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Seabirds are top predators in coastal and pelagic ecosystems that forage at sea

but return to land regularly during the breeding season (i.e., central place

foragers). This unique life history strategy is directly related to their biological

traits and helps define their role as top predators in marine systems. We

analysed the effects of physiographic characteristics of nesting islands (area,

elevation, and distance from the continent, as predicted by the General

Dynamic Model of Oceanic Island Biogeography) and oceanographic

variables from waters surrounding nesting islands that tend to be

characterised by steep gradients (temperature, salinity, and primary

productivity) on the trait diversity of nesting seabird assemblages on islands

of the south-eastern Pacific Ocean. Four biological traits related to species’ life

history and feeding strategy were used to calculate two indices, the Functional

Richness and Rao’s Quadratic entropy. We used fourth-corner and RLQ

analysis to determine the relationship between biological traits and

environmental variables. Island physiography and primary productivity in the

waters surrounding nesting islands significantly affected seabird trait diversity,

which gradually decreased from Chilean coastal islands to the distant

Polynesian Islands. The traits for body mass and clutch size showed a

significant positive relationship with primary productivity. We identified three

assemblages of seabirds that had contrasting trait structures. These were

defined as the Galapagos, Coastal Chile, and south-eastern Oceanic islands

assemblages, and reflected the adaptations of three different species pools to
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specific oceanographic conditions. Our results suggest that food-related

constraints might be one of the most critical environmental filters that

shaped the current trait structure of nesting seabird assemblages on the

islands in the eastern South Pacific Ocean.
KEYWORDS

macroecology, functional diversity (FD), trait diversity, oceanic islands, coastal islands,
RLQ, fourth-corner analysis
Introduction

Seabirds represent a global group of vertebrates that are

relevant top predators in marine food webs (Schreiber and

Burger, 2002). Their distribution ranges from tropical to polar

systems, and they occur in estuarine, coastal, and open oceanic

waters (González-Solıś and Shaffer, 2009; Jungblut et al., 2017).

During the breeding season, seabirds regularly move between

their reproductive habitat, mainly located on islands, to their

foraging habitat at sea. This transboundary movement makes

them essential drivers of nutrient cycling, transferring nutrients

from their marine feeding grounds to the various habitats

located on the islands on which they roost and breed. The

islands on which seabirds breed (i.e., the distribution of breeding

seabirds) are highly constrained by the availability of quality

habitat to support nest sites and, for most seabirds, colonies.

Habitat quality for breeding seabirds is often related to local

factors such as the presence of terrestrial predators, distance

from foraging grounds, and availability of suitable nest sites

(Schreiber and Burger, 2002). Other factors, such as competition

both for food and nest sites, also play a role in determining the

distribution of breeding seabirds (Furness and Monaghan, 1987;

Schreiber and Burger, 2002).

The role of seabirds as predators in marine ecosystems is

directly related to biological traits that reflect life history and

feeding strategies (Keith et al., 2001; Shealer, 2001; Schreiber and

Burger, 2002). Body mass is an essential component of the avian

condition, reflecting the inherent energy reserve available to

survive and breed (Bennett and Owens, 2002). Differences in

body size (i.e., structural size) among seabirds may result in

differences in prey type or prey size, foraging behavior, and

distance traveled during foraging (Quillfeldt et al., 2011; Cook

et al., 2013). Similarly, it has been proposed that body mass and

clutch size primarily reflect adaptations related to energy

allocation, in which geographic regions with low food supply

would favor small body size and small clutches given the

energetic demands of a large offspring (Bennett and Owens,

2002; McNab, 2003). Furthermore, regions with low levels of

food resources often support seabird assemblages that are

comprised of species with smaller body masses (Ashmole and
02
Ashmole, 1967; McNab, 2003). Exceptions have been observed,

however, in high productivity areas of the Atlantic (e.g., São

Pedro and São Paulo Archipelago, Mancini and Bugoni, 2014)

and Pacific oceans (e.g., coastal islands of north central Chile,

Luna-Jorquera et al., 2012), in which seabird assemblages are

comprised of species with body mass ranging from a few grams

to several kilograms.

