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Abstract
Aim: For seabirds, food supplies and nest sites are largely driven by oceanographic 
gradients and island habitats, respectively. Research into seabirds’ ecological roles 
in insular ecosystems is crucial to understanding processes that structure seabird 
nesting assemblages. We examined the influence of island physiography and ocean-
ographic factors on the spatial variation in α- and β-diversity of nesting seabird 
assemblages.
Location: South-eastern Pacific Ocean.
Taxon: Birds.
Methods: We compiled data from 53 seabirds breeding on 41 coastal and oceanic 
islands using different sources: our field records, online databases, environmental 
reports and literature. We used generalized linear models (GLM) to describe the ef-
fect of island physiography (area, elevation and isolation) and oceanographic factors 
(surface temperature, salinity and primary productivity) on seabird species richness 
(α-diversity). We applied multivariate GLM to test the effects of physiographic and 
oceanographic predictors on species composition (β-diversity). We used Jaccard 
dissimilarities on species occurrences per island to calculate β-diversity partitioned 
into turnover and nestedness. Polynomial models allowed us to model these metrics 
against geographical and environmental gradients and so analyse patterns in seabird 
β-diversity across spatial scales.
Results: Species richness was highest in Galápagos, Pitcairn and Rapa Nui. Changes 
in seabird α-diversity across islands were determined by island area and distance to 
South America but not by oceanographic variables. Physiographic and oceanographic 
factors were significant in determining β-diversity. Changes in β-diversity were mostly 
due to species replacement (β-turnover) across three major island Systems (Galápagos 
Archipelago, Chilean coastal islands and oceanic islands of the south-eastern Pacific). 
The contribution of β-nestedness was restricted to small scales (within archipelagos).
Main conclusions: Physiographic and oceanographic factors explain species diver-
sity of seabird assemblages on islands of the south-eastern Pacific. Oceanographic 
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1  | INTRODUC TION

Islands are high-priority targets for conservation for multiple taxa 
(Bellard, Rysman, Leroy, Claud, & Mace, 2017; Spatz et al., 2014). 
The sparse islands and islets distributed along oceanic and coastal 
waters are the nesting grounds of many seabird species. The sea-
birds represent not only one of the most conspicuous groups of the 
marine environment but also one of the most endangered (Croxall 
et al., 2012; Spatz et al., 2014; Webb & Mindel, 2015). Seabirds per-
form a crucial role in insular ecosystems by linking terrestrial and 
marine food webs (McCauley et al., 2012; Otero, Peña-lastra, Pérez-
alberti, Ferreira, & Huerta-diaz, 2018), and are frequently described 
as top consumers that modulate nutrient transfer across ecosystems 
by feeding on productive waters and depositing nutrient-rich guano 
inland (Sekercioglu, 2006).

Processes controlling alpha and beta diversity patterns in sea-
birds on islands are rarely addressed in ecological studies. General 
studies that do not explicitly address islands typically have stressed 
the importance of oceanographic factors as drivers of seabird di-
versity in oceanic waters (Bost et al., 2009; Chown & Gaston, 1999; 
Davies, Irlich, Chown, & Gaston, 2010; Hashmi & Causey, 2008; 
Wahl, Ainley, Benedict, & DeGange, 1989). The importance of is-
land physiography (i.e., island area, elevation and isolation) in driving 
local species richness, as predicted by the classical theory of island 
biogeography (MacArthur & Wilson, 1963; Whittaker, Triantis, 
& Ladle, 2008), has focused primarily on terrestrial birds (Chown, 
Gremmen, & Gaston, 1998; Harrison, Ross, & Lawton, 1992; 
Luna-Jorquera, Fernández, & Rivadeneira, 2012; Melo, Rangel, & 
Diniz-Filho, 2009; Veech & Crist, 2007). In contrast, the diversity 
of seabirds nesting on islands has been rarely studied (e.g., Luna-
Jorquera et al., 2012; Wahl et al., 1989). As far as we are aware, no 
studies have addressed how the β-diversity of nesting seabirds is 
affected by island physiography and gradients in oceanographic 
parameters.

