abiotic conditions, such as nutrsamply (mainly nitrogen and
phosphorous), wave exposure, water and air tempestand by biological interactions,
such as competition for space, predation, herbjvagilitation and larval recruitment
(Posey et al. 1995). Both species interactionsyfedin et al. 2010) and abiotic factors
(Broitman et al. 2001, Scrosati and Heaven 2008 yary important in determining the
biological communities found in rocky intertidalbigats. These complex interactions are
not always predictable, for example, when changiisliy appear favorable to a certain
species or guild of species, additional impacthagincreased recruitment of predators,

which reduces the population of prey, can causxpercted effects (Cloern et al. 2007).



As conditions change, previously inferior compestor invading species newly entering
the system can become dominant as conditions beswrefavorable, especially if they
are superior dispersers (Gilman et al. 2010).

Abiotic conditions, and in turn biological intetems, are affected by large-scale
phenomena, such as ocean oscillation cycles, salggpand current patterns (Wang and
Fiedler 2006), which manifest on the local scalthenform of upwelling regimes, degree
of wave action, nutrient and oxygen supply, andewsmperatures. The ecological
structure of marine communities is largely goverhgdariation in these processes and
how they modulate species interactions, such apettion and predation. For example,
on Galapagos rocky shores, warmer waters associgétfetbw nutrient levels caused a
dramatic shift in community structure that was litatied by grazers (Vinueza et al.
2006). Predation rates can also be modulated byerature and nutrients. For example,
whelks and sea stars increase their metabolic sedthpon rates with higher water
temperature (Yamane and Gilman 2009). This hasftapbimplications if such
organisms are key species, and can have the effestlucing diversity. Where strong
upwelling produces high levels of plankton food barnacles, local populations and
percent cover is much higher, and predator pommratand rates of predation track these
increases (Witman et al. 2010). Increased marimeemt levels can also increase primary
productivity and nutritional content of algal spessiwhich in turn increases herbivory
rates (Cebrian et al. 2009). The occupation ghary space by algae and sessile
invertebrates can effectively create the demeraaitét and thus determine the
composition of intertidal communities (Jones etl@94, de Juan and Hewitt 2011). Any

changes in the control of primary space, whethahbydirect effects of variation in



temperature and nutrient/food supply, or by altdesels of competition or consumption
by predators and grazers, would therefore havestaching effects on diversity and
community structure.

The equatorial West coast of South America is ieafluenced by ENSO
phenomena. Yearly variation in marine conditionsuss as the strengths of the Panama-
Bight (also known as “El Nifio”) and Humboldt (logatermed “Peru”) currents affect
the position of the Intertropical Convergence Zameating annual warm and cold
phases along the coast, with particularly stronlyliBb or La Nifia years occurring on a
semi-decadal basis (Wang and Fiedler 2006). Thisnmaeasonality can cause strong
local variation in water temperatures and nutrgrgply, with corresponding impacts on
marine communities (Vinueza 2006). Under most dlolimate change models, climatic
phenomena such as ENSO events are predicted tombauoore frequent and more
extreme (IPCC 2001), causing more extreme temperahanges for longer durations.
Warmer water temperatures increase metabolic ssteé$ead to higher levels of biomass
(Lamberti and Resh 1985) and stronger speciesactiens (Yamane and Gilman 2009).
However, higher sea surface temperatures alsospmnel to greater stratification and
reduced nutrient supply to the photic zone (Hoegitdzerg and Bruno 2010).
Additionally, the increased storm frequency andrggth predicted by climate change
models are expected to create stronger wave d@stods (Przeslawski et al. 2008),
which have been shown to have mixed effects inyaatertidal communities
(Kraufvelin et al. 2010, Scrosati et al. 2010).

Our study describes patterns of community strectdong a latitudinal gradient

of the Ecuadorian coast. Ecuador is placed at ikanghizone of two major tropical



eastern Pacific current regimes (Panama-Bight amdb¢ldt currents), and is strongly
affected by ENSO phenomena. Understanding theagiitigls and differences between
the northern and southern coasts is very imporsamte any disparities in abiotic factors
between phases of the ENSO and between biogeogahpbgions (this may occur as a
continuous gradient from North to South) could kpeeted to create differences in
diversity patterns and interaction strengths betwstes. In areas where inter-annual
variation can be much greater than seasonal vamiatithin a given year, overall
diversity has been shown to be much higher tharearby regions with more stable
conditions (Blanchette et al. 2009). Such is treedzere, lending even more importance
to understanding how these phenomena manifest #hengpast of Ecuador.

