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ABSTRACT

Oligotrophy has its basis in low inorganic nutrient avail-
ability and it is generally known that in equatorial waters
inorganic nutrient availability is insufficient to sustain the
richness of life observed in some special places at this
latitude. Thus, the understanding of the organic dissolved
component role in N and P biogeochemical cycles could
explain the support of the food chain in oligotrophic equa-
torial waters. This study was undertaken for the purpose of
contributing to the knowledge of nutrient availability and
the participation of dissolved organic components in the
trophic conditions of an oceanic equatorial island in the
South Atlantic. Water and phytoplankton were sampled
on the western fringe of the Fernando de Noronha Archi-
pelago in March 2015. Tropical oceanic conditions pre-
vailed in this oceanic domain with high salinity (>36.19)
and temperatures (>28.30°C). The oceanic conditions as-
sured a high pH and dissolved oxygen levels (>5.00 mL
L1). Alkalinity showed slight variations, its lowest values
being associated with biological interaction. Suspended
particulate matter was relatively low and its organic frac-
tion was associated with the productive process and/or
pollution contribution, which is confirmed mainly by high
DON concentrations (~4.00 umol L) with an association
with high total chlorophyll in the primary production pro-
cess and with urea in the pollution situation. The urea con-
tent attained 2.77 umol L' at a waste disposal outlet when
a contamination event was observed in the region. The
available inorganic nutrients showed low concentrations
with an N-ammonium average of 1.99+0.64 pmol L, ni-
trate with an average of 0.13+0.04 umol L, and nitrite
with an average of 0.19+0.13 pmol L. The DIN varied
from 0.74 to 4.32 pmol L', principally represented by N-
ammonium. DOC showed values of from 53 to 109 pmol
L and the DOC:DON ratio confirmed the organic source
as being an inorganic N pool of oxidized organic matter
and indicated that nitrogen-rich compounds are recycled
faster than carbon-rich compounds. Total chlorophyll con-
centrations reached 0.81 mg m™ and the noteworthy pres-
ence of filamentous cyanobacteria despite low inorganic
nitrogen availability lead to a trophic chain initially sup-
ported with the contribution of a fixation process.

Descriptors: Nutrients, Organic compounds, Dis-
solved organic carbon, Urea, Pollution indicator, Oce-
anic island.
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ResumMmo

A oligotrofia tem base na baixa disponibilidade de nutrientes
inorganicos, sendo que, normalmente, em aguas equatoriais,
o teor de nutrientes inorganicos ndo ¢ suficiente para sustentar
a riqueza de vida observada em alguns lugares especiais nes-
ta latitude. Assim, a compreensao do papel dos componentes
organicos dissolvidos nos ciclos biogeoquimicos do N e do
P poderia esclarecer o suporte da cadeia alimentar em aguas
equatoriais oligotroficas. Este estudo foi realizado com o obje-
tivo de contribuir ao conhecimento da disponibilidade de nu-
trientes e participacdo de componentes organicos na condi¢ao
trofica das aguas do entorno de uma ilha equatorial oceanica
no Atlantico Sul. A 4gua e o fitoplancton foram amostrados
na franja ocidental do arquipélago Fernando de Noronha, em
margo de 2015. As condigdes tropicais oceanicas prevaleceram
neste dominio oceanico com altas salinidade (>36,19) e tempe-
ratura (>28,30°C). As condi¢des ocednicas garantiram os altos
valores de pH (>8,0) e oxigénio dissolvido (>5,00 mL L"). A
alcalinidade mostrou ligeiras variagdes com menores valores
associados a interagdo bioldgica. A matéria particulada em
suspensdo esteve relativamente baixa e a fragdo organica foi
associada ao processo produtivo e/ou contribui¢do da poluigao,
0 que ¢ confirmado principalmente por altas concentragdes de
DON (~4,00 umol L") associada aos maiores valores de cloro-
fila total na situag@o de produgio primaria e, com a ureia em si-
tuacdo de poluicdo. O contetido de ureia atingiu 2,77 pmol L
em um ponto de disposi¢do de efluentes quando um evento de
contaminac@o foi observado na regido. Os nutrientes inorgani-
cos disponiveis apresentaram baixas concentragdes, com uma
média de N-amoniacal de 1,99+0,64 pumol L, nitrato com
média de 0,1340,04 umol L, nitrito com média de 0,19+0,13
umol L. O DIN variou de 0,74 a 4,32 pmol L, principalmen-
te representado por N-amoniacal. O DOC apresentou valores
de 53 a 109 pmol L™ e, a relagdo DOC:DON confirmou uma
fonte organica para o reservatorio de N inorganico a partir da
oxidagao da matéria organica e indicou que 0s compostos ricos
em nitrogénio sdo reciclados mais rapidamente do que os com-
postos ricos em carbono. As concentragdes totais de clorofila
atingiram 0,81 mg m™ e a notavel presenca de cianobactérias
filamentosas frente a baixa disponibilidade de nitrogénio inor-
ganico, conduzindo a uma cadeia tréfica inicialmente suporta-
da com contribuigao do processo de fixagao.