The diversity of species traits is an essential driver of

ecosystem functioning and responses in terrestrial and aquatic

environments (Petchey and Gaston, 2006). Accordingly, an

increasing number of studies that examine trait diversity have

applied analytical approaches to assess the structure of species

assemblages (Jiguet et al., 2007; Ding et al., 2013; Luck et al.,

2013; Rayner et al., 2014). For example, the relationship between

traits of a species and environmental characteristics is expected

to shape communities (Mouillot et al., 2013; Gravel et al., 2016).

Furthermore, studies have highlighted the role of trait diversity

in modulating ecosystem functioning (Cerrano et al., 2009;

Brose and Hillebrand, 2016). Thus, trait-based approaches

have been applied to different marine and terrestrial systems

to analyze community-level responses to environmental factors

and disturbances (Levin et al., 2001; Boyer and Jetz, 2010;

Mouillot et al., 2013; Dehling et al., 2014; Morais et al., 2019).

Factors that influence the distribution of seabirds can be

considered within both their foraging habitat (i.e., at sea) and the

breeding habitat (i.e., on land). In the south-eastern Pacific

Ocean, seabirds form assemblages at sea and display

biogeographic patterns at different temporal and spatial scales

in response to the oceanographic features of the areas where they

typically forage (Weichler et al., 2004; Serratosa et al., 2020). In

contrast to studies such as these that seek to explain the drivers

of seabird assemblages at sea, the factors explaining the diversity

patterns of seabirds nesting on islands have seldom been studied.

In oceanic islands, local species diversity is unlikely to be at

equilibrium, so the classic theory of island biogeography (i.e.,

island area and isolation; MacArthur and Wilson, 1963;

MacArthur and Wilson, 1967) may not be sufficient to explain

the observed patterns. Instead, the General Dynamic Model of

Oceanic Island Biogeography, GDM (Whittaker et al., 2008;

Borregaard et al., 2017) provides a broader conceptual
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framework for studying diversity in oceanic islands. For

example, Gusmao et al. (2020) may be the only study that

examines the influence of island physiography (as predicted by

the GDM) and oceanographic factors on the spatial variation in

species richness and diversity of nesting seabird assemblages in

south-eastern Pacific islands, an area that supports an extensive

community of nesting seabirds. That study reported that island

physiography and oceanographic factors strongly explain

changes in species richness and composition across the south-

eastern Pacific (Gusmao et al., 2020). However, it is still unclear

whether the diversity of biological traits of nesting seabird

assemblages would change across islands located in a wide

spatial gradient that covers from Galapagos to southern Chile

and from the Chilean coast to Pitcairn. Considering the

ecological role that seabirds play in insular ecosystems and

their current conservation threats, it is essential to identify

patterns of biological trait diversity to understand the role of

environmental factors in structuring seabird nesting assemblages

in coastal and oceanic islands.

We use a trait-based approach to analyze seabird

assemblages across islands of the south-eastern Pacific to

elucidate how environmental factors may shape the nesting

assemblages in such insular systems. Based on the GDM, we

hypothesize that if the availability of nesting habitats within an

island is a key driver of the trait structure of seabird assemblages,

then physiographic characteristics of islands such as area and

elevation would be the main predictors of seabird trait diversity.

In contrast, if food availability is the main driver of the trait

structure of seabird assemblages, then oceanographic variables

that influence food availability (i.e., salinity, temperature, and

primary productivity) would be the main predictors of seabird

trait diversity. We also posited that if environmental gradients

across biogeographical realms shaped seabird trait diversity,

then the most notable differences in seabird trait diversity

would be associated with the largest spatial scales.
Methods

Study area

We compiled information on the occurrence (i.e., presence or

absence) of 53 species (Data sheet 1) of seabird nesting on 41

coastal and oceanic islands (Data sheet 2) of contrasting climate

and geological history (Spalding et al., 2007; Costello et al., 2017).