Rocky shores present an ideal study system foinmarcological processes, as
they are accessible, easy to manipulate, and cosg¢aeral model organisms for tracking
changes in abiotic factors, species interactiomd,c@mmunity structure. The continental
coast of Ecuador has long been overlooked as afmlteesearch site for intertidal
community ecology, with most studies focusing oredsity censuses (Cruz et al. 2003).
This has left the area virtually unstudied, cregpinarge knowledge gap regarding
intertidal community composition and the ecologimadcesses and oceanographic
phenomena that affect local marine habitats. W@lstolo investigate how ENSO-driven
seasonality affects intertidal communities alorg¢bast of Ecuador, whether distinct
biogeographical regions exist based on closer pribxito warm or cold water currents,
and how regions of differing productivity and temgderes react to warm and cold

phases.



Métodos
Study Sites

We sampled rocky intertidal communities at 10eat#ht sites stretching North to
South along the Ecuadorian coastline. We took Viguadrats and physical samples
from intertidal communities at each site duringealpcold La Nifia event (August-
October) and warm normal phase (February-Aprithefseasonal cycle. Our choice of
sites was determined by the presence of relatilatiyocky benches with similar abiotic
conditions at the landscape level and with semideegspacing throughout the entire
study area. Based on the environmental variabkesepted at each site, we grouped our
sites into two different categories: “exposed” siath high wave exposure, low sand
burial, and deep nearshore waters, and “proteci¢elS with low wave exposure,
medium-high sand burial, and extended shallow heaesplatforms.

We took a series of qualitative and quantitativeasurements of the local
environmental conditions at each site, We measthveghysical characteristics of each
study site, including sand burial by averagingpbkecent cover of sand in the low zone at
each site, and measured wave height visually, lgingabservations at each site at the

same time of day during the same tide series.

Intertidal Community Surveys
At each site, we defined intertidal zones basedaiuaral zonation patterns of
major primary space occupiers and the relativetjpoéng of each area with regard to

tidal height. We defined the low zone as the awmaidated by erect algae, followed by



the mid zone dominated by encrusting algae andliifeshore dominated by sessile
invertebrates and encrusting algae. We then laid di00 meter transect tape parallel to
shore that followed the contour of the intertidahe being assessed. Within each low
zone, we performed 20 quadrats of 50 x 50 cm placeidontally on the substrate at 10
m intervals along the length of the transect t&gighin each quadrat, we evaluated the
intertidal community, categorizing organisms dowrttte family, genus, or species level,
and quantifying the presence of each taxonomicgrblobile species were counted
individually, and percentages were determinedHeramount of the quadrat area taken
up by primary space-occupying organisms (e.g.,dxdes, algae, etc.) and exposed
substrate such as rock or sand. We took photogafpdech quadrat for later
confirmation of our field assessments. Additionalixe removed all algae from a 10 x 10
cm square at the center of each quadrat and frazaiplastic bag for later weighing.
We took samples and quadrats during both cold (iBaNand warm (El Nifio) phases at

each site.

Sample Processing

We separated out each algal biomass sample te@ndw-zone quadrats in
water in a plastic container to remove the sediméfat then removed all fauna from
within the blades of algae and identified and rdedrtheir abundance. We placed the
algae in individual tin foil cups and placed themaidrying oven at 70C for 48 hours.

We then measured dry mass for each sample.

Statistical Analyses



We assessed differences in community structul@nrzone quadrats between
sites, between phases (warm/cold), and betweerbgogphical zones (North/South).
Percent cover was averaged across all 10 quadoatsefach of two transects taken at
each site during each seasonal phase. Algal spseresclassified into functional groups
after Steneck and Dethier (1994). We performeday#urtis similarity analysis using a
square-root transformation of the mean percentroga for each functional group of
algae and the group of sessile invertebrates. Werpged a nonmetric multi-
dimensional scaling (MDS) for visual interpretatiofithe data, and found that sites were
grouped well both by zone and by phase (Figur8&3ed on this analysis, we performed
a crossed analysis of similarity (ANOSIM) with riites to test for significant
differences between community composition duringhgzhase at each site, and a nested
ANOSIM to test for significant grouping of sitegardifferent zones.