Previous studies have highlighted the strong dependence of 
seabirds on bottom-up processes that regulate food availability 
(Pakhomov & McQuaid, 1996; Weichler, Garthe, Luna-Jorquera, 
& Moraga, 2004). Such processes are strongly affected by large-
scale oceanographic factors and processes that modulate pe-
lagic primary production (Schneider, 1991). Besides large-scale 
oceanic processes, seabird assemblages on oceanic islands can 
be affected by local factors, such as the presence of predators 

(mostly terrestrial vertebrates; Bolton, Stanbury, Baylis, & 
Cuthbert, 2014; Jones et al., 2008), distance from foraging 
zones (Ballance, Ainley, Ballard, & Barton, 2009; Weimerskirch 
et al., 2003) and availability of suitable nesting habitats (e.g., 
cliffs, shelters, soil, or trees; Newton, 1994; Pöysä & Pöysä, 
2002). Therefore, oceanographic factors that modulate food 
availability on foraging grounds and island physiography could 
explain the various seabird α- and β-diversity patterns within 
and across archipelagos.

Considering the ecological role that seabirds play in insular 
ecosystems and their current conservation threats, it is crucial 
to elucidate patterns and processes that regulate α- and β-diver-
sity patterns. An understanding of species turnover and nest-
edness, the two components of β-diversity, offers additional 
insights into the processes that structure seabird communities. 
For instance, significant nestedness at large scales suggests 
rather strong biogeographical connections (Greve, Gremmen, 
Gaston, & Chown, 2005). In contrast, lack of nestedness at 
small geographical scales may suggest the role of local factors 
affecting extinction/colonization (Luna-Jorquera et al., 2012). 
In this study, we investigated how the role of physiographic 
and oceanographic factors control local species richness (α-di-
versity) and composition (β-diversity) of nesting seabirds in 
insular systems (coastal and oceanic), using the south-eastern 
Pacific as a study model. We tested the following four working 
hypotheses:

1. α-diversity will be positively affected by island area and ele-
vation as these variables are directly related to the availability 
of nesting habitats.

2. Oceanographic variables will also significantly affect α-diversity 
as they govern ocean productivity and, hence, the distribution of 
foraging grounds near islands.

3. As oceanographic gradients observed across large spatial scales 
impose major filters for species establishment, we expect that 
increasing geographical and environmental distance will be posi-
tively related to species turnover (β–diversity).

4. In contrast, we expect that species nestedness will be dominant 
at the smallest spatial scales (i.e. within archipelagos), as it reflects 
differences in availability and quality of nesting habitat among is-
lands. Thus, we expect a negative relationship between nested-
ness and geographical and spatial distances.

variables did not affect species richness but significantly influenced species composi-
tion. Change in species composition reflects gradients across three marine biogeo-
graphical realms: Temperate South, Eastern Indo-Pacific and Tropical Eastern Pacific. 
The low degree of species nestedness may reflect multiple evolutionary origins.

K E Y W O R D S

assemblage structure, beta diversity, biogeography, coastal islands, oceanic islands, seabirds, 
species richness
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2  | MATERIAL S AND METHODS

2.1 | Study area

Our study area extended longitudinally from 130°44′W to 70°31′W 
and latitudinally from 1°40′N to 38°22′S. The dataset included 
42 islands of six archipelagos: Pitcairn (4 islands), Rapa Nui (4), 
Desventuradas (3), Juan Fernández (3), Galápagos (13) and Chilean 
coastal islands (15). Thus, the islands of our dataset have varying de-
grees of isolation from other islands and the mainland and are dis-
tributed within different biogeographic realms (Costello et al., 2017; 
Figure 1). Most of the oceanic islands are located on the Nazca 
Tectonic Plate, except for the Pitcairn Archipelago which is located 
on the Pacific Plate. These islands are all part of chains of volcanic 
islands and seamounts.

2.2 | Environmental variables

We compiled information on island characteristics from the litera-
ture and online databases. After removing highly collinear variables 
(i.e., correlation coefficient > 0.8), we considered seven environmen-
tal variables as predictors in the analyses: island area (km2), island 
elevation (m), distance to the mainland (km), human density (indi-
viduals per km2), sea surface salinity (PSS), sea surface temperature 
(°C) and primary productivity (g m−3 day−1; Appendix S1). Island area, 
elevation and distance from the mainland were obtained from the lit-
erature or estimated using tools available in ‘R’ (R Core Team, 2016) 
and ‘Google Earth’ (www.google.com/earth). We derived data on 
human density from public databases provided by national institutes 

of statistics and censuses (see metadata in Appendix S1). All oceano-
graphic variables were extracted from the raster maps available in 
the ‘Bio-ORACLE’ online database (Assis et al., 2018; Tyberghein 
et al., 2012). The raster resolutions of these maps were approxi-
mately 9.2 km at the equator. We used a 50 km radius buffer around 
the centre of each island to calculate the average values of each 
oceanographic variable using the R package ‘raster’ (Hijmans, 2017).

