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Abstract Deposits of seabird guano on marine shores
have drawn the attention of companies and naturalists for
centuries. Among notable effects, allochthonous energy/
matter inputs by seabirds are responsible for shifts in
ecosystem functioning next to colonies. Here, we used
stable isotopes of nitrogen-15 (ratios of ’N:!*N, expressed
as 8!°N) to trace guano incorporation in the intertidal
reef community (fish and crab). The study areas were the
Saint Peter and Saint Paul Archipelago (SPSPA), a remote
and very small group of islets in the equatorial Atlantic
Ocean, and two reference Atlantic islands where intertidal
environments are not subject to the influence of guano.
SPSPA intertidal reef fauna presented 3—7%o higher §'°N
values in comparison with local seabirds and with the
intertidal reef fauna of reference islands. The intertidal food
web of SPSPA appears supplemented by guano subsidies
with carnivores, omnivores and herbivores ’N-enriched in
relation to a local seabird. While no difference in intertidal

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
300338-024-02469-w.

> Ryan Andrades
ryanandrades @ gmail.com

Departamento de Oceanografia e Ecologia, Universidade
Federal do Espirito Santo, Vitéria, Espirito Santo, Brasil

Departamento de Ciéncias Agrarias e Bioldgicas, Centro
Universitario Norte do Espirito Santo, Sdo Mateus,
Espirito Santo, Brasil

3 Instituto de Biodiversidade e Sustentabilidade (NUPEM),
Universidade Federal do Rio de Janeiro, Macaé, RJ, Brasil

Departamento de Biologia Marinha, Universidade Federal
Fluminense, Nitero6i, Rio de Janeiro, Brasil

Instituto de Ciéncias do Mar, Universidade Federal do Ceara,
Fortaleza, Ceara, Brasil

Published online: 12 February 2024

biota 8'°N values was detected between references sites,
SN-enrichement observed for SPSPA intertidal reef fauna
is supported by guano subsidies. With emerged area < 0.02
km?, SPSPA is one of the world’s smallest archipelagos and
only its main islet (Belmonte Island) has a few tidepools
apt to be inhabited by fish. As guano readily drains into
tidepools and reef crevices adjacent to the seabird colony,
allochthonous nutrients become available and support
habitat-restricted species in this small and isolated location.

Keywords Rocky reefs - Rockpool - Dung deposits -
Stable isotopes - Island food webs - Shore fauna

Introduction

On February 16th, 1832, aboard the H.M.S. Beagle, Charles
Darwin spotted a group of small islets in the mid-Atlantic
and was fascinated by the place’s geological features and
its ‘brilliantly white color’ that could be seen at a distance
(Darwin 1845, 1873). As he landed on the main island of the
Saint Peter and Saint Paul Archipelago (SPSPA, also known
as St. Paul’s Rocks), Darwin noted that the rock was coated
by a layer of a ‘glossy polished substance, with a pearly
luster and of a grayish white color’ mostly made of seabird
guano (Darwin 1873). Almost 120 years after Darwin’s visit,
Hutchinson (1950) endorsed Darwin’s view on the role of
guano in the SPSPA, ascribing it mainly to the presence of
a high density of brown booby Sula leucogaster (Boddaert
1783) colony.

Seabird guano deposits play an important role in insular
systems as they contribute with nutrient-rich allochthonous
material to oligotrophic terrestrial and aquatic environments
(Wait et al. 2005; Plazas-Jiménez and Cianciaruso 2020).
Many studies on the role of guano deposits in structuring
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nearby communities have been published (e.g., Caut et al.
2012; De La Pefia-Lastra 2021). In recent years, such works
have mainly focused on the direct impact of invasive species
(mostly rats) on seabird colonies and cascading effects on the
marine environment (Graham et al. 2018; Gunn et al. 2023).
However, evidence of the importance of seabird nutrient
subsidies is less recent (Bosman and Hockey 1986; Jones et al.
2008; Kurle et al. 2008) and originate in early observations by
naturalists, as seen from Darwin’s notes.