We analyzed the differences in mean dry algal besibetween sites graphically.
We also assessed the differences in the invereeboathmunity living in the algal
biomass samples by quantifying evenndss $pecies richness and abundance, and

diversity (H’) at each site during each phase.



Resultados

The distribution of our study sites along the tadd¥cuador can be seen in
Figure 1, a GIS-created map indicating the reldtieation of each site along the
Ecuadorian coastline. Five of these sites fell imithe category of “exposed,” and five
were “protected” sites. Additional characterisié®ach site are summarized in Table 2.
Mean distance between sites was 41.63 km, witingeraf 0.50 — 132.32 km. Our study
design thus encompassed several spatial scales $0o« 50 cm quadrats to 361.44 km).
For ease of interpretation of the results, we kthé¢he sites 1-10 from North to South.
Our results also led us to classify these sitesfiae northern and five southern sites,
denoted from here forward as N1-5 and S6-10.

The multivariate analysis of intertidal communrstyucture in low zone quadrats
indicated that sites were significantly differerdrh each otherq <.001). These
differences were primarily due to disparities beawélorthern and Southern sites and
between warm and cold phases in the functionalpgg @ corticated foliose, corticated
macrophytic, articulated calcareous, and filamesitalgae (Figure 3). Southern sites had
higher percent covers of articulated calcareouscanticated foliose algae during the
cold phase, and increased cover of corticated magtes during the warm phase.
Conversely, northern sites had higher percent sovkfilamentous algae and sessile
invertebrates during the cold phase, and increeseer of corticated foliose and crustose
algae during the warm phase.

The MDS plots and cluster analysis of communitycttre data show that sites
were grouped by phase, zone, and exposure (Figuide analysis of these relationships

using the ANOSIM routine indicated that sampleseagmouped by phase (that is to say,



community structure in low intertidal zone quadnats significantly different between
phases at each site<.001), although the grouping was not affected donyez

Mean dry algal biomass was not significantly défg between sites.
However, when ordered according to geographic jpositve observed that biomass in
southern sites was much higher than in northees ¢Eigure 4). The community of
mobile invertebrates living within each algal saenalso varied between sites, with
patterns similar to those seen in the biomasstseddean values for Shannon-Weaver
diversity index, evenness index, species richraass jnvertebrate abundance were all
higher in southern sites than in northern sitegnduooth warm and cold phases (Figure
5). No clearly significant patterns existed betweamm and cold phases assessed across

all sites.
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Discusion

Our study offers the first quantitative assessménitertidal community
structure along the coastline of continental Ecuaalod of how that structure varies
between local cold and warm phases of the seasgalal, including a cold period or La
Nifia and a normal warm event. The Ecuadorian doasH relatively small,
approximately 650 km in length (compared for instato the nearby Galapagos
archipelago with more than 1800 km of coastlineywdver, the convergence of two
major coastal marine currents, the Humboldt andaP@aBight currents, creates a unique
mix of water temperatures, nutrient levels, anddbsupply. Our assessment of the
intertidal community along the coast of Ecuadorvet that differences do exist in the
community composition in low zones between sites.

We expected sites to differ in the percent covelifterent primary space
occupiers, because even sites that are in closéty to each other can experience
wide variation in community composition due to sihsalale oceanographic conditions,
type of substrate available, wave exposure, aner @itnfounding factors (Benedetti-
Cecchi 2001). This was confirmed by the one-way AW® test, but our interest was in
seeing if these differences were grouped basebeogedographic location of each site
and/or the phase changes in dominating currentsqansequently, water temperatures,
nutrient levels, and larval supply). Other studiase observed such variation along
latitudinal gradients (Schoch et al. 2006, Konaale2010), but the general belief among
marine ecologists has held that such differingltesn nutrient supply could not be
produced within such a small geographic area basddrge-scale dominating currents

