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ABSTRACT

Along the coast of central Chile, geographic trends of diversity have been inferred from literature compilations and
museum collections based on species range limits for some taxonomic groups. However, spatially-intensive field-
based assessments of macrobenthic species richness are largely missing. Over the course of a multiyear study
(1998-2005), we characterized latitudinal patterns of rocky intertidal diversity at 18 sites along the coast of central
Chile (29-36° S). At each site, the number of sessile and mobile macrobenthic species was quantified in 0.25 m?
quadrats. Two estimators of local (alpha) diversity were used: observed local species richness, calculated from the
asymptote of a species-rarefaction curve, and the Chao2 index, which takes into account the effect of rare species
on estimates of local richness. We identified a total of 71 species belonging to 66 genera for a total of 86 taxa. The
most diverse groups were herbivorous mollusks (27 taxa) and macroalgae (43 taxa). Diversity showed a complex
spatial pattern with areas of high species richness interspersed with areas of low richness. In accordance with
previous work, we found no trend in the number of herbivorous mollusks and an inverse and significant latitudinal
gradient in the number of algal species. Our results highlight the need for taxonomically diverse assessments of
biodiversity of the dominant taxa that conform intertidal communities.

Key words: biological diversity, intertidal ecology, latitudinal diversity gradient, species richness.
RESUMEN

A lo largo de la costa de Chile central, los patrones geograficos de diversidad han sido inferidos a partir de
revisiones literarias y colecciones de museos para algunos grupos taxondémicos. Sin embargo, aun no contamos con
una evaluacidén integral, y en terreno, de la riqueza de especies macrobentdnicas intermareales. En un estudio de
largo plazo conducido entre 1998 y 2005 caracterizamos los patrones latitudinales en la biodiversidad del
intermareal rocoso en 18 sitios a lo largo de la costa de Chile central (29-36° S). En cada sitio, el numero de
especies sésiles y moviles fue cuantificado en cuadrantes de 0.25 m2 Usamos dos estimadores de la riqueza de
especies: la riqueza local observada, correspondiente a la asintota de la curva de acumulacién de especies, y el
indice Chao2, el cual considera el efecto de especies raras en la estimacién de la diversidad local. Identificamos 71
especies pertenecientes a 66 géneros y a un total de 86 taxa. Los grupos mas diversos fueron moluscos (27 taxa) y
macroalgas (43 taxa). La riqueza de especies mostré un patron complejo en el cual areas de alta riqueza especifica
aparecieron intercaladas con areas de baja riqueza. Ademas, observamos una alta variabilidad espacial en el numero
de especies herbivoras y un patrén latitudinal inverso en el numero de especies algales. Nuestros resultados
apuntan a la necesidad de incorporar una variedad de grupos taxonémicos y un rango de escalas espaciales en
estudios de biodiversidad.

Palabras clave: diversidad, ecologia intermareal, gradientes latitudinales en diversidad, riqueza de especies.

INTRODUCTION

Spatial patterns of species richness across
different locales and the quest for the
mechanisms that generate these patterns are
among the most interesting and inspiring
problems in ecology and evolutionary biology

(Pianka 1966, Hillebrand 2004, Mittelbach et
al. 2007). Among-site variation in the number
of species in a given region and the pervasive
large-scale diversity gradients occurring over
global scales have been typically documented
using different methodologies, namely through
in situ sampling of different sites and through
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literature or museum compilations and species
range endpoints, respectively. In the latter
case, the presence of a species at a given
section of the coast is inferred from range
limits and assumed constant through space.
These broad assessments compromise
taxonomic breadth and spatial grain, making it
difficult to assess the generality of richness
patterns from a few sites and the reality of
global trends based on species ranges rather
than actual occurrences. A recent global meta-
analysis (Hillebrand 2004) of the rich literature
examining geographic variation in diversity
revealed complex patterns underlying latitude-
diversity relationships. Gradients over
regional-scales were significantly stronger and
steeper than on local scales, with slopes
changing with sampling grain, and the
strength in the relationship increasing with
trophic level (Hillebrand 2004). A simple
lesson from these results is that studies
attempting to understand spatial variation in
biodiversity require taxonomically detailed,
systematic, and spatially-intensive biodiversity
assessments. Collection and literature-based
assessments need to be coupled with field-
based biodiversity assessments and are an
unavoidable step towards informing
conservation and management initiatives
(Fernandez et al. 2000).