2.3 | Seabird assemblages

We compiled data on nesting occurrences of 53 seabird species 
(Appendix S1) in coastal and oceanic islands of the south-eastern 
Pacific from the literature, online databases and unpublished re-
ports. Most of the consulted literature was published in the past 
30 years, although we also included older publications to reference 
confirmed reports on some islands (see metadata in Appendix S1). 
For the majority of the Chilean islands, we used information on sea-
birds from our field records from multiple expeditions conducted 
over 19 years (1999–2018) on Chilean coastal islands, and 5 years 
(2013–2018) on Chilean oceanic islands (i.e., Desventuradas, Rapa 
Nui and Juan Fernández). All of the seabird information was organ-
ized in a binary matrix of species occurrence (1 = presence, 0 = ab-
sence) for each island (Appendix S1).

2.4 | Data analysis

We performed all analyses and graphs in the ‘R’ software (R Core 
Team, 2016) and its associated packages. Our data and R scripts are 

F I G U R E  1   Locations of the oceanic 
and coastal islands included in the study. 
Coloured zones indicate biogeographical 
realms, as described in Costello 
et al. (2017) Tropical Eastern Pacific
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available at https://datad ryad.org/stash/ share/ cHIMe f7q6Z 2Mf8I 
sWW3ge_O0R8_yKfBO sBiKd -aG1cs.

2.4.1 | Seabird α-diversity – Hypotheses 1 and 2

We measured the α-diversity of seabirds of each island by quan-
tifying species richness, measured as the total sum of nesting 
seabird species on each island. Before the analyses, we used the 
Shapiro–Wilk test to check the normality of all environmental 
variables (i.e., island characteristics and oceanographic variables). 
Environmental variables that differed from the normal distribu-
tion were adjusted by applying either square root or log10(x + 1) 
transformations. We analysed the relationships between seabird 
species richness and environmental variables by fitting general-
ized linear models (GLM) based on Poisson distribution and log-link 
function. Model selection and averaging were performed using 
the R package ‘MuMIn’ (Barton, 2018). The function dredge was 
used to perform a model selection routine based on the lowest 
second-order Akaike information criterion (AICc) and applied to 
128 different model subsets. We applied the function model.avg 
to perform full model averaging, considering the best model sub-
sets (AICw > 0.05). We plotted the partial residuals associated 
with each environmental variable to depict their effect on species 
richness. The final model considered the environmental variables 
island area (log10 transformed), island elevation (square root trans-
formed), distance from the mainland (square root transformed), 
human density (square root transformed), salinity, superficial pri-
mary productivity and sea surface temperature. Finally, we used 
residual-distance correlograms and the Moran's I test routines in 
the R packages ‘ape’ (Paradis, Claude, & Strimmer, 2004) and ‘ncf’ 
(Bjornstad & Cai, 2018) to assess the spatial independence of the 
GLM results.

2.4.2 | Seabird β-diversity – Hypotheses 3 and 4

We applied the routines in the R package ‘betapart’ (Baselga & 
Orme, 2012) to calculate the partitioned β-diversity, which separates 
the turnover and nestedness-resultant components. The β-turnover 
component reflects species replacement, while β-nestedness re-
flects differences in species richness. These components are de-
rived from the dissimilarity index chosen to describe β-diversity, 
which is frequently referred to as β-total. We used Jaccard dissimi-
larities on species occurrences per island to calculate β-diversity. 
The relationship between β-diversity and geographical and envi-
ronmental distances was analysed using linear models based on a 
third-degree polynomial fit. Geographical distances were calculated 
using the distm routine in the R package ‘geosphere’ (Hijmans, 2017). 
Environmental distances were represented as Euclidean distances 
of a scaled and centred environmental data matrix. The correlation 
between geographical and environmental distances was analysed 
using the Mantel test in the R package ‘ade4’ (Dray & Dufour, 2007).