Descritores: Nutrientes, Compostos organicos, Car-
bono organico dissolvido, Ureia, Indicador de polui-
¢do, Ilha ocednica.
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INTRODUCTION

The availability of inorganic nutrients in marine oligo-
trophic waters is an important factor that limiting the pri-
mary production and is essential for the organization and
maintenance of the existent food chain (Dugdale, 1967a).
The biogeochemical cycles of nutrients contribute to the
maintenance of the life taking account the availability of
nutrients in inorganic forms and also the regeneration pro-
cess based on the oxidation of the organic matter present
in the euphotic zone as detritus and excretion submitted
to continuous sinking in the water column. The regene-
ration process considering the pool of dissolved organic
matter coming as a part of metabolism of the ecosystem
can assume an essential position in fertilization process in
remote systems far from the significant terrestrial inputs.
In this sense, after the synthesis of organic matter by pri-
mary producers using carbon, nitrogen and phosphorus
making a part of protein, DNA, RNA, ATP and other bio-
molecules follows the bio-components degradation and
excretion products return to inorganic forms by action of
microorganisms and oxidation process. In remote regions
as oceanic islands, the dissolved organic matter can play
an important role in the biogeochemical cycles of nutrients
to support the food chain. In the open sea, nitrate-nitrogen,
a more stable and abundant form of nitrogen is controlled
primarily by assimilation by phytoplankton, regeneration
through the decomposition of organic matter and denitri-
fication under anaerobic conditions (Wada and Hattori,
1991). The main sources of N-ammonium for the marine
environment are the decomposition of organic nitrogen
by bacteria, the excretion of zooplankton andother ani-
mals and anoxic bacterial activity on nitrate. On the other
hand, the oxidation of N-ammonium in the biogeochemi-
cal cycle, also with the help of microorganismform nitrite
and nitrate and the recently discovered process of anam-
mox (ANaerobic AMMonium OXidation), that produces
N gas (Van De Vossenberg et al., 2008). N-ammonium is
the form preferably assimilated by phytoplankton, since
its ion has an optimal oxidation state for a more direct
assimilation during the protein-forming process. On the
other hand, the decomposition of proteins easily provide
N-ammonium to the waters. Nitrite is the intermediate
compound in the oxidation-reduction reactions between
ammonium and nitrate. In the case of phosphorus, phos-
phate is the inorganic form bioavailable for the primary
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production and it regeneration from organic matter occurs
with more facility than for the nitrogen. Remembering the
Redfield ratio (Redfield et al., 1963) to construct the or-
ganic matter in the first levels of the marine food chain,
the request for N and P is 15:1, that put in evidence the N
importance, crucial in oceanic waters. The biogeochemi-
cal cycles consider the organic matter decomposition, not
only in particulate form, but also in dissolved organic as
DOC, DON and DOP, components of DOM as important
steps in the availability of nutrients. Recent works sho-
wn DON:DOP ratios in open sea with value higher than
the classical Redfield’s N:P ratio (Santinelli et al., 2012).
Many studies of the biogeochemistry of dissolved organic
carbon (DOC) and dissolved organic nitrogen (DON) in
the open oceans have been published in the last two de-
cades (Bates and Hansell, 1999; Hansell, 2002). Urea is
an important component of the biogeochemical cycle of
nitrogen (Antia et al., 1991; Bronk, 2002; Solomon et al.,
2010). Normally, low levels of urea are found in the open
sea (0.3 pmol L' N), whereas higher values (reaching 13
umol L' N) are often observed in the coastal and estuarine
zones (McCarthy, 1970). Many marine organisms excrete
various nitrogen products simultaneously, as is the case
of some fish which eliminate ammonium, urea and creati-
ne in different proportions. Dissolved organic phosphorus
(DOP) is available for production to both phytoplankton
and bacteria (Monaghan and Ruttenberg, 1999; Kolowith
et al., 2001). Therefore, it is important to quantify organic
phosphorus as it is potentially available for primary pro-
duction in coastal systems and in the open sea. Despite
the importance of marginal seas for the cycling of dissol-
ved organic matter (DOM) (Walsh et al., 1988; Wollast,
1991), few studies have focused on these areas (Hung et
al., 2003).The data for oceanic waters are not also frequent
and could be important to explain the biogeochemical
cycles of nutrients in the remote oligotrophic areas which
maintain an associated food chain as the case of Fernando
de Noronha Archipelago.