Latitudinal diversity patterns along the
rocky shores of central Chile have received
considerable attention during the last decade,
and the region has been the subject of several
studies that have compiled species range-
endpoints for several taxonomic groups
inhabiting these nearshore habitats (Santelices
& Marquet 1998, Lancellotti & Vasquez 1999,
Fernandez et al. 2000, Meneses & Santelices
2000, Camus 2001, Valdovinos et al. 2003,
Hernandez et al. 2005). These studies have
helped to identify a number of broad patterns in
the spatial distribution of the number of species
of certain taxonomic groups. More prominently,
there is an inverse latitudinal gradient in the
diversity of macroalgae along the southeastern
Pacific (Santelices & Marquet 1998), while the
diversity of mollusks exhibits no trend along
the entire open coast of Chile (18-43° S) and
then shows a large increase from around 43° S
to the south (Valdovinos et al. 2003).

The studies outlined above suggest the
presence of different latitudinal structures in

the number of species of different taxa along
the coast of Chile and serve as useful starting
points for evaluating spatial aspects of
diversity within local communities where
species of these taxa actually coexist. A major
shortcoming to interpret geographical patterns
of local diversity in a community context is
that these studies have focused on very large
spatial scales (1000’s of km) and were based
on literature reviews and museum collections.
The few field studies carried-out in the region,
in which the actual presence of coexisting
species (alpha diversity) was recorded,
considered a limited number of sites and were
often restricted to particular microhabitats
(e.g., mussel beds of Perumytilus purpuratus
Lamarck; Thiel & Ullrich 2002, Prado &
Castilla 2006; or red algae, Thiel 2002). The
spatially most extensive published study of
alpha diversity along the coast of Chile was
conducted by Rivadeneira et al. (2002) at 53
study sites covering 2600 km. This study
highlighted the disparity between regional
scale diversity patterns predicted from
literature compilation and local diversity, but it
was restricted exclusively to intertidal grazers.

Here, we characterized spatial patterns of
species richness of local intertidal communities
at the wave-exposed rocky intertidal shores of
central Chile. The objectives were twofold.
Firstly, we aimed to establish through a field-
intensive methodology among-site patterns of
spatial variation in species richness throughout
central Chile. Secondly, using information from
the field-based assessment we examined the
spatial structure of diversity among coexisting
species and its consistency across different
trophic levels and major taxa. As a simple test
of hypothesis, we test whether spatial patterns
in diversity conform to a linear, latitudinal,
pattern and discuss our findings in light of
current knowledge of environmental and
ecological mechanisms shown to regulate the
structure of rocky shore intertidal communities.

METHODS

Study region and sampling design

We surveyed a total of 18 sites along the coast of
central Chile, from 29.5° S to 36.07° S (i.e. ~970 km of
shoreline, Fig. 1, Table 1). These sites are located
across a region that spans an important oceanographic



INTERTIDAL BIODIVERSITY IN CENTRAL CHILE 145

transition located around 30° S-32° S and involves a
major change in the alongshore upwelling regimes
(Hormazabal et al. 2004). Differences in wind patterns
cause sites poleward of the transition zone to
experience strong and variable coastal upwelling
conditions during the spring-summer season, while
sites located to the north experience weaker but
persistent upwelling-favorable wind conditions
(Navarrete et al. 2005). A previous extensive study of
the intertidal communities of the region showed that 8-
22 quadrats 0.25 m? in area were sufficient to capture
local-scale patterns of community structure such as
percentage cover of the dominant macrobenthic (i.e. >
5 mm) species and density of mobile species at all
these sites (Broitman et al. 2001). That study, however,
did not present patterns of species richness, which
could be more dynamic than those of abundance of

Latitude (°S)

-73.0 -71.5
Longitude (°W)

Fig. 1: Map of the coast of central Chile indicating
the locations of the 18 study sites.