We fitted multivariate GLM models to analyse the effect of en-
vironmental variables on seabird species composition (i.e., spatial 
turnover). The multivariate GLM was based on a binomial distribu-
tion and included the same predictor variables used in the global 
model for univariate analyses. The analysis was performed using 
the function manyglm of the R package ‘mvabund’ (Wang, Naumann, 
Wright, & Warton, 2012). The significance of the model terms was 
assessed using analysis of deviance considering α = 0.01. Since or-
dinations are a good way to represent multivariate data graphically, 
we performed a canonical analysis of principal coordinates (CAP, 
or distance-based redundancy analysis; Anderson & Willis, 2003; 
Legendre & Andersson, 1999) to depict changes in seabird assem-
blage composition across islands in relation to environmental vari-
ables. CAP is a model-based ordination technique that can represent 
changes in species composition given specific hypotheses (i.e., en-
vironmental variables). The analysis was based on a resemblance 
matrix of Jaccard distances of species occurrences and all of the 
environmental predictors. Although CAP does not necessarily rep-
resent the fitted values of multivariate GLMs, we observed that the 
function capscale in the R package ‘vegan’ (Oksanen et al., 2009) pro-
duced CAP ordinations that were consistent with our multivariate 
GLM results (data not shown). The ordination was plotted using the 
R package ‘ggplot2’ (Wickham, 2009).

3  | RESULTS

3.1 | Seabird α-diversity

Seabird species richness varied markedly across archipelagos and is-
lands (Figure 2). The islands with the highest species richness were 

F I G U R E  2   Species richness of nesting seabirds across 
archipelagos of the south-eastern Pacific Ocean. Values in 
parentheses indicate the total species richness of each archipelago

)91()8( )11((4) )31( )41(

https://datadryad.org/stash/share/cHIMef7q6Z2Mf8IsWW3ge_O0R8_yKfBOsBiKd-aG1cs
https://datadryad.org/stash/share/cHIMef7q6Z2Mf8IsWW3ge_O0R8_yKfBOsBiKd-aG1cs


     |  5GUSMAO et Al.

Santa Cruz (Galápagos, 19 nesting species) and the Polynesian is-
lands of Henderson (Pitcairn, 14), Motu Nui (Rapa Nui, 13) and Ducie 
(Pitcairn, 13). The Pitcairn Islands presented the highest average 
species richness, with 10.5 ± 4.5 (mean ± standard deviation) nest-
ing species per island. Even though Pinta Island in the Galápagos 
Archipelago showed the lowest species richness (only one nesting 
species), the Juan Fernández Archipelago had the lowest average 
species richness, with four species per island.

Only six of the 128 possible model fits for species richness had 
AICw > 0.05 (Table 1), and these were averaged together to produce 
a final model (Tables 2). Species richness showed a significant pos-
itive relationship with island area (p < 0.05, Figure 3a) and distance 
from the continent (p < 0.01, Figure 3b). Island elevation, water tem-
perature, salinity, primary productivity and human density had no 
significant effects on species richness. There was no evidence of 
significant spatial autocorrelation of the residuals (Figure S1).

3.1.1 | Seabird β-diversity

The structure of seabird assemblages changed notably across the 
different island systems, and it was highly related to water tempera-
ture, primary productivity, island area, island elevation and distance 
to the continent (Figure 4; Table 3). The CAP ordination showed 
clear gradients in seabird species assemblages along latitudinal and 
longitudinal gradients, which also reflected differences across archi-
pelagos (Figure 4). The first axis of the ordination explained 22% of 
the total variation and was most related to gradients in tempera-
ture, primary productivity and distance from the continent (Table 4). 
This axis separated oceanic islands from coastal islands, which were 
mostly driven by species such as the Humboldt penguin (Spheniscus 
humboldti) and the kelp gull (Larus dominicanus). The second axis ac-
counted for 13% of the total variation and was most related to salin-
ity, island area and elevation, and distance to the continent (Table 4). 

This axis separates the Galápagos Archipelago from the other is-
lands, which is mostly explained by the high number of seabird 
species that do not nest in the southern Pacific, such as the Nazca 
booby (Sula granti), the Galápagos shearwater (Puffinus subalaris), the 
brown pelican (Pelecanus occidentalis) and the wedge-rumped storm-
petrel (Hydrobates tethys). This axis also divides the oceanic islands of 
the south-eastern Pacific from the other islands. The archipelagos of 
Desventuradas and Juan Fernández were grouped with Polynesian 
islands, indicating similarities in the composition of their seabird 
assemblages.