The Fernando de Noronha Archipelago belongs to a
branch of the Mid-Atlantic Ridge (Almeida, 1955; Gomes
et al., 2000). The main island, also called Fernando de
Noronha, is about 9km x 6km in size, lying mainly NE-
SW and located around 03°51’S and 32°25°W. This re-
gion receives warm and salty (>36) water, with oligotro-
phic characteristics transported by the South Equatorial
Current and also comes under the influence of the Atlantic



Equatorial Undercurrent originating off the Northeastern
Brazilian Coast and flowing below and in the opposite di-
rection to the South Equatorial Current at 60-90 m depth
between 5°N and 5°S (Molinari et al., 1981; Bourlés et
al., 1999; Mémery et al., 2000). The physical stratification
in the upper layers is maintained by the warmer (>20°C)
and saltier (>35.5) water transported by the Atlantic South
Equatorial Current (ASEC) (Castro Filho and Miranda,
1998; Travassos et al., 1999). High salinity values (near
37) are formed at the surface through the intense evapo-
ration in the region known as that of the Southern band
of South Equatorial Current (SSEC), fed by the Benguela
Current’s westwards drift (8 to 25° S off the African co-
ast) which follows the thermocline in the 6=24.5 to 25.5
isopycnal range (Bourlés et al., 1999). The trade winds
blow onto the Southeastern side of the island. The wet
season lasts from February to July, the average air tempe-
rature being 25.3°C (Walter and Leith, 1960; Boletim do
Clima, 2015). There are a few fresh-water streams in the
island which remain dry during most of the year (Serafini
et al., 2010). The tide is semi-diurnal with a maximum
amplitude of 3.3m in the spring tide and 2.0m at the ne-
ap tide (Almeida, 1955). In relation to the oligotrophic
conditions, low nutrient concentrations in the upper mi-
xed layers maintain low rates of primary production with
mean integrated chlorophyll concentrations of <50 mg.m
(Medeiros et al., 1999; Castro Filho et al., 2006) most of
which concentrated along the pycnocline. It is noteworthy
that the oceanic region is dominated by picocyanobacte-
ria (Brockel and Meyerhofer, 1999; Easton et al., 1986)
normally associated to the difficulties encountered in me-
asuring the nutrient content below the detection limit of
analytical methods of the oligotrophic waters in the open
ocean as reported since McCarthy (1980). The benthic life
is present on the slopes of Fernando de Noronha and the
Rocas Atoll, seamount islands which are notable for pro-
viding support for the diverse marine life in the Western
South Atlantic (Easton et al., 1986; Paiva et al., 2007;
Lavelle and Mohn, 2010). The presence of the fixer or-
ganisms and the oligotrophic condition were observed.
Quality of the suspended organic matter, to our knowled-
ge, no studies have been carried at this region. This study
presents an introduction to dissolved organic C, N and P
to contribute to the understanding the organic fraction of
these nutrients in the biogeochemical cycles in oceanic
areas and also to accompanied the influence of the human
activities on the seawater in this remote area.
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MATERIAL AND METHODS

STUDY AREA

This study was undertaken in March 2015, at the be-
ginning of the rainy season in the Fernando de Noronha
Archipelago, as a part of the CARECOS project (FAPESP
2011/50582-0 and FACEPE APQ0074-1.08/11) using the
boats locally available. The analyses were made, in part, in
mobile laboratories established on the island, the final ones
being made in Sao Paulo, at the Institute of Oceanography
of the University of Sdo Paulo.