Mapa de la costa de Chile central indicando la ubicacion
de los 18 sitios de estudio.

functional groups. Since we wanted to have a good
representation of species richness at the local
community level (alpha diversity), we sampled all 18
sites in 1998, 2003, 2004, and 2005, and conducted an
additional sampling of the three southernmost sites
(Table 1) in 2000. During the austral spring-summer
season (November to March), we surveyed each site
by sampling 7 to 15 0.25 m?2 quadrats located
haphazardly along 1 to 3 transects of 20-30 m long
parallel to the shoreline in the mid and low intertidal
zones during daytime low tide intervals. Variations in
the sampling effort arose from logistical constraints,
such as harsh ocean conditions that prevented access
to some sites within a season, but in all cases the
number of quadrats was sufficient to represent local
diversity (see Results).

In order to minimize variability in species richness
due to habitat differences, we focused all sampling
effort on flat, gently sloping rocky benches, avoiding
crevices and tide pools. Moreover, only macroscopic
organisms (ca. > 5 mm) were considered. Thus, our
biodiversity estimates represented a conservative
estimate of the biodiversity at each site, but ensured
that the species coexisted within the same habitat. The
study was focused on intertidal organisms that could
be accurately identified in the field, and for which
appropriate taxonomic keys were available. Hence, we
focused on a taxonomically diverse group of intertidal
organisms composed mostly of gastropods, bivalves,
barnacles, asteroids, and decapod crustaceans, as well
as chlorophycean, rhodophycean, and phaeophycean
macroalgae (Hoffmann & Santelices 1991, Oliva &
Castilla 1992, Espoz et al. 2004). Taxonomy was
resolved to the lowest possible level in the field and a
few specimens were collected when necessary. This
strategy allowed us to identify to species level most of
the specimens that grow as single individuals. In
several cases, such as some turf-forming algae (e.g.,
Gelidium chilense (Montagne) Santelices & Montalva
and Gelidium lingulatum Kiitzing) where it is not
possible to classify species in the field when they grow
in mixed stands, species were recorded to genera. We
also checked all algal species with Algaebase (http://
www.algaebase.org). We used therefore a mixture of
taxonomic resolutions and defined species richness as
the number of taxonomic identities. Nevertheless,
previous work showed similar patterns in community
structure whether fine, coarse, or mixed taxonomic
resolution was used (e.g., Chapman 2002, Underwood
& Chapman 2006). Further details of the sampling
scheme are presented elsewhere (Broitman et al.
2001).

Data analysis

We used both the observed local species richness
(Sgps) and Chao2 index as estimates of local
biodiversity. Diversity estimates were based on
species-accumulation curves (number of species as a
function of number of quadrats) constructed from 200
randomized quadrats at each site (Gotelli & Colwell
2001). S, at each site was then estimated as the
asymptote of the species-accumulation curve, where
increased sampling does not add an appreciable
number of new species. The Chao2 (Chao 1987) index
estimates the asymptote of the species-accumulation
curve by taking into account the effect of rare species
on total richness:

Chao2 estimate = S+ (Q))2 /2 Q,
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where Q; and Q, are the frequencies of species with
single and double records respectively. Non-parametric
estimators, such as Chao2, perform better in terms of
bias, precision, and accuracy than species-
accumulation model (Walther & Martin 2001). Since
Q1 and Q2 were always > 0, no bias-correction was
needed (Chao 1987).

We used linear regressions to explore the
geographical patterns of diversity along the study
region. All analyses were computed with the R
environment version 2.9.1 (R Development Core Team
2009).

RESULTS

Across the 18 sites and over the course of the
four-year study, we surveyed a total of 1863
quadrats, identifying 71 species belonging to
66 genera for a total of 86 identified taxa
(Table 2). Species richness was partitioned
evenly between macroalgae and invertebrates
(Table 2). Across all sites, we found a total of
43 algal taxa belonging to 40 genera, while

invertebrates were represented by 43 taxa
belonging to 25 genera. The more diverse
taxonomic group were mollusks (chitons,
gastropods, and bivalves; 32 taxa), followed by
rhodophycean (25 taxa), phaeophycean (10
taxa), and chlorophycean macroalgae (8 taxa).
In terms of functional groups, most of the
species richness corresponded to ‘herbivores’
(chitons and all gastropods excluding
Concholepas and Acanthina), ‘filter-feeders’
(mytilids and barnacles), and ‘corticated algae’
(sensu Steneck & Dethier 1994, see Broitman
et al. 2001 for a functional classification),
although many of the herbivores or grazers
can be considered true omnivorous (Camus et
al. 2008). The intensive sampling scheme
resulted in reasonably good estimates of local
community species richness for the wave
exposed habitat. Species-accumulation curves
generated after pooling all years showed
asymptotic values after ca. 40 quadrats (Fig.