alone (Menge 1992).
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Our visual analyses using MDS plots and clustatyas pointed out phase, zone,
and exposure as possible grouping factors for ififereinces observed. Wave action is a
key factor in determining community structure (Schet al. 2006, Kraufvelin et al.
2010) due to the disturbance caused by physice¢$osuch as crashing waves, sand
burial, rates of erosion, moving rocks, etc., whietiuces the efficiency of consumers
(Sousa 1979, Menge and Sutherland 1987). Thuseleeted our study sites in order to
provide a mix of exposure levels. While biogeogie@one initially appeared to be a
viable factor for site groupings (clusters of N &dites in Figure 2a), this did not turn
out to be a significant factor for defining patt®in community structure. The small scale
across which our study sites were spaced, thesiweiwf intermediate sites (e.g., La
Tifosa, Cabo Pasado; see Figure 1), and the lagsaltion derived from grouping
primary space occupying species into functionaligsoall may have masked the trend
we expected to observe. In spite of these limitetj@ur results could indicate that, at this
spatial scale, the differences in community compmsicaused by local conditions and
marine processes appear to be stronger than laae{rocesses, such as dominating
ocean currents, which may affect sites at eithdradrihe study range differently. Much
of the variation observed across several spat@éscan also be due to differences
between quadrats in very close proximity to eatteio(Benedetti-Cecchi 2001), and the
local conditions at each study site can often ntagje-scale trends between sites (de
Juan and Hewitt 2011). Our division of sites intN&rth and 5 South was naftpriori,
but rather based on biomass data (Figure 4) aetitmimaging (Saba et al. 2008), along
with anecdotal evidence from local fishermen. Ppshereassessment of our site

groupings may yield a more coherent result. Alteyedy, oceanographic conditions
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along this latitudinal gradient might not be agexte as those observed in the
Galapagos, or in Peru were the Humboldt currenhbfigve a stronger impact on
community, or in Colombia and Panama, where th@RParBight current is more
dominant. An extension of this study farther natid south would provide greater
comprehension of the disparate communities crdatgblese two major current systems.

Although biogeographical zone was not a signifidantor for differentiating
between site groups, the ENSO phase (warm/cold) Based on the ANOSIM test,
transects carried out at all sites during the moofithe strong La Nifia event from
August-October 2010 were significantly differentcmmmunity composition from
transects carried out during the weak El Nifio edeming February-April 2011. These
correlations coincide with the results of previgtugdies that showed how major
differences in water temperature (Yamane and Gilg@9, Meager et al. 2011) and
nutrient supply (Vinueza et al 2006, Witman e28l10) could change both the amount
of biomass present and the dominance patternsroapy space occupiers. The effects of
nutrient levels on algal diversity and biomassrareconstant, but rather are dependent
on the biological interactions inherent to the itatal community (Kraufvelin et al.

2010).

In addition to direct measurement of nutrient Isyalgal biomass is frequently
used as a proxy for productivity in marine ecosystén the photic zone (e.g., Vinueza et
al. 2006). Our results show that a gradient doest e@xmarine productivity along the
coast of Ecuador, with greater levels of biomassomthern sites than in northern sites.
Our results also indicate a dividing point in marproductivity between Puerto Cayo and

La Tifiosa, which could signify that a mixing zonas¢s between the Humboldt and
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Panama-Bight currents situated near the Manta Belairiclosest site: La Tiflosa). This
evidence for the location of the mixing zone cailes with satellite imaging techniques
for marine productivity (Saba et al. 2008). In diddh to the differences observed in
biomass between southern and northern sites, ¢imedsis at each individual site was, on
average, higher during the cold phase than duhagvarm phase. We conclude that
biomass differences between sites are due to shifésge-scale dominating currents,
rather than to local processes such as upwellirasdred differences in biomass
coincide with results from studies such as Vinu@zgress), which showed that higher
marine productivity produces higher levels of biesan sites across all baseline
productivity values. Diversity, evenness, spedesness, and abundance of
mesoconsumers in algal samples followed similardseo that of dry algal biomass,
with greater values in southern sites, evidencettteimpacts of higher productivity
levels on the southern Ecuador coast are alsifetinsumer groups. Such shifts in long-
term oceanographic phases have been shown to @tepagthrough higher trophic
levels before (Vinueza et al 2006, Cloern et aZJ0Our results using the Shannon-
Weaver diversity index also coincide with thosenfrd/orm et al. (2002), showing that
nutrient supply and diversity in marine ecosystamnesclosely correlated.