The cross-ecosystem energy/matter fluxes mediated by
seabirds can link up to five ecological compartments (e.g.,
pelagic—atmosphere—terrestrial-intertidal-subtidal) and
can significantly contribute to the enrichment of food webs
(Sanchez-Pifiero and Polis 2000; Herbert and Fourqurean
2008; Benkwitt et al. 2019, 2022; De La Pena-Lastra 2021). In
intertidal ecosystems, oceanographic and ecological processes,
such as upwelling, beach-cast material and guano deposits, are
critical sources of allochthonous energy and matter (Wootton
1991; Colombini and Chelazzi 2003; Reddin et al. 2015;
Fuentes et al. 2017). Where fauna and flora are depauperate,
allochthonous inputs oftentimes exceed autochthonous
productivity and can play a fundamental role in structuring
intertidal communities (Bosman et al. 1986; Bosman and
Hockey 1988; Colombini and Chelazzi 2003). Such influence
is expected to be more relevant in small or remote islands
in comparison with big islands, particularly when close to
mainland (e.g., oceanic vs. continental shelf islands), as
local productivity is lower and communities are less diverse
(MacArthur and Wilson 1967). In this sense, the intertidal
zone of SPSPA constitutes an isolated and diminutive habitat
that also suffers changing and stressful conditions in relation to
desiccation, wave-turbulence and shifts in water temperature,
salinity and dissolved oxygen (Metaxas and Scheibling 1993;
Horn et al. 1999) that impose strong environmental filters to
species.

Reef studies in the SPSPA have focused on the subtidal
zone (e.g., Amaral et al. 2000; Vieira et al. 2012; Luiz et al.
2015; Pimentel et al. 2022), with few studies in the intertidal
(e.g., Freire et al. 2011; Quimbayo et al. 2020). Despite the
importance of seabird as key consumers in the archipelago
(Both and Freitas 2004; Mancini and Bugoni 2014), the
idea of guano interference in the local food webs was never
investigated. Here, we use stable isotopes of 8'°N to trace
guano incorporation into SPSPA’s intertidal reef community.
We also compare these values with two reference oceanic
islands free from guano inputs to their intertidal zones.
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Methods
Study areas

The SPSPA is a remote oceanic archipelago in the equatorial
Atlantic Ocean located on the Mid-Atlantic Ridge (00°55° N,
29°21° W; Fig. 1a) circa 980 and 1820 km from the Brazilian
(South America) and Guinean (Africa) shores, respectively
(Mohriak 2020). It consists of fourteen islets with about
0.017 km? total emerged area and a maximum elevation of
18 m. About a half of Belmonte Island, the largest islet at
c. 130x 60 m, is breeding ground for the brown booby Sula
leucogaster. The colony, with c. 580 individuals breeding
year-round, occupies the supratidal zone where waves and
flooding are rarest (Fig. 1b—c; Mancini et al. 2016). From
March to September, brown and black noodies (Anous
stolidus and A. minutus, respectively) also breed in Belmonte
(Both and Freitas 2004) and in adjacent islets, with nearly
300 individuals of each species (Mancini et al. 2016). The
two reference sites in our study are Fernando de Noronha
(hereafter Noronha) and Trindade islands (Fig. 1a): Both are
oceanic islands located in the south western Atlantic ocean,
but they are much larger (16 and 9.3 km?, respectively) and
reach higher elevations (321 and 640 m, respectively) than
SPSPA (Mohriak 2020). In these reference sites, colonies of
Sula are far from the intertidal zone. The nesting grounds of
the masked booby S. dactylatra Lesson, 1831 in Trindade
are at altitudes over 150 m (Benemann et al. 2022) and the
estimated population is around 600 individuals (Fonseca-
Neto 2004). In Noronha, S. leucogaster and S. dactylatra
nesting sites are either at high altitudes or on islets (e.g.,
Meio and Rata islands) off the main island (Mancini et al.
2016; Gouvéa and Mello 2017). The population size
estimates for both species in Noronha vary greatly among
years from less than 100 individuals to 800 individuals for
S. leucogaster and up to 600 individuals for S. dactylatra
(Mancini et al. 2016). The intertidal zone of Trindade
and Noronha includes sandy beaches, biogenic flat reefs
and rocky shores. The intertidal environment of SPSPA is
exclusively rocky substrate.