TABLE 1

List of all sampling localities shown in Fig. 1. Latitude and longitude are expressed as decimal
degrees, N is the total number of quadrats surveyed in each site across all years, S,,s is the
observed number of species, and Chao2 is the estimated asymptotic number of species at each site.

Lista de los sitios de muestreos mostrados en Fig. 1. Latitud y longitud estan expresadas en grados decimales, N es
el numero total de cuadrantes muestreados en cada sitio a través de todos los anos, S, es el nimero de especies
observado, y Chao2 es el numero de especies asintotico estimado en cada sitio.

Site name Code Latitude (°S) Longitude (°W) N Sobs Chao2
1 El Temblador TEM 29.50 71.32 67 48 58.08
2 El Arrayan ARR 29.68 71.32 45 49 51.45
3 Guanaqueros GUA 30.18 71.47 95 60 75.12
4 Punta Talca PTAL 30.92 71.50 91 66 74.16
5 Puerto Oscuro POSC 31.42 71.60 77 58 62.00
6 Los Molles MOLL 32.23 71.50 72 54 58.90
7 Montemar MONT 32.95 71.55 96 52 55.60
8 Curaumilla CUR 33.10 71.73 81 51 55.50
9 Quintay QUN 33.18 71.70 70 50 54.16
10 El Quisco ELQ 33.38 71.70 96 60 64.08
11 ECIM ECIMN 33.50 71.63 116 63 73.28
12 Las Cruces LCRU 33.51 71.63 103 66 67.78
13 Matanzas MAZ 33.96 71.88 81 55 91.00
14  Punta de Lobos PTL 34.43 72.05 97 67 70.00
15 Bucalemu BUCA 34.65 72.05 63 64 67.60
16  Constitucion CON 35.35 72.45 124 60 70.00
17 Pelluhue PELL 35.82 72.60 98 58 70.5
18 Buchupureo BUP 36.07 72.80 99 60 64.08
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Taxa found across the four year study of macrobenthic diversity. % is the percentage of quadrats

in which each species was found. Total number of quadrats was 1863.

Taxa encontradas a lo largo de los cuatro afios de estudio de diversidad macrobenténica. % es el porcentaje de

cuadrantes en las cuales cada especie fue encontrada. E1 numero total de cuadrantes fue 1863.

Taxa

%
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26
27
28
29
30
31
32
33
34
35

36
37
38
39
40
41
42
43

Rhodophyta

Ahnfeltiopsis spp.

Ahnfeltiopsis furcellata (C. Agardh) P.C. Silva & DeCew
Centroceras spp.

Ceramium spp.

Corallina officinalis Linnaeus

Gelidium rex Santelices & [.A. Abbott

Gelidium spp.

Grateloupia doryphora (Montagne) M.A. Howe
Hildenbrandia lecannellieri Hariot

Laurencia chilensis De Toni, Forte & M.A. Howe
Lithothamnion spp.

Mazzaella laminarioides (Bory de Saint-Vincent) Fredericq
Montemaria horridula (Montagne) A.B. Joly & Alveal
Nothogenia fastigiata (Bory de Saint-Vincent) P.G. Parkinson
Petroglossum pacificum Hollenberg

Plocamium cartilagineum (Linnaeus) P.S. Dixon
Polysiphonia spp.

Porphyra columbina Montagne

Prionitis decipiens (Montagne) J. Agardh

Rhodymenia spp.