Although we were primarily interested in the south-eastern

Pacific, we also included data from the Galápagos to increase

the data set’s latitudinal gradient. The final dataset accounted for

six main archipelagos (Data sheet 2): Juan Fernández,

Desventuradas, Rapa Nui, Pitcairn, Galápagos, and Chilean

coastal islands, which range from ~23°S to ~38°S (Figure 1).
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We compiled information about the oceanographic features

around each island by sampling raster maps from the Bio-

ORACLE online database (Tyberghein et al., 2012; Assis et al.,

2018) (Data sheet 2). Each Bio-ORACLE global-scale raster map

(resolution of 5 arcmins; ~9.2 km at latitude zero) was sampled

considering a 50 km buffer around the center of each island

using tools of the R packages raster (Hijmans, 2021) and

geosphere (Hijmans, 2019). After excluding highly collinear

variables (Pearson’s correlation > |0.8|), six environmental

variables were considered in our analyses (Data sheet 2):

island area (km2), elevation (m), sea surface temperature (°C),

sea surface salinity (SSS), primary productivity (g m-3 day-1), and

distance to the mainland (km).
Seabird assemblages

We gathered information on nesting seabird occurrences on

each island. This information was extracted from the literature

and unpublished reports (Data sheet 1). For most Chilean

islands, the information on seabirds is from our field records

collected intermittently for 20 years (1999-2019) for the coastal

islands and five years (2013-2018) for the oceanic islands.

We also compiled information on four biological traits for

each seabird species (Data sheet 3): (1) feeding stratum within

the water column, defined as below the water surf zone, around

the water surf zone, and on the ground; (2) diet based on

predominant prey types defined as feeding on invertebrates,

vertebrate endotherms [mammals and birds], vertebrate

ectotherms [reptiles and amphibians], fishes, scavenger, and

unknown; (3) clutch size, average for the species, and (4) body

mass in grams, average for the species. These traits were selected

since they are related to species’ life history and foraging ecology

(Boyer and Jetz, 2010; Ding et al., 2013; Luck et al., 2013). Data

on seabird feeding stratum and diet were extracted fromWilman

et al. (2014), who provided the information on feeding stratum

and diet as percentages of multiple trait subcategories (e.g., %

diet comprised of fish, % foraging below the water surf zone,

respectively). Thus, we used principal components analyses to

reduce the full set of categories (three for feeding stratum and six

for diet) to fewer vectors (i.e., PCA axes) that, in all cases,

explained more than 90% of the variation for each trait (see

Supplementary Material Table S1). Hence, we accounted for the

information on feeding stratum and diet in our trait-based

analysis without unnecessarily increasing the number of

dimensions in our trait space. The final trait matrix with four

columns was then standardized by centering and scaling the trait

values. Information about body mass and clutch size was

compiled from the literature and online databases; complete

table of species traits and cited references are included in the

Data sheet 3.
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Trait diversity

We selected two trait-based metrics to estimate seabird trait

diversity, Functional Richness (FRic, Laliberté and Legendre,

2010) and Rao’s Quadratic entropy (Rao’s Q; Botta-Dukát, 2005;

Ricotta and Szeidl, 2009). These indices were chosen because

they reflect different aspects of the multivariate trait space

formed by the trait values of all seabird species. Both metrics

are distance-based multivariate indices that can be calculated

using species’ occurrences and trait scores. FRic measures the

convex hull hypervolume of the trait space, reflecting the general

range of the trait values within a community (Mason et al., 2005;

Laliberté and Legendre, 2010). Thus, increasing the range of trait

values within a community would increase FRic. This index

tends to be highly influenced by species richness and is very

sensitive to species with particularly unique trait values (Mason

et al., 2013). Rao’s Q accounts for the general differences in traits

among all species observed in each assemblage. Thus, the more

the species in an assemblage differ in trait values (in this case,

estimated as the Euclidean distances comparing all species

regarding their traits), the higher the Rao’s Q value. Although

Rao’s Q is relatively independent of species richness when the

number of species is high, its values can vary widely when

calculated for species-poor communities (Mouchet et al., 2010;
Frontiers in Marine Science 04
de Bello et al., 2016). Although we only considered species

occurrences, Rao’s Q can also weight species abundances in

the calculations. We did not use other distance-based functional

diversity indices, such as Functional Evenness (FEve) and

Functional Divergence (FDiv), due to their dependence on

abundance data (Laliberté and Legendre, 2010), which are not

available for all the species in our dataset. Both FRic and Rao’s Q

were calculated using the R package FD (Laliberté and Legendre,

2010; Laliberté and Shipley, 2011).
Data analysis

The relationship between trait diversity and environmental

variables was analyzed by fitting linear models. Since the

empirical error distributions were similar to the theoretical

normal probability distribution (visual inspection of Q-Q

plots), models were fit considering a Gaussian error structure.