The Fernando de Noronha Archipelago consists
of about 20 islands of various sizes, among them being
Fernando de Noronha Island (the biggest), located in
the South Equatorial Atlantic Ocean, at 03°52’S and
32°25°W. This archipelago of volcanic origin belongs to
a marine protected area in the National Marine Park of
Fernando de Noronha. Fernando de Noronha is a summit
that rises 4200 m above the ocean bed as one of a chain of
seamounts (Almeida, 1955; 2000; 2006). The archipelago
is under the influence of the Southern Equatorial Current
(SEC) system which flows from East to West, near the
Equator (Stramma, 1991; Silveira et al. 2000), and is sub-
ject to the passage of swell normally observed in the first
three months of the year (January to March). Assungdo
et al. (2016) also observed a time series (2008-2015) of
recorded swell events in October and December. This
oceanic island has no fresh water spring, its population
depending on the storage of the rainwater collected during
the wet period (March to August), stored in ponds (Cat,
Mulungu, Horta and Xaréu), and the desalination of ma-
rine water (http://www.ilhadenoronha.com.br) to supply
the local population and the many tourists on the island.
An estimated population of 2,629 (IBGE, 2010) occupies
35% of the main island, their activities being related main-
ly to tourism (Mendes, 2006).

SAMPLING AND ANALYSES

The water column was sampled using Nansen
Hydrobios® bottle samplers at 8 sites off the western co-
ast of the island (Fig. 1). Temperature was obtained using
a reversing protected thermometer with a precision of
+0.02°C. Salinity was measured using an inductive salino-
meter, with a precision of £0.001. Dissolved oxygen was
determined by the Winkler method as set out in Grasshoff
et al. (1983), using a potentiometric determination wi-
th Titrando, Metrohm®. The method has an accuracy of
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Figure 1. Localization of the sampling stations in Fernando de
Noronha Archipelago, Northeastern Brazil, South Atlantic, March
2015.

+0.02 mL L' for levels of 2 mL L, and +£0.04 mL L'
for higher levels. The pH was assessed using a Thermo
Orion pHmeter model P-210A with a glass electrode with
a precision of +£0.01 in accordance with the recommen-
dations set out in Aminot and Chaussepied (1983). Total
alkalinity was calculated using potentiometric titration
following the recommendations of Grasshoff et al. (1983).
During titrations, a Methrom® Dosimat 700 doser and a
Methrom® 827 pHmeter were used. Suspended parti-
culate matter and the organic fraction were evaluated in
accordance with Strickland and Parsons’ (1968) recom-
mendation for gravimetric procedures, the precision of
the measurements being of 0.001 mg L-'. N-ammonium
was determined as suggested by Solorzano (1969) with a
precision of £0.02 pmol L', nitrite and nitrate were me-
asured using an AutoAnalyzer II Bran-Luebbe® as descri-
bed by Tréguer and Le Corre (1975), with a precision of
+0.02umol L. Silicate and phosphate were determined
as described by Grasshoff et al. (1983) with precisions of
0.02 and 0.01pmol L', respectively. The urea content was
determined using the analysis described by Aminot and
Kerouel (1982). Dissolved Organic Nitrogen (DON) and
Dissolved organic phosphorus (DOP) were analyzed by
the UV-oxidation process that determines Total Dissolved
Nitrogen (TDN) and Total Dissolved Phosphorus (TDP)
(Armstrong et al., 1966). DOC was measured by a high-
-temperature catalytic oxidation method using a Vario
Cube® analyzer. Chlorophyll was assessed as recommen-
ded by Strickland and Parsons (1968).
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DATA TREATMENT

Spearman s nonparametric correlation (7s) was perfor-
med using the Excel 2013® software. Principal component
(PCA) analyze was used with normalized data to avoid the
dominance of the magnitude scales of different variables
in the associations in the samples. Group analyses (clus-
ters) were undertaken using Primer 6 (Past x)® software.
The spatial distribution of the parameters studied was set
out using figures composed in Excel. The data were trea-
ted with a significance level 0=0.05 to identify whether
there were spatial differences between the Pearson and
PCA graphics.

RESULTS

The monthly rainfall on Fernando de Noronha Island
in February 2015 was 49.4 mm (while the historical mon-
thly average is 111mm - APAC, 2017) and in March of that
same year, 112.3 mm (while the historical monthly avera-
ge is 267 mm, APAC, 2017), thus, February and March
2015 was less rainy than expected.