Sarcothalia crispata (Bory de Saint-Vincent) Leister
Schizymenia pacifica (Kylin) Kylin

Schottera nicaeénsis (J.V. Lamouroux ex Duby) Guiry & Hollenberg
Trematocarpus dichotomus Kiitzing

Chondrus canaliculatus (C. Agardh) Greville

Phaeophyceae

Colpomenia phaeodactyla M.J. Wynne & J.N. Norris
Colpomenia sinuosa (Mertens ex Roth) Derbes & Solier
Dictyota kunthii (C. Agardh) Greville

Durvillaea antarctica (Chamisso) Hariot
Ectocarpus spp.

Halopteris funicularis (Montagne) Sauvageau
Lessonia nigrescens Bory de Saint-Vincent
Macrocystis pyrifera (Linnaeus) C. Agardh
Petalonia fascia (O.F. Miiller) Kuntze

Scytosiphon lomentaria (Lyngbye) Link

Chlorophyta

Bryopsis spp.

Chaetomorpha spp.

Cladophora spp.

Codium dimorphum Svedelius

Rama novae-zelandiae (J. Agardh) Chapman
Rhizoclonium spp.

Ulva spp.

Ulvella spp.

5.9
2.09
0.27
13.2

38.22
4.19
36.77
3.65
59.47
4.83
54
38.33
0.54
4.24
3.49
0.32
25.34
23.89
6.28
4.62
3.44
0.32
8.27
3.86
0.91

0.16
0.32
0.21
19.54
0.64
0.27
46.48
0.05
5.42
1.07

0.21
5.21
0.81
6.87
242
1.72
35.32
4.72
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(Table 2 Cont.)
Taxa %
Polychaeta
44 Phragmatopoma spp. 4.62
Gastropoda
45  Acanthina monodonPallas 10.09
46 Concholepas concholepas Brugiere 21.47
47  Fissurella costata Lesson 1.77
48  Fissurella crassa Lamarck 12.67
49  Fissurella cumingi Reeve 0.86
50  Fissurella limbata Sowerby 11.43
51  Fissurella maxima Sowerby 0.54
52 Fissurella picta Gmelin 1.18
53 Fissurella pulchra Sowerby 0.7
54  Lottia orbignyi Dall 0.16
55 Scurria araucana Orbignyi 30.22
56  Scurria ceciliana Orbignyi 18.63
57  Scurria fragilis 2.31
58  Scurria plana Philippi 0.48
59  Scurria scurra Lesson 22.49
60  Scurria variabilis Sowerby 1.56
61  Scurria viridula Lamarck 2.58
62  Scurria zebrina Lesson 11.54
63  Siphonaria lessoni Blainville 0.64
64  Tegula atra Lesson 4.29
Polyplacophora
65  Acanthopleura echinata Barnes 8.59
66  Chaetopleura peruviana Lamarck 1.02
67  Chaetopleura benaventei Plate 0.16
68  Chiton cumingsii Frembly 0.43
69  Chiton granosus Frembly 39.99
70  Chiton latus Sowerby 1.93
71  Enoplochiton niger Barnes 2.68
72 Tonicia chilensis Frembly 6.87
73 Tonicia elegans Fremblt 2.42
Bivalvia
74  Brachidontes granulata Hanley 15.46
75  Perumytilus purpuratus Lamarck 8.64
76 Semimytilus algosus Gould 4.24
Cirripedia
77  Austromegabalanus psittacus Molina 46.97
78  Balanus laevis Bruguiére 31.62
79  Jhelius cirratus Darwin 7.03
80  Nothobalanus flosculus Darwin 10.74
81  Nothochthamalus scabrosus Darwin 10.84
Decapoda
82  Acanthocyclus gayi Milne Edwards & Lucas 37.79
83  Acanthocyclus hassleri Rathbun 1.99
Asteroidea
84  Heliaster helianthus Lamarck 61.51
85  Stichaster striatus Miiller & Troschel 8.64
Tunicata