Two types of environmental predictors were considered in the

models, (i) oceanographic: salinity, primary productivity, and

sea surface temperature, and (ii) island feature: area, elevation,

and distance to the continent. The island elevation and the

distance from the continent were square root-transformed, and

the island area was transformed as log10. All covariates were
FIGURE 1

Location of the oceanic and coastal islands considered in the study. Islands are represented with a dot and a surrounding circle. The latter does
not represent the 50 km buffer to obtain the oceanographic data.
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scaled and centered before fitting the models. Models were

validated via likelihood ratio tests comparing the fitted model

to a null model with no predictors but the intercept.

Additionally, we tested whether the model residuals were

spatially autocorrelated by applying the Moran’s I test

implemented in the R package ape (Paradis et al., 2004).

We used fourth-corner analysis (Legendre et al., 1997; Dray

and Legendre, 2008; Peres-Neto et al., 2017) and RLQ analysis

(Dolédec et al., 1996) to assess the relationship between seabird

traits and island characteristics. These trait-based analyses have

been applied to different biological models, including marine

worms (Wouters et al., 2018), insects (Luiza-Andrade et al.,

2017), fishes (Keck et al., 2014), and birds (Barbaro and Van

Halder, 2009; Azeria et al., 2011; Hartel et al., 2014). The fourth-

corner analysis assesses how assemblage trait structure is related to

environmental gradients based on the information of species

occurrences, environmental variables, and species’ traits (Peres-

Neto et al., 2017). This analysis was performed using the function

fourthcorner() in the R package ade4 (Dray and Dufour, 2007),

considering Chessel’s correlations (Peres-Neto et al., 2017), 9999

permutations on sites and species (permutation methods 2 and 4,

respectively), and Holm’s p-value corrections. We used RLQ-

analysis to relate seabird traits to environmental factors (i.e.,

oceanographic factors and island physiography), considering

species occurrence nesting on islands. The RLQ procedure

performs a double inertia analysis of an environmental-

variables-by-islands (R-table) and a species-by-traits (Q-table)

matrix, with a link expressed by a species-nesting-by-islands

matrix (L-table). RLQ-analysis combines three unconstrained

separate ordinations, correspondence analysis of L-table and

centered normed principal component analyses of Q- and R-

tables, to maximize the covariance between environmental factors

and trait data by using co-inertia analysis (Bernhardt-Römermann

et al., 2008). First, a correspondence analysis (CA) was performed

on the L-occurrence matrix, in which axis scores were used as row

weights of a principal components analysis (PCA) of the R-

environment matrix. Then, a principal components analysis

(PCA) was performed on the Q-trait matrix using the CA site

scores as column weights. These steps resulted in a constrained

ordination depicting the variation patterns in trait composition

across islands, with vectors indicating how environmental

variables relate to each ordination axis. RLQ analysis was

performed using the R package ade4 (Dray and Dufour, 2007).

All analyses were performed using R 4.1 (R Core Team,

2017), and all graphs were constructed using the R package

ggplot2 (Wickham, 2009).
Results

Seabird trait diversity, expressed by FRic and Rao’s Q, varied

markedly across archipelagos and islands (Figure 2). This

variation was not dependent on the species richness for Rao’s
Frontiers in Marine Science 05
Q (p > 0.05, Figure 2A) but was confirmed for FRic (Figure 2B).

The highest trait diversity levels were observed on the Chilean

coastal islands (median: Rao’s Q = 3.26, FRic 3.34) and

Galapagos islands (Rao’s Q = 2.55, FRic = 4.05), followed by

Desventuradas (Rao’s Q = 2.58, FRic = 3.18), Rapa Nui (Rao’s Q =

1.92, FRic = 2.89), Pitcairn (Rao’s Q = 2.32, FRic = 3.42), and Juán

Fernández (Rao’s Q = 0.7, FRic = 0.36; Figures 2C, D).