Partitioning β-diversity revealed that changes in seabird assem-
blage structure were primarily explained by the β-turnover com-
ponent (species replacement), which increased with geographical 
and environmental distances (Figure 5). The β-turnover component 
tended to be predominant at large spatial scales (i.e., across archi-
pelagos; Figure 5b). The β-nestedness component decreased with 
increasing geographical distances and tended to be higher at smaller 
spatial scales (i.e., within archipelagos; Figure 5c). The positive rela-
tionship between geographical and environmental distances (Mantel 
test: p < 0.001, r = 0.59) explains the similarities of their respec-
tive effects on seabird β-diversity (Figure 5). The global values of 
β-diversity also indicated large and small contributions of species 
turnover (β-turnover = 0.96) and nestedness (β-nestedness = 0.01), 
respectively.

4  | DISCUSSION

Our results show that even though both α- and β-diversity of nesting 
seabirds respond to physiographic variables, oceanographic variables 
only affected seabird β-diversity. Species richness was positively re-
lated to the island area, which is consistent with our first hypothesis. 
Contrary to our expectations, island elevation did not affect species 
richness. This result partially rejects our first hypothesis and suggests 

TA B L E  1   Summary of the model selection and averaging routines used to estimate the best model fit that describes the general effects 
of island physiography and oceanographic variables on the species richness of nesting seabirds on islands of the south-eastern Pacific 
Ocean. It shows the resulting coefficients of the global GLM model, the selected models for model averaging (i.e., full averaging on models 
with AICw > 0.05) and the final averaged model. Different generalized linear models fits were compared using corrected Akaike information 
criterion (AICc), Akaike weights (AICw) and adjusted R2

(Int.) Area
Prim. 
prod. Salinity Distance Elevation

Human 
d. Temp. df AICc AICw

Adj. 
R2

Global model 5.999 0.223 11.322 −0.130 0.021 −0.020 −0.021 −0.016 8 235.80 0.004 0.56

 Model selection table (only the 6 best models)      

1.345 0.227 10.785 — 0.015 −0.020 — — 5 227.88 0.20 0.56

1.868 0.279 — — 0.007 −0.024 — — 4 229.44 0.09 0.51

1.037 0.098 12.647 — 0.017 — — — 4 229.87 0.07 0.51

4.375 0.206 11.173 −0.089 0.018 −0.020 — — 6 230.15 0.06 0.56

1.355 0.236 10.862 — 0.015 −0.020 −0.012 — 6 230.44 0.05 0.56

1.235 0.222 10.876 — 0.014 −0.020 — 0.007 6 230.53 0.05 0.56

 Final averaged model       

1.743 0.216 9.274 −0.011 0.014 −0.018 −0.001 0.0007 8
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that island elevation does not necessarily correlate with an increased 
availability of nesting habitats for seabirds in the south-eastern Pacific 
Ocean. Species richness increased from coastal waters towards 
Polynesia, which explains the significant effect of island distance on 
seabird richness. However, species richness was not significantly af-
fected by any of the oceanographic variables, which leads us to reject 
our second hypothesis. This indicates that the α-diversity of nesting 
seabirds is governed by factors related to habitat availability on islands 
rather than oceanographic variables. For β-diversity, we detected 
that both physiographic and oceanographic variables determine the 
changes in seabird species composition. The CAP ordination depicted 
three major groups of islands with contrasting species compositions: 
the first was formed by the Galápagos Archipelago, the second by 
all Chilean coastal islands and the third by the oceanic islands of the 
south-eastern Pacific Ocean. The differences among these groups 
were mostly related to gradients in oceanographic variables, especially 
primary productivity and sea surface temperature. These changes in 
β-diversity at large spatial scales tended to be driven by the turnover 
component of β-diversity and increased with increasing geographical 
and environmental distances, which is consistent with our third hy-
pothesis. In contrast, species nestedness decreased with increasing 
geographical and environmental distance. This result is consistent with 

our fourth hypothesis and indicates that differences in availability and 
quality of nesting habitat among islands have a significant effect on 
the variation in species richness within an archipelago. These results 
suggest that diversity patterns of nesting seabirds on islands are ex-
plained by the interaction of physiographic and oceanographic factors 
and that they may ultimately reflect the operation of both ecological 
and evolutionary processes.

4.1 | Seabird species richness

Species richness was mainly determined by the physiographic charac-
teristics of the island, with large islands tending to present the high-
est number of nesting species. This possibly reflects a species–area 
relationship in which larger islands, with their greater area, allow for 
the existence of colonies of multiple species (Chown et al., 1998; 
Warham, 1996). One could argue that this positive effect might be 
related to island mass effect, which is a physical process related to 
flow perturbations. Such perturbations enhance vertical exchange 
among water layers, thereby causing phytoplankton blooms in the 
vicinity of oceanic islands (Gove et al., 2016; Hasegawa, Lewis, & 
Gangopadhyay, 2009). As island mass effect is a local process, it would 

TA B L E  2   Results of the averaged generalized linear models (6 of 128, AICw > 0.95) based on Poisson distribution and log-link function 
to test the effect of physiographic and environmental variables on the species richness of nesting seabirds on islands of the south-eastern 
Pacific Ocean.