86  Pyura chilensis Molina 9.29
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2), less than half of our average local sampling
effort (87.278 + 4.608 quadrats). S,,s and
Chao2 index were positively correlated across
all sites (Fig. 3; r? = 0.3022, F; 5= 6.49, P =
0.025), with the Matanzas site (MAZ, open dot)
showing a large departure from the trend due
to large numbers of species with single or
double records. When MAZ was excluded from
the analysis, the relationship between S,;¢ and
Chao2 was tighter (r? = 0.7203, Fy 14 = 36.06, P
< 0.001). This statistical relationship was
parallel to the 1:1 line, with the intercept
indicating that S, was underestimating local
richness by 6.39 species at each site (Fig. 3).
Geographic patterns of species richness
across the latitudinal region encompassed by
the study showed considerable spatial
variability among sites, and neither S, nor
Chao2 evidenced a clear linear trend with
latitude (linear regressions: P = 0.106 and P =
0.2061 for S, and Chao respectively). Instead,
we observed that centers of high species
richness were present around 31° S and 34° S,
alternated by areas of lower richness located
around 30° S, 33° S, and 36° S (Figs. 4A and 4B).
A similar trend is suggested by examining the
latitudinal pattern of species richness in the
more diverse algal groups, where the areas of
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Fig. 2: Species-accumulation curves for the three
sites with the largest (PTAL, LCRU, PTL) and the
lowest (ARR, QUN, TEM) number of species. See
Table 1 for site locations and abbreviations.

Curvas de acumulacion de especies de los tres sitios con
las mayores (PTAL, LCRU, PTL) y menores (ARR, QUN,
TEM) riquezas de especies. Ver ubicaciones y
abreviaciones de sitios en Tabla 1.

90 o :
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Local richness (Chao2)
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Fig. 3: Least-squares regression between the
observed number of species at each location (S,)
and the predicted species richness (Chao2) when
MAZ (open dot) is excluded.

Chao2 = 6.39 + 0.993 S,p,s; 12 = 0.7203, Fy 14 = 36.056,
P < 0.01; the reference line indicates the 1:1
relationship.

Regresion de minimos cuadrados entre el nimero
observado de especies en cada sitio (S, y la riqueza de
especies predicha (Chao2) cuando MAZ (punto blanco) es
excluido. Chao2 = 6.39 + 0.993 S, r? = 0.7203, Fy 14 =
36.056, P < 0.01; la linea de referencia indica la relacion 1:1.
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Fig. 4: Spatial patterns of local species richness
along central Chile. (A) Total number of species
(Syps) Observed at each site. (B) Predicted local
species richness (Chao2) accounting for the
number of rare species observed at each site.

Patrones espaciales de la riqueza de especies local a lo
largo de Chile central. (A) Numero total de species (Syp,s)
observada en cada sitio. (B) Riqueza de especies local
predicha (Chao2) al considerar el nimero de especies
raras en cada sitio.
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lower and higher richness are evident around
33° S (Fig. 5A). In addition, the significant
linear fits suggest that the number of red algae
(r? = 0.5084, Fy 15 = 16.55, P < 0.001) and the
total number of algal species (r? = 0.3845, F; 14
= 9.99, P = 0.006) increased with increasing
latitude across the study region. The richness
of chlorophycean algae was too low (8 species)
to examine spatial trends. Neither herbivores
nor carnivores showed linear trends across the
region (P = 0.27 and P = 0.69 for herbivores and
carnivores respectively). Herbivore species
richness also showed two centers of higher
diversity across the region, but the location of
those areas did not coincide with those of red
and brown macroalgae or the total number of
algal species (Fig. 5B, closed and open dots,
respectively).

e .
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31 c e 1 3¢ o &
e} ° o e
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2 33} ooee® | 331 e ® i
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Number of species Number of species

Fig. 5: Spatial patterns of local species richness along
central Chile. (A) Total number of rhodophycean
(closed dots) and phaeophycean species (open dots).
(B) Total number of algal species (closed dots) and
total number of herbivore species (open dots).
Rhodophycean species richness and algal species
richness were significantly related to the latitude (L):
Rhodophycean species richness = -28.6329 + 1.2687
L; r? = 0.5084, Fy, 13 = 16.55, P < 0.001; algal species
richness = -25.7988 + 1.5668 L; r? = 0.3845, F; 14 =
9.99, P = 0.006.

Patrones espaciales de riqueza de especie local a lo largo de
Chile central. (A) Numeros totales de algas rojas (puntos
negros) y cafés (puntos blancos). (B) Numeros totales de
especies algales (puntos negros) y herbivoras (puntos
blancos). Tanto el numero de algas rojas como el total de
especies algales se relacionaron significativamente con la
latitud (L): Algas rojas = -28.6329 + 1.2687 L; r? = 0.5084, Fy,
13 = 16.55, P < 0.001; numero total de especies algales = -
25.7988 + 1.5668 L; r2 = 0.3845, Fy 15 =9.99, P = 0.006.