The linear model results indicated that environmental

predictors explained 50% of total variation in Rao’s Q. Rao’s Q

was negatively related to island elevation and positively related

to primary productivity in surrounding waters (Table 1). FRic

was positively related to island area and negatively related to

island elevation. We detected no evidence of significant spatial

autocorrelation on the residuals of the fitted models (Moran’s I

test, p>0.05). See Supplementary Material Figure S1 for

individual raw relationships between each environmental

variable and diversity index.

The results of the ordinations of the traits diet and feeding

stratum are shown in Table S1 (Supplementary Material). For

diet, PC1, which explained 90% of the total variation, described a

gradient from a fish-based diet to an invertebrate-based diet. For

the feeding stratum, PC1, which explained 95% of the total

variation, described a gradient from the feeding stratum around

the surf zone to the feeding stratum below the surf zone.

The RLQ analysis and the fourth-corner analysis indicated

significant effects of environmental variables on the trait

structures we assessed (Figures 3, 4). The RLQ axes explained

70% (Axis 1 = 60%, Axis 2 = 19%) of the correlation between

environmental variables (matrix R) and species traits (matrix Q).

Most of the variance in environmental gradients (>77%) and

biological traits (>94%) was explained by the first two axes. The

traits that contributed to most inertia were clutch size (45%) and

body mass (25.8%); for environmental variables, primary

productivity (37.2%), SST (22.9%), and island distance to the

continent (21.9%) contributed to most inertia (Table 2).

Gradients in environmental variables along the first axis were

mostly related to increases in SST, salinity, island distance, and

decreases in primary productivity (Figure 3C). All traits but diet

were negatively correlated to the first axis (Figure 3D).

Environmental gradients along the second axis were mostly

related to increases in salinity and decreases in SST

(Figure 3C). Two traits, clutch size, and diet were positively

correlated to the second axis (Figure 3D).

The RLQ ordination (Figure 3) depicted four main

clusters of islands with contrasting seabird trait structures:

(1) Pitcairn and Rapa Nui archipelagos, restricted to quadrant

I; (2) Coastal Chilean islands, concentrated in quadrant II; (2)

Galapagos archipelago, restricted to quadrants III and IV; and

(4) Desventuradas and Juan Fernández archipelagos,

restricted to the center of the ordination. The distant

Pitcairn and Rapa Nui archipelagos were characterized

predominant l y by seab i rd s wi th a d i e t based in

invertebrates and with small body sizes. The cluster of
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Coastal Chilean islands was characterized by predominantly

piscivorous seabirds with larger clutch size and body mass.

Galapagos’ seabird assemblages were characterized by small

clutch size, fish-based diet, and feeding in the deep water

stratum. Desventuradas and Juan Fernández were located at

the center of the ordination, depicting an assemblage

structure intermediary to the other island clusters.

The results of the fourth-corner analysis (Supplementary

Material Table S2) were similar to the RLQ analysis (Figure 4).

Island distance, salinity, and primary productivity were

significantly correlated to body mass and clutch size (p<0.01;
Frontiers in Marine Science 06
Figure 4). Clutch size was negatively related to SST, salinity, and

island distance, and positively related to primary productivity.

The latter result was mainly forced by the Galápagos

archipelago, whose SST is on average ~9.1°C higher than the

SST of the Humboldt Current System, where the Chilean coastal

islands are located. Finally, body mass was positively correlated

with primary productivity but negatively with island distance

and salinity. This reflects changes in community structure along

the longitudinal gradient, separating the distant Polynesian

islands from the other archipelagos near the South American

continent (Figure 3).
A B

DC

FIGURE 2

Changes in trait diversity of seabird assemblages across islands of the southeastern Pacific. Relationship between species richness and (A) Rao’s
Q, and (B) FRic. The linear fit (black line), its associated 95% CI (gray area), and respective-value and adjusted R2 are shown for the significant fit
for the FRic model. Boxplots depicting changes in trait diversity across archipelagos for (A) Rao’s Q, and (B) FRic. Midlines represent medians,
boxes represent the interquartile range between quartiles 1 and 3, whiskers represent minimum and maximum non-outlier values, and dots
represent outliers.
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Discussion