In general, the presence of the salty water (>36) with
high temperatures (>28°C) and pH values above 8.0 was
the characteristic of tropical waters observed (Table 1),
what is in keeping with the generally low precipitation in
this equatorial region of ocean. The limits of variation of
some abiotic data are presented in Table 1. March is nor-
mally dry in this region, but the oceanic climate is specific
to this area. Although the salinity presented high values
(>36) associated with the high temperatures, (Fig. 2) dis-
solved oxygen also presented high values, there being a
significant inverse correlation between them (r = -0.64
p<0.05) (Fig. 3).

The limits of variation of some abiotic data are presen-
ted in Table 1. March is normally dry in this region, but the
oceanic climate is specific to this area.

In detail, the hydrological parameters showed that in
the oceanic equatorial zone, the values of temperature we-
re high - attaining 29.30°C (Om) and 29.70°C (15m) at
station N3 located in Dolphin Bay and 30.00°C (0m) in
the port of Santo Antonio (N8) (Fig. 4a). In relation to sa-
linity, high values were observed, up to 36.00, at all points
(Fig. 4b) with a minimum at the bottom at N4 (off Boldro
Beach). These high values reflect the high evaporation ra-
te of equatorial waters, which exceeded the precipitation
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Table 1. Hydrological parameters (temperature and salinity) and hydrochemical parameters (Dissolved Oxygen and pH),
suspended particulate matter (SPM) and suspended particulate organic matter, optical parameters (Secchi Disk data), in

Fernando de Noronha Archipelago, March 2015.

. . Secchi
T DO s g s S
minimum 28.30 36.19 5.09 115 8.11 2227 15.64 2.77 2.50
maximum 30.00 36.30 5.95 135 8.19 2411 33.20 13.50 15.00
Average 29.08 36.25 5.40 123 8.15 2327 24.43 4.65 11.43
SD 0.40 0.03 0.24 6 0.02 56 4.23 245 4.04
Median 29.0 36.25 5.36 123 8.16 2346 23.15 4.08 12.00

Figure 2. Temperature versus salinity on the western coast of
Fernando de Noronha Island (PE-Brazil). Open circle (Om), full circle
(bottom), dashed lines represent the median values of variables.

Figure 3. Correlation of salinity and dissolved oxygen in Fernando
de Noronha Archipelago, in March 2015. Dashed line represent the
linear regression.

during this sampling period. The highest salinity value
occurred at the surface at station N5; N2 (Dolphin bay)
presenting the second highest salinity value (Fig. 4b).
Dissolved oxygen values were always above 5.00mL
L' (Fig. 4c), observing that minor values were in the bot-
tom waters, sometimes exceeding the surface concentra-
tions. The dissolved oxygen saturation was over 100%
at all points, attaining a maximum in Sapata Point (N1)
at 15m depth. The pH values were highest at the surfa-
ce, decreasing slightly with depth (Fig. 4d), remarking
that all them were superior to 8, confirming the intense

oceanic influence. A pH minimum (8.11) was observed at
N6 (Cachorro beach), exactly where a disposal of sewage
is located. The salinity in this local did not present a mini-
mum value, but showed a tenue reduction, evidencing this
island input. In the water column, suspended particulate
matter showed considerable concentrations with the ma-
ximum value observed at N4 (Boldré Beach), both at the
surface and at the bottom (Fig. 4e). In the cited station the-
re was a correlation with suspended organic matter (Fig.
4f) that suggests the association of part of the suspended
particulate matter with the biological material at this point.

Alkalinity showed values above 2,200 umol kg, the
lowest recorded value occurring in association with mini-
mum salinity at a station under the influence of the NBUC,
that received a contribution from the SNBUC, presenting
minimum alkalinity at ~200m depth and flowing northe-
astwards. The SOPM showed values around 19% of the
SPM and the waters showed a relatively clear waters as
indicated by Secchi Disk penetration.