Term Estimate SE Adj. SE z-value p-value Importance N. cont. models

(Intercept) 1.7433 1.854 1.900 0.92 0.40 - -

Area 0.2159 0.089 0.091 2.37 0.02 1 6

Primary productivity 9.2737 6.342 6.462 1.44 0.20 0.83 5

Distance to the continent 0.0144 0.006 0.006 2.49 0.01 1 6

Elevation −0.0179 0.011 0.012 1.55 0.10 0.86 5

Salinity −0.0107 0.054 0.055 0.19 0.80 0.12 1

Human density −0.0013 0.010 0.011 0.12 0.90 0.1 1

Sea surface temperature 0.0007 0.008 0.008 0.008 0.90 0.1 1

F I G U R E  3   Partial residual plots based 
on generalized linear models modelling 
the species richness of nesting seabirds 
on islands of the south-eastern Pacific 
Ocean. The black lines are simple linear 
regressions representing the general 
effects of island area (a) and distance to 
the continent (b) on the species richness 
of nesting seabirds
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primarily benefit seabirds that feed locally in the waters surrounding 
their nesting grounds and, consequently, would favour the establish-
ment of more species on an oceanic island. However, we have no direct 
evidence that this process explains the relationship between island 
area and seabird richness. In fact, our findings that marine productiv-
ity had no significant effect on species richness suggest the contrary. 
Studies have pointed out that oceanographic processes that sustain 
increased secondary productivity are not the main drivers of seabird 
species richness at sea, although they have a significant impact on sea-
bird abundance (Jenkins & Van Houtan, 2016; Serratosa et al., 2020). 

Indeed, a recent study found a mismatch between abundance and 
species richness in different taxa, including birds (Storch, Bohdalková, 
& Okie, 2018). In addition, Miranda-Urbina, Thiel, and Luna-Jorquera 
(2015) reported higher seabird abundances around Juan Fernández 
than around Rapa Nui, while our results indicate the inverse pattern 
for species richness. Thus, we conclude that oceanographic variables 
have little effect in determining the number of species nesting on is-
lands of the south-eastern Pacific.

Even though the island area's effect is consistent with the pre-
dictions of island biogeography theory (Whittaker et al., 2008), the 
lack of effect of elevation is somewhat counter-intuitive. It would 
be expected that increased island elevation would increase the di-
versity of nesting habitats (Furness & Monaghan, 1987), thereby fa-
cilitating the establishment of nesting colonies of multiple species. 
This could be attributed to an interaction between physiographic 
variables, in which coastal islands are typically small and flat while 
more distant islands are large and high (Figure S2). It could also be an 
artifact of the low number of high islands observed in our study area. 
For example, the island of Alejandro Selkirk (Juan Fernández) is the 
highest in our study (1,650 m) but has a small number of nesting sea-
bird species (two). Furthermore, the high islands of our study have 
permanent human populations that impose significant pressure on 
nesting seabird populations (Appendix S1). However, we found no 
significant effects of human population density on species richness, 
which suggests that seabird colonies are more sensitive to specific 
human impacts, such as habitat destruction and the introduction of 

F I G U R E  4   CAP ordination depicting 
changes in the species composition of 
nesting seabirds across islands of the 
south-eastern Pacific Ocean. Each point 
represents an island, with the colours 
reflecting their geographical position 
(similar colours indicate geographical 
proximity as indicated in the colour key). 
Vectors of each environmental variable 
are also shown. Vector names: human 
dens., human density; isl. area, island area; 
isl. elevation, island elevation; primary 
prod., primary productivity; SST, sea 
surface temperature

salinity

distance

SST

isl. area

isl. elevation

human dens.

primary prod.

Galapagos
Chilean coast. isl.
Rapa Nui
Juan Fernández
Desventuradas
Pitcairn

Archipelagos:

Color key

Longitude

La
tit

ud
e

2

TA B L E  3   Results of the analysis of deviance on a multivariate 
generalized linear model that tested the effect of each 
environmental variable on the species composition of nesting 
seabird assemblages on islands of the south-eastern Pacific Ocean.