Our results show that increases in trait diversity of nesting

seabird assemblages in the south-eastern Pacific are explained by

increases in island area, island elevation, and distances from

nesting islands to the South American continent, results that are

consistent with the predictions of the GDM (Whittaker et al.,

2008; Borregaard et al., 2017). Our results are also consistent

with a recent study demonstrating that physiographic factors

explain the species diversity of seabird assemblages nesting on

islands of the south-eastern Pacific (Gusmao et al., 2020). That

study found that large islands contain a high number of nesting

species, reflecting a positive species-area relationship that allows

for the establishment of colonies of different species. Thus, the

GDM is a useful conceptual model for understanding the

influence of island physiography in determining seabird trait

diversity; however, oceanographic factors also play a major role

shaping the seabird assemblages on oceanic and coastal islands.

Indeed, we found that trait diversity among the seabird

assemblages on islands was explained by the primary

productivity of the waters surrounding the island. Changes in

the composition of seabird assemblages observed across

archipelagos reflected differences in species traits, indicating

that seabird assemblages with contrasting trait structures

characterize different zones of the south-eastern Pacific. In
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general, the greater the distance from the South American

continent, the higher the predominance of an invertebrate-

based diet and the smaller the body mass and clutch size. Of

all the variables we assessed, primary productivity was

significantly correlated with all traits but feeding strategy,

suggesting that food-related constraints might be one of the

most critical environmental filters that shaped the current trait

structure of seabird assemblages in the south-eastern Pacific.

No significant relationship was detected between species

richness and Rao’s Q, indicating that assemblages with high

species richness do not necessarily present increased trait

diversity (Rao’s Q index is independent of species richness;

Botta-Dukát, 2005; Schleuter et al., 2010). According to the

information analyzed in this study, the island elevation and the

island area, variables related to local spatial scales, significantly

affect trait diversity. This is consistent with theoretical models

predicting that large islands with high elevations would provide

a wider range of habitat types and increased topographic

complexity, thus providing a range of habitats for different

seabird species (Roth, 1976; Lomolino and Weiser, 2001;

González-Megıás et al., 2007). The significant effect of primary

productivity in waters surrounding nesting islands on Rao’s Q

suggests that variables related to large spatial scales also

influence changes in seabird trait diversity. Differences in trait

diversity across large spatial scales were observed in the Pacific
TABLE 1 Results of the linear models testing the effects of environmental variables on seabird trait diversity (Rao’s Q and FRic indices).

Rao’s quadratic entropy (Rao’s Q)

Estimate SE t-value p-value

(Intercept) 1.769 0.636 2.78 0.009 **

Isl. area1 0.598 0.716 0.84 0.4

Isl. Elevation2 -1.654 0.807 -2.05 0.05 *

Isl. Distance2 -0.813 1.256 -0.65 0.5

SST 0.719 0.739 0.97 0.3

Salinity 0.482 0.818 0.59 0.6

Primary prod. 2.069 0.734 2.82 0.008 **

Adjusted R2 = 0.50

Functional richness (FRic)3

Estimate SE t-value p-value

(Intercept) 1.014 0.453 2.24 0.03 *

Isl. area1 1.586 0.548 2.89 0.007 **

Isl. Elevation2 -1.301 0.604 -2.16 0.04 *

Isl. Distance2 -0.518 0.949 -0.55 0.6

SST 0.228 0.557 0.41 0.7

Salinity 0.364 0.636 0.57 0.6

Primary prod. 0.175 0.532 0.33 0.7

Adjusted R2 = 0.20
frontiersin.o
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3 transformed to ln(x+1)
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for other taxonomic groups (e.g., fishes and corals; Yeager et al.,

2017). Variations in trait diversity across large spatial scales are

explained mainly by variables with steep environmental

gradients, such as sea surface temperature and productivity

(Fisher et al., 2010; Barton et al., 2013; Stuart-Smith et al.,

2013). Our results suggest that the variation in trait diversity

across large spatial scales is related to the environmental

differences observed between Chilean coastal islands and

distant oceanic islands such as Pitcairn and Rapa Nui

archipelagos. Chilean coastal islands are distributed along the

Humboldt Current, one of the most productive upwelling

systems in the world (Penven et al., 2005; Thiel et al., 2007),

while Pitcairn and Rapa Nui archipelagos are located in the

oligotrophic waters of the center of the South Pacific gyre (Loret
Frontiers in Marine Science 08
and Tanacredi, 2003). This contrast in environmental conditions

indicates that productivity may be a significant environmental

filter for seabirds nesting on islands of the south-eastern

Pacific Ocean.