Tidepools in SPSPA are situated in the high intertidal
and in the low supratidal stripes of Belmonte Island, yet
in frequent contact with the subtidal zone as wave-aided
micro- to meso-tides wash the zone twice a day in spring
tide periods (Fig. S1). The most abundant fish in these
tidepools is the rockpool blenny Entomacrodus vomerinus
(Valenciennes 1836); the species is absent in the subtidal
zone below 2 m depth (Feitoza et al. 2003). Above the
tidepools water level, the red rock crab Grapsus grapsus
(Linnaeus 1758) is the most abundant animal at the
aquatic—terrestrial interface, coexisting and interacting with
seabirds (Gianuca and Vooren 2007; Freire et al. 2011).
While G. grapsus mostly grazes on emerged rocky surfaces,



Coral Reefs

Fig. 1 a Studied area and
reference sites (black dots)

St. Peter and St. Paul’s
Archipelago (SPSPA), Fernando
de Noronha and Trindade
islands in the Atlantic ocean.
Island’s silhouettes are not at
scale; for direct comparisons
see information on area and
maximum elevation information
(Mohriak 2020). b View

from the summit of Belmonte
Island (SPSPA) showing the
Sula leucogaster colony, the
scientific station, and the
tidepools on the low supratidal
zone (Photo: S. Delfino); the
white-colored rocky areas

are the guano-covered rocky
substrate, while the dark-colored
rocky areas are rock washed by
breaking and flooding waves.

St. Peter & St. Paul

Elevation: 18m
Area: < 1 km?
L 0°

Fernando de Noronha
Elevation: 321 m L 10°S
Area: 16 km?

Trindade
Elevation: 640 m
Area: 9.3 km? | 20°S

450 9(20 1350 1 890

Kilometers

¢ A juvenile of S. leucogaster
resting beside a tidepool (Photo:
L. Benevides). Note the guano
deposits on rocky surfaces
below and beside the seabird

grazing underwater inside tidepools also occurs (Fig. S1).
Entomacrodus spp. and G. grapsus are conspicuous
intertidal species on rocky shores of Noronha and Trindade
islands, mainly in Porto (Noronha) and Andradas (Trindade)
beaches. Both species display a similar ecological role as
basal consumers (Andrades et al. 2019).

Sampling and laboratory procedures

We collected fish in SPSPA tidepools in September 2018
using hand and dip nets after the application of eugenol
(40 mg 17!) in tidepools (see Griffiths 2000), while crabs
were collected manually on intertidal rocks. Samples were
kept frozen at — 20 °C. In the laboratory, muscle tissue was
extracted from the anterolateral portion of the trunk in fishes
and from chelipeds in crabs. All samples were dried at 60 °C
in a standard laboratory oven and then homogenized with a
mortar and pestle. Samples were analyzed for stable carbon
and nitrogen isotopes using continuous-flow isotope ratio
mass spectrometry in a Costech elemental analyzer coupled
to a Micromass Isoprime isotope ratio mass spectrometer
(EA/IRMS). Field protocols and laboratory procedures for
Noronha and Trindade fish and crab species (see Andrades

et al. 2019) were identical to those in SPSPA. Samples were
collected in the tidepools of Andradas Beach (Trindade)
and tidepools of Porto and Alagados da Raquel beaches
(Noronha). Seabirds stable isotope data were obtained from
Mancini et al. (2014), where the number of blood sample
per species/island was 21 (S. leucogaster, SPSPA), 20 (S.
leucogaster, Noronha) and 7 (S. dactylatra, Trindade).

Stable isotope values are expressed using o (delta)
notation and parts per thousand (%o) as follows:

65X = [( Rsample > _ 1]

Rstandard '
where X is '3C or '°N and R="3C/"2C for carbon and "N/"*N
for nitrogen.