Term Res. df df Deviance p-value

(Intercept) 41

Area 40 1 227.2 0.001

Elevation 39 1 166.5 0.001

Distance 38 1 387.4 0.001

Human density 37 1 89.4 0.020

Temperature 36 1 162.8 0.001

Salinity 35 1 73.6 0.020

Primary prod. 34 1 119.4 0.001
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predators (Bourne, Brooke, Clark, & Stone, 1992; Thiel et al., 2018; 
Varela, Luna, & Luna-Jorquera, 2018; Wragg, 1995) than human pop-
ulation density per se.

Although the distance from the continent had a significant pos-
itive effect on seabird species richness, we failed to detect any ef-
fect of oceanographic variables on richness. This lack of a pattern 
may be driven by the Galápagos archipelago, which possesses high 
species richness and warmer and more productive waters than the 
other oceanic archipelagos considered in our study. When exclud-
ing Galápagos, we observed a marked increase in species richness 
from the Chilean coastal islands to the distant Pitcairn and Rapa 
Nui archipelagos. This increasing trend possibly reflects the prox-
imity of major source populations within the Polynesian islands. The 
Polynesian islands host a diverse seabird assemblage that includes 
approximately 29 breeding seabird species (Thibault & Cibois, 2017). 
Except for the Henderson petrel (Pterodroma atrata) and the black-
winged petrel (Pterodroma nigripennis), all nesting species of the 
Rapa Nui and Pitcairn archipelagos have nesting populations on 
other Polynesian islands (Thibault & Cibois, 2017). The distance 
to species-rich zones within the same ecoregion is known to be a 
driving factor for local species richness in sparsely distributed ma-
rine ecosystems (Parravicini et al., 2013). If the oceanic islands of 
the south-eastern Pacific share a common seabird species pool with 
Polynesia, then the eastward decrease in seabird species richness 
would reflect weakening connectivity between the most distant 
communities (i.e., Desventuradas and Juan Fernández) and the other 
components of the Polynesian metacommunity.

4.2 | Seabird β-diversity

The triangle formed by the distribution of islands in the CAP ordi-
nation of changes in seabird species composition reflects the dif-
ferent biogeographical realms proposed by Spalding et al. (2007) 

and later by Costello et al. (2017). Spalding et al. (2007) placed the 
Galápagos Archipelago in the Tropical Eastern Pacific realm, Pitcairn 
and Rapa Nui in the Eastern Indo-Pacific realm, and the eastern 
Chilean islands in the Temperate South American realm. In our 
study, the Desventuradas and Juan Fernández are grouped with the 
Polynesian islands and separated from Chilean coastal islands. These 
differences are reflected in the results of the β-diversity compo-
nents. The nestedness component was dominant at small distances 
(within archipelagos), possibly reflecting changes in species richness 
driven by differences in the physiography and conservation of the 
islands within each archipelago. The dominance of species turnover 
increased with increasing distances, reflecting the major gradients in 
environmental conditions that impose filters for species dispersion. 
In summary, the species assemblages with the greatest contrasts 
(i.e., the Galápagos Archipelago, the Chilean coastal islands and the 
Polynesian islands) were also the most distant in both geographical 
and environmental terms, indicating three different species pools.

TA B L E  4   Summary of the CAP results describing changes in 
species composition of nesting seabird assemblages across islands 
of the south-eastern Pacific Ocean

CAP1 CAP2

Importance of components

Eigenvalue 3.90 2.31

Proportion explained 0.22 0.13

Cumulative proportion 0.22 0.36

Vector scores

Area −0.43 0.48

Elevation −0.44 0.32

Distance −0.86 −0.33

Human density 0.02 −0.06

Temperature −0.94 0.22

Salinity −0.29 −0.65

Primary prod. 0.78 0.58

F I G U R E  5   Model fits that describe how increasing spatial 
(a–c) and environmental (d–f) distances across islands of the 
south-eastern Pacific Ocean affect seabird β-diversity, expressed 
as β-total (Jaccard dissimilarities, a and d), β-turnover (b and e) 
and β-nestedness (c and f). Models are based on a third-degree 
polynomial fit. General results of the models (adjusted R2 and p-
values) are shown

Adj. R2 = 0.45
p-value = <0.001

Adj. R2 = 0.45
p-value = <0.001

Adj. R2 = 0.23
p-value = <0.001

Adj. R2 = 0.41
p-value = <0.001

Adj. R2 = 0.33
p-value = <0.001

Adj. R2 = 0.12
p-value = <0.001

(a) (d)