Observing the inorganic nitrogen compounds in this pe-
riod (March), the N-ammonium (Fig. 5a) represented the most
important N form in this area, and N4 (Boldré Beach) presen-
ted the lowest values in both surface and bottom waters. The
concentrations of nitrite (Fig. 5b) and nitrate (Fig. 5¢) were
not statistically significant in absolute terms, the highest ni-
trate value occurring at station N8 (Om) at St. Antonio port.
It is noteworthy that the inorganic dissolved nitrogen (DIN)
(Fig. 5d) had an important contribution of N-ammonium. The
dissolved inorganic phosphorus (Fig. Se) in this oceanic area
presented low values the highest values being found at station
N2 (Golfinho Bay) and N6 (Cachorro Beach), in the bottom
waters. The former site presents intensive frequency of mam-
mals whereas at the latter, the sewage leak was pronounced.
In relation to silicate (Fig. 5f), the values were relatively low,
showing that no significant terrestrial contribution was pre-
sent, only to resuspension could an effective alteration be
attributed.
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Figure 4. Distribution of temperature (a), salinity(b), dissolved oxygen(c), pH(d), suspended particulate matter (e),
suspended organic matter (f) on the western side of the Fernando de Noronha Archipelago, in March 2015. (Bars
indicate inversion of behavior) (Blue-surface; red-bottom waters).

The N-ammonium and phosphate (Fig. 6a and c) sho-
wed significant respective correlation (=0.66 and r=0.58)
(p<0.05) that indicated the similar origin of these nutrients
in this region. On the other hand, nitrate and silicate (Fig.
6b and 6d) presented inverse behavior, with negative res-
pective correlation (r=-0.24 and r=-0.19), (p<0.05), indi-
cating a source different from that of the former.

The Dissolved Organic Carbon (DOC) (Fig. 7a) pre-
sented values around Img L' with an increase at N6,
mainly at the bottom and a decrease in the direction of the
port. In general, the dissolved organic phosphorus (DOP)
(Fig. 7b) was low, with a slight increase at the bottom at
station N6 (Cachorro Beach) associated with an increa-
se in DOC. Dissolved organic nitrogen (DON) (Fig. 7¢)
corroborates this increase at the bottom at N6 and also re-
veals an increase at N4 (surface and bottom). Observing
the urea signal (Fig. 7d), it is possible to attribute part of
the increase in organic nitrogen at N6 to the introduction
of the urea associated with the sewage outflow. In March
2015, there was a spill of domestic waste on Cachorro be-
ach, near N6, due to the untreated sewage discharge from
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the Vila dos Remédios (village), as reported in a newspa-
per (O Estado de Sao Paulo, 2015).

The dissolved inorganic N forms constitute, as in
most oligotrophic waters, the limiting factor for primary
production. It could be confirmed by the low availabili-
ty of inorganic nitrogen and as there is a reasonable pre-
sence of organic N, it perhaps supports the availability of
N-ammonium both at the surface (Fig. 8a) and at the bot-
tom (Fig. 8b), considering that it is the first regeneration
product of organic matter oxidation by bacteria.

Total chlorophyll (Fig. 9) was measured during the
net phytoplankton sampling, around stations N1 (Sapata
Point), N2 (Golfinho Bay), N4 (Boldré beach) and N5
(Conceigao beach). The chlorophyll concentrations varied
from 0.18 mg m™ to 0.81mg m™, the highest value being
located at the surface at N4 (Fig. 9), certainly a contribu-
tion to an attractive scenario for the life support and high
frequency of dolphins in this region as a result of the orga-
nized food chain. This highest value was associated with
the lowest alkalinity value (2227 mg), according to Bertini
et al. (submitted).
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Figure 5. Distribution of N-ammonium (a), dissolved nitrite (b), dissolved nitrate (c), DIN (d), dissolved phosphate
(e), dissolved silicate (f) on the western side of the Fernando de Noronha Archipelago, in March 2015. (Bars
indicate inverse behavior). (Blue - surface; red - bottom water).

Figure 6. Correlation of temperature and nutrients: N-ammonium (a); nitrate (b); phosphate (c) and silicate (d) on
Fernando de Noronha, in March 2015. Dashed lines indicate tendency.
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Figure 7. Distribution of DOC (a), DOP(b), DON(c) and urea(d) on the western side of the Fernando de Noronha
Archipelago, in March 2015. (Bars indicate inversion of behavior.) (Blue - surface, red - bottom waters).

Figure 8. Accumulated concentrations of N-ammonium (blue); nitrite (red) and nitrate (green) at the surface (a)
and bottom (b), in Fernando de Noronha Archipelago, March 2015.