Lack (1947) proposed that food availability and quality

represent a major energetic constraint for avian clutch size.

Lack suggested that low food availability would favor individuals

with small clutch sizes given the low energetic demand to raise a

small brood. Although this hypothesis was initially proposed to

explain latitudinal changes in clutch size, it could also apply to

gradients in food availability, such as those that occur across

oligotrophic and eutrophic marine systems. Thus, the food

gradient observed from ultra-oligotrophic waters of the center

of the south-eastern Pacific gyre to the eutrophic waters of the
A B

DC

FIGURE 3

RLQ analysis showing the scores obtained after correspondence and principal component analysis (see Data analysis for details) for (A) islands,
(B) species, (C) environmental variables, and (D) traits. Species abbreviations are defined in Data sheet 1.
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Humboldt current may modulate the observed changes in clutch

size among the seabirds in the assemblages we studied. The

increase in clutch size we observed with the decreasing distance

from the South American continent also suggests that nest

predation has little effect on explaining the seabird trait

structure. A conceptual model states that birds with small
Frontiers in Marine Science 09
clutch sizes would be favored in zones with high nest

predation since the energy allocation in a single reproduction

attempt is relatively small compared to birds with large clutch

sizes (Martin, 1995). However, this model does not apply to our

study system since the number of terrestrial predators decreases

from the South American continent to the Polynesian Islands
TABLE 2 Contributions (%) of individual traits and environmental variables to the total inertia to both RLQ axes.

Variables Inertia (%) Axis 1 (%) Axis 2 (%)

Biological traits

Body mass 25.76 26.02 1.38

Clutch size 44.97 45.07 37.02

Diet 8.57 8.12 51.65

Feeding stra. 20.70 20.79 9.95

Environmental variables

Isl. Area 0.13 0.00 11.92

Isl. Elevation 0.41 0.41 0.23

Isl. Distance 21.95 22.16 0.74

SST 22.87 22.54 57.46

Salinity 17.41 17.32 26.64

Primary prod. 37.23 37.57 3.01
fr
Ordination results are shown in Figure 3.
FIGURE 4

Results of the fourth-corner statistics analysis depicting the significant (p < 0.05) correlation between seabird traits (rows) and environmental
variables (columns). Cell colors indicates if the correlations were positive (red) or negative (blue). Isl. = islands; SST = Sea surface temperature;
prod. = productivity; F. strat. = Feeding stratum; PC1 = a vector after principal component analysis (see 2.2. for details and Supplementary
Material Table S2).
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(excluding invasive species; Simeone and Luna-Jorquera, 2012;

Luna et al., 2018). Therefore, the smaller body mass and clutch

size of the Polynesian seabird assemblages, represented mainly

by species of the Family Procellariidae, possibly reflect an

energy-saving adaptation.

The RLQ analysis separated the structure of the seabird

assemblage from the Galapagos, Polynesian, and Chilean coastal

islands. This separation reflects the three biogeographical realms

proposed by Spalding et al. (2007) in this region; the Tropical

Eastern Pacific, the Eastern Indo-Pacific, and the Temperate

South American realms, respectively. The correlations of specific

seabird traits with particular marine realms are consistent with

the fourth corner analysis results, highlighting the adaptations of

seabirds to cope with the environmental characteristics of each

realm. For instance, for the seabird assemblages of Pitcairn and

Rapa Nui, their small body mass and clutch sizes are consistent

with relatively lower energetic demand for breeding compared to

species with larger body mass and larger clutch sizes, and

possibly represent an adaptation to the filtering influence of

the oligotrophic waters of the center of the Pacific gyres. For

highly productive systems of the provinces of the Warm

Temperate south-eastern Pacific and along the Humboldt

Current, increased marine productivity is positively correlated

with large body mass and clutch size. The Tropical Eastern

Pacific realm (Galapagos) was associated with high sea surface

temperature and characterized by species with small clutch sizes.