Data analysis

We performed a permutational multivariate analysis of
variance (PERMANOVA; Anderson 2001; Anderson
and Walsh 2013) to estimate potential differences
between SPSPA and the two reference sites resulting
from seabird guano-derived 8!°N. The analysis was
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conducted in PRIMER v7 (Clarke and Gorley 2015) with
the PERMANOVA + add-on (Anderson et al. 2008). We
selected five consumer taxa (four reef fishes and the red
rock crab species, Table S1) that occur in all studied islands
as conspecific or congeneric species. One species (the
manyscaled blenny Starksia multilepis Williams & Mounts,
2003) was not included in the analysis due to the small
sample size and unavailability of conspecifics or congenerics
from reference sites (see Andrades et al. 2019). We tested
8'°N values among sites under a reduced model with 9999
permutations, type III sums of squares and addition of
Monte Carlo permutations. The PERMANOVA design set
was based on factors ‘Guano’ and ‘Site.” ‘Guano’ (fixed)
holds two levels referring to the presence (SPSPA) or the
absence (Noronha and Trindade) of deposit immediately
above the intertidal. The second factor, ‘Site’ (random), has
three levels and is nested into ‘Guano.” The analysis was run
over a Euclidean distance matrix of square root-transformed
data. Results were considered significant when p-value <0.1.

Results
In SPSPA, we collected 57 individuals (52 of six fish species

and five of the red rock crab G. grapsus) for stable isotopes
analysis. The six fish species collected were the sergeant

Abudefduf saxatilis (L. 1758) (N=11), rockpool blenny E.
vomerinus (N=18), Brazilian redlip blenny Ophioblennius
trinitatis (Miranda Ribeiro 1919) (N=10), Saint Paul’s
gregory Stegastes sanctipauli Lubbock & Edwards, 1981
(N=10) and the manyscaled blenny S. multilepis (N=3).
Thus, the intertidal community of SPSPA was composed
of carnivores (S. multilepis), omnivores (A. saxatilis and
S. sanctipauli) and herbivores/detritivores (E. vomerinus,
O. trinitatis and G. grapsus). The 8'C and 8'°N of the six
species varied from —17.6 to —6.6%o and from 9.1 to 14.8
%o, respectively (Table S1). Unlike Noronha and Trindade,
SPSPA fish and crab were '*N-enriched compared to seabird
values (Fig. 2). PERMANOVAs confirmed higher §!°N
values for SPSPA than for Noronha and Trindade conspecific
or congeneric species (Table 1; Fig. S2).

Discussion

Consumers had 3-7%o higher 8'°N values in SPSPA
than in reference sites, supporting the hypothesis that
SN-enrichment differences among islands are explained by
seabird guano subsidies at SPSPA. The relative position of
seabirds and consumers in the isospace (Fig. 2) shows that
contrary to what occurs in Noronha and Trindade, SPSPA
seabirds have similar or lower values of 8'°N comparared

St. Peter and St. Paul Archipelago Fernando de Noronha Archipelago Trindade Island
15
IR
12
’ Species
@ Abudefduf saxatilis
- 4 @ FEntomacrodus
Q\"/ @ Grapsus grapsus
lDZ o =@= Ophioblennius trinitatis
w0 &= Starksia multilepis
1 Stegastes
® Sula
A
A
@® Carnivores/Omnivores
64 * A Herbivores
|
g 1
15 -12 -9 15 12 9 15 12 -9
1 1 1
8"°C (%0) 8"C (%0) 8"°C (%0)

Fig. 2 Biplots of mean 8“C and 8N values for intertidal
consumers and seabirds in SPSPA, Noronha and Trindade. Vertical
bars represent+standard deviation (SD) for 8°N; to improve
visualization, mean 8'C values are presented without SD. All
means and SD are available in Table S1. Seabirds Sula spp. isotope
values are further depicted by yellow stripes crossing the isospace
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(in Noronha and Trindade, SD=0.1 and is not visually detectable
as a bar). Entomacrodus is represented by E. vomerinus in SPSPA
and Noronha and Enfomacrodus sp. in Trindade; Stegastes by S.
sanctipauli in SPSPA, S. rocasensis in Noronha and S. trindadensis
in Trindade
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Table 1 Summary of