In the Archipelago, first identified here, the phyto-
plankton groups showed a predominance of filamen-
tous cyanobacteria indicating the importance of the
fixation process in view of the low availability of
inorganic nitrogen forms, mainly N-ammonium. This
is noteworthy in relation to the support of the trophic
chain under these oceanic conditions. In accordance
with this sequence, the Coccolithophorids and the al-
gae Tetraselmis sp and Chlorella sp were present in

the composition of the phytoplankton collected on
Figure 9. Distribution of total chlorophyll in Fernando de Noronha

) > Fernando de Noronha.
Archipelago, in March 2015. (Blue - Om and red - bottom).

80 BRAZILIAN JOURNAL OF OCEANOGRAPHY, 66(1):73-90;2018



The presence of dissolved organic matter (DOC, DON and
DOP) available in water and its relation with dissolved oxy-
gen (Table 2) can contribute to understanding the inorganic
and organic matter cycling and the regeneration process. The
availability of inorganic nitrogen represent an important limi-
tant factor to primary production and the oxidation process is a
constant input to inorganic pool in this oxygenated oceanic wa-
ter. In this study, DOC:DON:DOP presented reasonable values
for C and P and values not enough for nitrogen.

Table 2. Values of total and organic dissolved compounds, in
March 2015 (Dry season) on Fernando de Noronha-Pernam-
buco. (DOC=Dissolved Organic Carbon; DON=Dissolved
Organic Nitrogen; DOP=Dissolved Organic Phosphorus;
TDN=Total Dissolved Nitrogen; TDP=Total Dissolved
Phosphorus; DO=Dissolved Oxygen).

DOC (umol L) (5834;12909)
DON (umol L) 672078)
DOP (umol L) (8.?33)?)75)
TDN (umol L") (598&32‘;)
TDP (ol L) 037501
DOC:DON (32;):1;)
DOC:DOP (13 ,?)22_521’%;19‘(‘))
DO:DON (511 (;izjg)
DO:DOP ?22‘;97117313;?

In this study, the basis for the supply of nutrients is rege-
neration, as shown by the DON reservoir and the DO:DON
ratio, indicating the importance of the regenerated N in su-
pporting the Redfield ratio.

The PCA treatment (Fig.10) explain 42.3% of total varian-
ce and the PC1 was responsible for 22.8% and PC2 19.4%.
The variable with significant and positive correlation were:
DNT (0.96), DIN (0.95) and N-ammon. (0.94), Nitrite (0.63)
and DO (0.59). In relation to PC2, temperature (0.79), %OM
(0.68), salinity (0.56), DIP (0.53) and DOP (0.39) presented
significant positive correlation coefficients, while negatives
were presented by SOPM (-074), SPM (-068) and silicate
(-0.54). The DTN, DIN and N-ammonium presented signifi-
cant correlation with PC1 and no significant with PC2.
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The PCA illustrates the tuning of the organic data with
the N-ammonium showing the connection with the rapid
remineralization of the organic matter in the presence of
dissolved oxygen availability and also, the distance of the
values N4 (Om) and N6 (10m) from the other data, the latter
showing greater anthropogenic influence.

DISCUSSION

In equatorial waters, the variations of the sea surface
temperature (SST) result from an important air-sea inte-
raction process evident in the Tropical Atlantic Ocean,
where variations of wind-induced vertical mixing and the
vertical and horizontal advection of heat occur, as eviden-
ced by several authors (Weingartner and Weisberg, 1991;
Yu et al., 2010; Skielka et al., 2010). Considering this oce-
anic region, the entire Fernando de Noronha archipelago,
it comes under the influence of the central branch of the
South Equatorial Current (CSEC), flowing from E to W
(=30 cm.s') between the surface and a nominal depth of
100m. This influence is responsible for the presence of cle-
ar and warm waters (around 28°C), with a salinity aroun-
de 36 PSU. It is also under that of the South Equatorial
Undercurrent (SEUC), flowing in the opposite direction
(W to E) (= 20 cm.s"), at depths of from 40 to 150 me-
ters (Easton et al., 1986; Stramma and England, 1999).
The CSEC is located between the SEUC (3°S-5°S) and the
South Equatorial Counter Current (6°S-9°S) (Peterson and
Stramma, 1991; Stramma and England, 1999; Assungio
et al.,, 2016). Weingartner and Weisberg (1991), using
measurements of water temperature and velocity at the
equator at 28° W, showed that the uncoupling of the mix-
ture layer due to wind relaxation occurs in the middle of
December and traps the net surface heat flux (On) in a
thin upper layer, promoting during the following months
the formation of a highly stable surface layer. This stable
condition continues and is responsible for the progressi-
ve warming of the shallow mixed layer until late April/
early May when, with the strengthening of the wind, the
upwelling movement and the mixing in the ocean are con-
sequently turned on. This study was undertaken in March
2015 in an oceanic zone where no sign of upwelling was
observed and an apparently stable condition was observed
in the shallow water off the coast of Fernando de Noronha
Island. Despite the high water temperatures, dissolved
oxygen concentrations were high, always over 100%,