The fact that biomass results segregated welog@phic zone but not phase,
and that community structure was significantly gredi by phase but not zone, presents
an interesting situation for interpretation. Thight indicate that nutrient levels are
consistently higher in southern than northern sitegardless of which phase of the
seasonal cycle is dominating. At the same timectmsistent variation observed in the

community structure at each site between warm atdlghases could indicate that, as
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the confluence zone of the Humboldt and PanamatBigients is pushed farther North
or South, larval supply changes, as well as theé&sature optimums for different algal
species and sessile invertebrates. The result®©dumar hypothesis that southern sites,
with their closer proximity to the cold water Hunitocurrent, are more productive than
northern sites, and that sites along the Ecuadenast change in the composition of the
intertidal community with variation caused by thd&O cycle.

Variation in ocean temperatures and productiwtsels cannot be discussed
without mentioning the implications of global cliteaechange. Globally, sea surface
temperatures have risen by @6over the past 100 years (Pachauri 2007). Asfteete
of climate change continue to be revealed to maanentists, the importance of the role
of species interactions is becoming more appaf@ihih@n et al. 2010). Although
biological interactions can impact between-sitégras of species richness and
abundance (Kraufvelin et al. 2010), oceanograpbiclitions are very strong drivers of
community structure (Broitman et al. 2001), andsargceptible to large-scale variation
driven by forces such as ENSO and climate charngeie€3 such as ours that investigate
changing patterns in dominance of marine organemasthe scales over which these
changes occur are essential for predicting andteddpi® modifications to marine
ecosystems caused by climate change (Harley 20@6). Long-term monitoring of the
marine ecosystems along the coast of Ecuador willdeded to gauge the response of
these biological interactions to future climaterap@induced phenomena, such as
stronger and more frequent ENSO events (IPCC 2001).

Our study has produced many new questions thatare®agering in order to

better understand the ecological processes at alorig the continental coast of Ecuador.
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For instance, given the complex and often siteifipecteractions between herbivores
and nutrients in determining algal community stuoet(Burkepile and Hay 2006), what
role are herbivores playing in the patterns we deseribed here? Are these rocky
shores following similar patterns than for examplapagos, Panama, Colombia or
Peru? Additionally, we frequently observed locahBrmen gathering large numbers of
predatory whelks and cone snails from the intekrtaideas at our study sites during low
tides. Although the complexity of marine food webduces the probability of major
alterations caused by selective fishing (Bascoraptd. 2005), these predatory whelks
may be strong top-down regulators of communitycitne by limiting the populations of
sessile invertebrates and herbivores, as has beamsn other systems (Menge 2000,
Przeslawski et al. 2008), and their large-scaleorahmay cause strong changes to the
intertidal community. Future studies that furtheplere the relationships between
varying levels of productivity, intertidal molluskmoval, and the local implications of
climate change are certainly warranted. Finally,grouping of algae into functional
classes reduced our ability to assess changegahdiVersity and species
presence/absence between sites and phases. Aélseevaluation of algal diversity

along the Ecuadorian coast would provide this imigtion.
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# O'warm
H

w_.h.ﬁa ﬁiﬁ

N1 M2 M3 N4 NS 56

Maan mum ber of individuals

Sites ordered North to South; all values are expressed x cm?+
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Site
Playa Escondida
Galera
Estero de Platano
Cabo Pasado
La Tiflosa
Puerto Cayo
Los Frailes
Playita
Punta Blanca
Anconcito

Sand cover (%)

Wave height (m)

Exposure (E/P)

50.9
0.6
20.7
16.4
25.2
11.7
22.6
3.8
2.8
7.0

0.5
18
1.0
13
0.9
0.4
1.0
2.1
1.8
15

P
E
E

m m
m U-U'U_U

Site code

N1
N2

N3

N4
N5

S

S
S

S
S
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