Source Abudefduf saxatilis Entomacrodus
PERMANOVA tests for
differences in 8'°N values for df MS F P (MCO) daf MS F P (MO)
intertidal consumers
Guano 1 2.18 157.25 0.05 1 13.16 250.24 0.04
Site (Guano) 1 0.01 0.62 0.44 1 0.04 5.04 0.03
Residual 20 0.02 35 0.01
Total 22 37
Ophioblennius trinitatis Stegastes
df MS F P (MC) df MS F P (MC)
Guano 1 2.14 103.18 0.06 1 2.29 16,493 0.01
Site (Guano) 1 0.02 1.38 0.26 1 0.00 0.01 0.94
Residual 21 0.01 27 0.03
Total 23 29
Grapsus grapsus
df MS F P (MC)
Guano 1 6.38 1769.90 0.01
Site (Guano) 1 0.00 0.15 0.71
Residual 10 0.02
Total 12

Terms in bold denotes statistical significance. Entomacrodus is represented by E. vomerinus in SPSPA
and Noronha and Entomacrodus sp. in Trindade; Stegastes by S. sanctipauli in SPSPA, S. rocasensis in
Noronha and S. trindadensis in Trindade

to fishes and crabs inhabiting the intertidal environment.
Boobies rely on flying fish in the open seas and have similar
trophic niches in all Brazilian oceanic islands (Mancini
and Bugoni 2014). They occupy high trophic positions in
the marine food web in comparison with other oceanic top
predators, such as large-sized pelagic fish (Mancini and
Bugoni 2014). In this sense, the '*N-enriched intertidal biota
of SPSPA is a natural ‘anomaly’ due to the high-nutrient
input, via seabird guano, at the base of the intertidal food
web.

Seabird guano inputs have being reported to enhance
primary production in the intertidal zone (Bosman et al.
1986). There, ornithogenic subsidies promote bottom-up
processes in which high primary productivity supports high
abundance and grazing pressure of herbivores that further
attract avian predators (Bosman and Hockey 1986, 1988;
Wootton 1991). In SPSPA, the herbivorous detritivores
(i.e., those feeding on the epilithic algal matrix and inherent
detrital aggregates adherent to it) E. vomerinus and G.
grapsus presented higher 8'°N values than omnivorous fish
species (A. saxatilis and S. sanctipauli). Herbivorous species
benefit from guano inputs by grazing over enriched plants
and algae (Stapp et al. 1999; Richardson et al. 2019), and
secondary production enhancement is an expected outcome
(Sanchez-Pifiero and Polis 2000). However, such higher
8!5N values in herbivores than omnivores or carnivores
species in SPSPA may portray a more direct incorporation
of guano’s nutrients similar to that of terrestrial arthropods
(among others) on bat guano (Ferreira 2019). The possibility

that grazing detritus and biofilm on rocky surfaces within
(E. vomerinus) and outside (G. grapsus) tidepools enables
a direct guano-consumer pathway without an intermediate
step should be investigated. Accordingly, Hong et al.
(2019) verified primary consumers with higher levels of
I5N-enrichment than secondary consumers when both
experienced experimental addition of SN tracer in a
wetland. G. grapsus also opportunistically feeds upon
carcasses of dead newborn seabirds at SPSPA (Gianuca
and Vooren 2007; Freire et al. 2009, 2011), a feeding habit
that would contribute to an increase in SPSPA 8'°N values.
Yet, the scavenging behavior of G. grapsus is commonly
observed in all the studied islands but carcasses probably are
rarer in tidepools in Trindade and Noronha due to distance
to colonies. The overall 'N-enrichment of the intertidal
reef food web is remarkable given tidepool-caught species
presented higher mean 8'°N values than SPSPA subtidal
fauna, including that observed for large-sized carnivores
fishes (Pinheiro et al. 2017). This distinctness between
tidal zones infers local oceanographic processes, such as
upwelling or local surface currents, that are not responsible
for intertidal '"’N-enrichment. Also, lower mean 8'°N
values of subtidal fauna may be indicative of attenuation
or dissolution of nutrient subsidies with distance from the
islands where seabirds roost and nest.