(e)

(e)

(b)

(c)
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Although we did not evaluate the importance of evolutionary 
processes, these are suggested by the analysis of β-diversity parti-
tioning. The lack of nestedness in our analysis may reflect the mul-
tiple evolutionary origins of seabirds in our study area. In contrast, 
seabird species composition in the Southern Ocean shows a high 
degree of nestedness, suggesting a single evolutionary origin (Greve 
et al., 2005). The biogeographical control of species composition 
seems to be maintained by both physiographic and oceanographic 
variables (except salinity). However, the total variance explained by 
the model was relatively low, suggesting that other factors may be 
relevant to explain changes in species composition at the mesoscale, 
that is within the same biogeographical area. Indeed, environmen-
tal predictors explain much less variability in species dissimilarity 
than geographical distance alone (Figure 5). Additional environ-
mental predictors, such as the presence/abundance of invasive spe-
cies (Bellard et al., 2017) and past connections with other islands 
(Whittaker et al., 2008), are needed to test the relative importance 
of ecological and evolutionary drivers on the observed patterns of 
seabird species diversity.

4.3 | The macroecology of nesting assemblages

Given that island area is a significant predictor for both α- and 
β-diversities of nesting seabirds on islands, past climatic changes 
that affected sea level, such as glaciation and deglaciation processes, 
certainly drove current patterns of seabird assemblage structure. 
As sea level changed multiple times in the past millennia (Hansen, 
Sato, Russell, & Kharecha, 2013), the number and area of oceanic 
islands changed accordingly (Fernández-Palacios, 2016). These 
changes affected the connectivity of island communities over time, 
increasing the species interchange during periods in which shallow 
seamounts were islands and the area of current oceanic islands was 
larger, thereby creating corridors of ‘stepping stones’ for species 
dispersion (Weigelt, Steinbauer, Cabral, & Kreft, 2016). Past con-
nections between Polynesia and eastern Pacific islands, such as the 
Desventuradas, possibly explain why our analyses indicated that 
their species assemblages have affinities. Indeed, there is a chain of 
seamounts between Rapa Nui and Desventuradas which is part of 
the Sala y Gómez and Nazca submarine ridges. Although the Juan 
Fernández Archipelago also showed some affinity with Polynesian 
islands, it has a relatively high number of endemic species. It sug-
gests some degree of isolation from the other archipelagos of the 
south-eastern Pacific. The fact that there is no chain of seamounts 
between Juan Fernández and the other archipelagos possibly kept 
this archipelago relatively isolated even during periods of low sea 
levels. The highly clustered points that depict Chilean coastal is-
lands indicate little variation in species composition within this ar-
chipelago, possibly reflecting the particular geological history of 
these islands. Unlike oceanic islands, Chilean coastal islands are on 
the South American continental platform, which is topographically 
irregular and includes many rocky reefs. This means that sea level 
changes affected the local seabirds differently when compared with 

seabirds on oceanic islands. During glaciation periods, some coastal 
islands were connected with the mainland, while new islands were 
created as rocky reefs were exposed. As a result, nesting habitats 
and the connectivity among colonies on continental islands were not 
affected by changes in sea levels to the same degree as on oceanic 
islands.

5  | CONCLUSION

This study showed that physiographic and oceanographic conditions 
help to explain the species diversity of seabird assemblages in islands 
of the south-eastern Pacific. Variation in species composition reflects 
gradients observed across three different marine biogeographical 
realms: Temperate South American (Desventuradas, Juan Fernández 
and Chilean coastal islands), Eastern Indo-Pacific (Pitcairn and Rapa 
Nui) and Tropical Eastern Pacific (Galápagos). The relative differences 
in species richness and composition across archipelagos also highlight 
the vulnerability of specific seabird assemblages in the region. In our 
study, the Juan Fernández Archipelago possessed the most vulner-
able seabird assemblages due to the small size of the archipelago and 
the relatively high proportion of endemic breeders (20%; Pterodroma 
longirostris and Pterodroma externa). This result is consistent with the 
conclusions of a study that classified the reef fish community of Juan 
Fernández as highly vulnerable (Parravicini et al., 2014). Our results 
suggest that even though oceanographic variables do not affect is-
land species richness, they have significant impacts on seabird species 
composition, highlighting the potential vulnerability of local seabird 
assemblages to the effects of climate change.
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