The negative relationship between clutch size and sea surface

temperature is consistent with Rensch’s rules, which suggest

larger clutch sizes in colder environments (Gaston et al., 2008).

No evidence of Bergmann’s rule, which posits that larger body

sizes of endotherms are expected in colder climates (Olson et al.,

2009), was observed for our study system. The negative

correlation observed between body mass and distance from the

continent is also consistent with Olson et al. (2009), who suggest

that birds tend to have larger median body mass on the

mainland compared to oceanic islands. Thus, the trait

structure of seabird assemblages of the south-eastern Pacific is

a product of the local effects of island characteristics and the

primary environmental filters established by the gradients

observed among different biogeographical realms, which agrees

with the finding of Nunes et al. (2017), i.e., that spatial

phenotypic variation in seabirds may be strongly linked to

oceanographic conditions.

Our study highlighted the marked differences in nesting

assemblages of seabirds across different oceanic and coastal

systems, reflecting the three marine biogeographical realms

described in this region (Spalding et al., 2007). Since

assemblages differ in species and trait structure, our results

elucidate differences in the ecological roles of seabirds in these

systems and the vulnerability of local seabirds colonies to the

effects of climate change. In general, trait diversity is considered
Frontiers in Marine Science 10
a better predictor of ecosystem function than species richness

because traits are assumed to reflect the relationship of each

species with its environment (Dıáz and Cabido, 2001). Even

though trait diversity metrics do not describe the direct

relationship between species and functions, it is intuitive that

species depicting high trait similarities tend to have similar

niches (Villéger et al., 2011; Mason and De Bello, 2013).

Considering the high species richness observed in Pitcairn and

Rapa Nui (Gusmao et al., 2020) and the relatively low trait

diversity observed in the Polynesian islands, we posit that these

islands have high functional redundancy (i.e., species

performing similar ecological roles; Luck et al., 2013; Pillar

et al., 2013). This does not necessarily mean that the system is

impoverished, but rather that these assemblages have a high

chance of conserving functions when species are locally extinct

(Luck et al., 2013). Assuming that the traits considered in this

study are a fair representation of species niches, marine

managers should be aware of islands with low species richness

and high trait diversity since the local extinction of any species in

such systems may have a greater probability of causing a

significant loss in ecosystem functioning.

There is growing evidence showing the negative impact of

anthropogenic activities on the functional diversity of birds

(Matuoka et al., 2020; Stewart et al., 2022), particularly in

archipelagos (Sayol et al., 2021). A recent meta-analysis

demonstrated that human disturbances consistently reduce the

functional diversity of bird assemblages and that impacts are

higher in tropical areas (Matuoka et al., 2020). We cannot rule

out these effects on our study systems. For instance, Rapanui is a

textbook case of human ecocide, as the prehistoric human

populations collapsed the fragile local ecosystem, leading to

the extinction of most native birds and the further post-

colonial invasion of other species (Plaza et al., 2021). It is

likely that such species turnover leads to changes in the local

functional diversity of Rapanui seabirds, as seen in other systems

(Sayol et al., 2021). However, baseline information on the

human impacts on other islands from our study archipelagos

is unavailable.
Conclusion

Our results indicated that the trait diversity of seabird

assemblages in our study system was explained by both local

factors (e.g., island physiography) and large-scale environmental

gradients (e.g., primary productivity as it related to the

increasing distance from the South American continent). The

latter also corresponded to gradients observed across three

different marine biogeographical realms. Our findings reflect

the adaptations of the species of seabirds in our study area to the

oceanographic conditions surrounding their nesting islands.
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Seabirds with lower body mass and a small clutch size were

associated with the distant Pitcairn and Rapa Nui archipelagos,

suggesting energy-saving adaptations to cope with the

oligotrophic conditions in that area. In contrast, seabirds

nesting at Chilean coastal islands along the highly productive

Humboldt Current were characterized by large body mass and

large clutch sizes. The gradient in trait diversity observed from

Polynesian islands to the Chilean coastal islands suggests the

influence of environmental filters limiting trait diversity in the

most distant archipelagos.
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Laliberté, E., and Legendre, P. (2010). A distance-based framework for
measuring functional diversity from multiple traits. Ecology 91, 299–305.
doi: 10.1890/08-2244.1
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