The strong response of intertidal reef biota to guano
inputs is likely due to SPSPA’s diminutive size that
compels seabirds to colonize all suitable supratidal
space. In fact, the low-elevation and steep-sloped rise of

@ Springer



Coral Reefs

Seabirds perform daily foraging trips
after pelagic fish in the open ocean

Fish and crabs graze on detritus and
biofilm formed over rocky surfaces thus
incorporating guano-derived '*N-enriched
material

s

Back to the colony, '*N-enriched
seabird guano is washed by waves,
leak into tidepools and
accumulate there

+

Fig. 3 A conceptual framework of seabird guano subsidies pathway to the SPSPA intertidal species

Belmonte favor the guano of booby rookery to be washed
by occasional rough waves, rain or marine spray-aided
leaching toward lower areas and tidepools. Island area
may then have an influence of the extent of allochthonous
inputs to marine communities (Polis and Hurd 1996;
Pascoe et al. 2021) as large guano-producing colonies
may exert less influence on surrounding terrestrial and
marine communities than smaller colonies on small and
low-elevation islands (Linhares and Bugoni 2022).

The intertidal reef fish community of SPSPA is
composed of 14 species (Table S2), an expressive
number in respect to the SPSPA size and isolation.
This is one of the world’s smallest archipelagos, and its
main island (the only one with tidepools) has less than
20 fish-inhabited tidepools. Entomacrodus spp. and O.
trinitatis have remarkable higher abundance in SPSPA
than in the reference sites. Mendes (2000, 2009) based
on surveys in tidepools reported E. vomerinus and O.
trinitatis densities in SPSPA are four and ten times
higher than in Noronha, respectively (4 E. vomerinus.
m~2 in SPSPA vs. 1 E. vomerinus.m™? in Noronha and
1 0. trinitatis.m™* in SPSPA vs. 0.1 O. trinitatis.m™* in
Noronha). Increase of abundance in response to guano
inputs has been observed for terrestrial and marine flora
and fauna worldwide (Sanchez-Pifiero and Polis 2000;
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Barrett et al. 2005; Benkwitt et al. 2019), including for
intertidal organisms (Bosman and Hockey 1986, 1988;
Wootton 1991; Stapp et al. 1999). This demonstrates that
guano may wields influence in the richness and densities
of SPSPA intertidal reef species.

Conclusions

Seabirds are one of the main drivers for nutrient transference
from pelagic to shore systems thus enhancing ecosystem
productivity worldwide (Bosman and Hockey 1986; Caut
et al. 2012; Lorrain et al. 2017; Graham et al. 2018). In
SPSPA, intertidal consumers incorporate I5>N_enriched
material, which may allow this remote and minute locale
to support an intertidal reef fish richness higher than in
similarly small islands (e.g., Saies 1973; Pequefio 1986;
Duhart and Ojeda 1994; Kussakin and Kostina 1996).
SPSPA’s tidepools also support higher fish densities than
reference sites Noronha and Trindade although further
empirical investigation is needed to clarify if and how
ornithogenic nutrients affect fish community and its metrics.

The inter- and supratidal-cast guano that supports
the relatively rich intertidal life in SPSPA comes from
the pelagic zone. Sula leucogaster fly to the open ocean
to, mostly, capture flying fish Cypselurus cyanopterus
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(Valenciennes 1847); this resource is shared with tunas
and dolphinfishes (Mancini and Bugoni 2014). Back on the
island, "’N-enriched excrements are deposited and leach
seawards, making them available fish and crabs (Fig. 3).
At the regional scale, upper ocean fertilization processes
through intertropical convergence, topographic upwelling
and Taylor columns (as opposed to Ekman-driven coastal
upwelling) play important roles in the enrichment of
island food webs (Souza et al. 2013; Gove et al. 2016)
as they support increased phytoplanktonic productivity
and, ultimately, top predators such as tuna, fishermen and
seabirds (Viana et al. 2015). In addition, nutrient-rich guano
deposits on islands with high seabird densities concentrate
allochthonous matter and further boost aquatic productivity
within tidepools and the immediate subtidal surroundings
(Fig. S1). The maintenance of the intertidal reef biodiversity
of SPSPA is directly related to our understanding of how
the different nutrient sources fuel bottom-up processes.
Safeguarding the archipelago’s seabird colonies despite the
human footprint applied on terrestrial and aquatic habitats is
necessary not only for the sake of colonies and bird species
but also for that of an ecosystem built onto one critical
resource in two iterations: fish and guano.
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