DISCUSSION

Our study provides an exhaustive community-
based assessment of the spatial variation in
biodiversity of rocky intertidal species
richness across central Chile. In broad
agreement with previous studies based on
latitudinal ranges of mollusks and macroalgae
(Santelices & Marquet 1998, Valdovinos et al.
2003), species richness showed no clear
latitudinal gradient through our study region.
As somehow expected for a between-site
study, the smooth patterns suggested by
previous large-scale studies concealed a rather
complex pattern of variation with coastal
sections of high species richness interspersed
with areas of low richness of algae and
invertebrates.

Our estimates of local species richness
provide a conservative estimate of rocky
intertidal species richness by excluding
numerous cryptic species and microhabitats.
However, biodiversity of macroscopic
invertebrates and macroalgae found on wave-
exposed benches is well represented as
confirmed by the tight relationship between
Sops and Chao2, which was further improved
after removing the site with several single or
double species records (Fig. 3). The strength
of the sampling scheme is further reinforced
by comparisons of the number of species and
the spatial patterns observed in the only
published field assessment conducted
previously in this same region. Rivadeneira et
al. (2002) surveyed rocky intertidal macro-
herbivore grazers (mostly gastropods)
inhabiting a range of microhabitats, including
wave exposed benches, vertical walls, boulders
and tidal pools, between 18° S and 42° S. Even
though Rivadeneira et al. (2002) used a
different sampling scheme, the number of
herbivore species they detected in the region
is in broad agreement with our study.
Furthermore, the correspondence in spatial
patterns of diversity is striking. Rivadeneira et
al. (2002) found one of their highest site-scale
species richness around 33° S, where they also
observed some of the largest between-site
variations in richness. In broad agreement
with the patterns documented in the study of
Rivadeneira et al. (2002), we detected both the
lowest and the highest herbivore species
richness around 33° S (compare site richness
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in Fig. 3 of Rivadeneira et al. (2002) with our
Fig. 5B). The correspondence between both
spatial patterns supports the occurrence of
substantial spatial variation in mollusk species
richness across the study region. Hence, our
sampling scheme provides a systematic
estimate of species diversity at multiple sites
spread through a broad geographic region.
Complementary sampling schemes, such as
those that include species > 5 mm and other
techniques involving extensive specimen
collections, will increase diversity estimates at
the local scale beyond our systematic
understimation. Below we discuss the
mechanistic processes that may be involved in
the geographic variation in species richness
across the region.

Regional trends in macroalgal species
richness, as well as those presented for red
and brown algae separately were possibly
related to an increase in onshore nutrient
availability associated with colder waters
across these same sites (Nielsen & Navarrete
2004, Navarrete et al. 2005). Although
historical effects related to the biogeographic
origins of the biota cannot be ruled out
(Santelices 1980), the highest local macroalgal
diversity was observed at two sites influenced
by strong coastal upwelling: Punta Talca
(PTAL) and Punta de Lobos (PTL) (Broitman
et al. 2001). Coastal upwelling has been shown
to drive productivity in at least some intertidal
species (Nielsen & Navarrete 2004, Navarrete
et al. 2005) and also to mediate biotic
interactions in the region (Wieters 2005).
Thus, nearshore oceanographic conditions that
drive nutrient influx along central Chile may
drive the diversity of locally coexisting algal
species. But the relationship between
upwelling and species diversity might be
produced not only by variation in nutrient
loadings, but also by the suite of
environmental conditions —predominantly sea
surface temperature variability— that vary with
coastal topography (Tapia et al. 2009, Wieters
et al. 2009). Testing such local-scale
environmental forcing patterns across will
require extensive validation of very nearshore
satellite records for the region.

This variability in environmental conditions
can produce complex responses in the
intertidal biota (Wieters et al. 2009). Indeed,
relatively low local macroalgal diversity was

observed at other well-defined upwelling
centers in the study region (e.g., Curaumilla,
Johnson et al. 1980), suggesting that
productivity-diversity relationships interact
with unmeasured differences in environmental
conditions (e.g., Worm et al. 2002, Rajaniemi
2003). It is unclear which factors generate or
maintain the region of low macroalgal diversity
around 33° S (Fig. 5B). The low diversity area
seems to be located south of Punta Curaumilla,
suggesting that the flora with southern and
northern affinities described around this
biogeographic transition zone do not
completely overlap (Camus 2001 and see
below). The potential role of local factors in
maintaining this region of low diversity should
thus be investigated.

Distributional range limits of numerous
intertidal species occur at different sites across
the region between Punta Lengua de Vaca
(~30° S) and Los Molles (~32° S) (Marincovic
1973, Brattstrom & Johanssen 1983, Hoffmann
& Santelices 1997, Camus 2001, Thiel et al.
2007). In this study, we confirmed the
northern range limits of the conspicuous
intertidal macroalgae Durvillaea antarctica
(Chamisso) Hariot and Mazzaella
laminarioides (Bory de Saint-Vincent)
Fredericq, as well as the southern limits of the
chiton Enoplochiton niger Barnes and the
limpet Scurria viridula Lamarck (results not
shown). Distributional limits of these few
species alone, however, do not account for the
large variations in species richness we
observed in the region (Fig. 4). One potential
driver of the biogeographic pattern in the mid
intertidal zone may relate to the break in
abundance of the dominant space competitor,
the mussel Perumytilus purpuratus, which is
observed at 32° S (Broitman et al. 2001,
Navarrete et al. 2005). Perumytilus mussel
beds host diverse invertebrate assemblages
and provide complex habitats for recruits of
many intertidal species (Thiel & Ullrich 2002,
Prado & Castilla 2006). Thus, a large change in
species richness could be expected to occur
between regions where mussel beds dominate
the shore and where these habitat-forming
species are absent.

A number of mechanisms have been shown
to regulate the structure and dynamics of local
rocky intertidal communities of central Chile,
which corresponds to the biogeographic
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transition zone described above. For example,
intensive and ubiquitous harvesting of
shellfish by subsistence fishermen in the mid
intertidal zone influences community structure
by shifting a landscape dominated by beds of
the mussel Perumytilus purpuratus into
intertidal zones dominated by macroalgae,
such as Mazzaella laminarioides and fleshy
encrusting forms (Moreno et al. 1986, Castilla
1999, Fernandez et al. 2000). A similar
situation is observed in the low intertidal zone
where harvesting of the kelp Lessonia
nigrescens Bory de Saint-Vincent and the bull
kelp Durvillaea antarctica by subsistence
harvesters may lead to communities
dominated by encrusting algae species
(Santelices 1980, Ojeda & Santelices 1984,
Bustamante & Castilla 1990). On the other
hand, species interactions, notably predation
by the large snail Concholepas concholepas
Brugiére and the seastar Heliaster helianthus
Lamarck, determine the abundance of
dominant invertebrate filter-feeders and have
implications for the abundance of other
invertebrate and algal species (Castilla &
Paine 1987, Navarrete et al. 2002, Navarrete &
Castilla 2003). Similarly, herbivory strongly
influences macroalgal abundance (Ojeda &
Santelices 1984, Ojeda & Muifioz 1999, Nielsen
& Navarrete 2004), especially of ephemeral
algae. In contrast, recruitment limitation might
be one of the dominant structuring processes
through large regions of the coast (Navarrete
et al. 2005). Therefore, to achieve a
mechanistic understanding of patterns in
biodiversity requires us to consider the role of
both natural and anthropogenic factors in
structuring intertidal assemblages.

In conclusion, we detected large spatial
variation in the diversity of intertidal organisms
across a large coastal region previously
acknowledged as relatively homogeneous
(Santelices & Marquet 1998, Valdovinos et al.
2003). Further studies testing departures from a
linear gradient are needed to include the
diversity of organisms living in other habitats,
such as boulders, crevices, and biogenic
habitats generated by mussels and canopy-
forming algae. Nevertheless, this study
represents a contribution to our knowledge of
empirical patterns of intertidal species richness
in central Chile and a first step towards a
regional baseline of marine biodiversity.
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