maybe by reason of the oceanic hydrodynamic.
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Figure 10. Data from Principal component analysis (PCA) of organic and inorganic variables of the Inner Sea coast of Fernando de Noronha
Island - Pernambuco (Brazil). (A) Ordering of environmental variables, (B) ordering of samples (SPM=suspended particulate material, N-nitrite,
N-nitrate, P-phosphate, Si-silicate, DOP=Dissolved Organic Phosphorus, DON=Dissolved Organic Nitrogen, SPM=Suspended particulate matter,
SPOM=Suspended particulate organic matter, pH, urea, N-ammon = N-ammonium, DO = Dissolved oxygen, Sal= salinity, T=temperature, %OM=

% organic matter) obtained in March 2015.

The surface waters (<20m) off the western coast of
Fernando de Noronha, in the most touristic and highly
populated area continue to be occupied by incredible life
forms. The oligotrophic conditions confirm the transport
of equatorial surface water by the NBUC as observed in
the Equatorial Atlantic circulation models described by
some authors (Molinari et al., 1981; Bourlés, et al., 1999;
M¢émery et al., 2000; Skielka et al., 2010). Around oceanic
islands, sometimes the raising of the thermocline into the
euphotic zone induced by seamount structures results in
a Taylor-column, as mentioned by Boehlert and Mundy
(1993), though no sign of upwelling was observed, a low
level of inorganic nutrients persisting in the coastal fringe
studied. Souza et al. (2013) observed a distribution of nu-
trients around Fernando de Noronha (1997-1998) which
attained greater nitrate and nitrite values than those ob-
served in this study, taking into consideration, however, a
larger area of study. It is possible that the stationary recir-
culation of water that reaches the summit of the seamount
could contribute to the primary production, as indicate by
Genin and Boehlert (1985).
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All salinity values were >36.19, thus characterizing
equatorial oceanic water, present around the archipelago
with high salinity, as indicated by CITHER-1 Project (A7-
WOCE) near the Equator (Mémery et al., 2000). There
is no evidence of fresh water input, not even near station
N6 where a waste water discharge is to be observed, as is
evidenced by a slight decrease in pH values. The dissol-
ved oxygen values were high enough to reflect the super-
saturated condition of the warm and salty waters of this
region. In CITHER1 (WOCE) section A7, at station 83
(Lat. 5°12°N, Long. 32° 15°W) and at station 98 of the
transversal section (Long. 35°W), located near Fernando
de Noronha Archipelago, the salinity of the surface waters
(at 100m depth ) was >36.00, and dissolved oxygen was
superior to 200 pmol Kg'!' (Group CITHER 1, 1994) that
corresponds to ~4.48 mL L.

In general, the oceanic water in tropical zones is con-
sidered oligotrophic due to the existence of the subsurface
layer that creates a permanent thermocline and where the
vertical transport of nutrients to the euphotic zone is mi-
nimal (Cushing, 1975). The strategy of supporting a food



chain in oligotrophic waters is to observe the fixers as-
sociated with other phytoplankton groups at the base of
the pyramid. In the case of seamounts (guyots) far from
land, the divergence of current wind stress tension and the
interaction of the currents with submarine relief can con-
tribute to the mixing and renewal of the water in shallow
waters (Rogers, 1994). Considering the exuberance of life
in the Fernando de Noronha Archipelago and the totality
of the data obtained at the sites studied, the maintenance
of nutrient availability was investigated as also was the
way in which dissolved organic material could play an
important role in the biogeochemical nutrient cycle. The
presence of equatorial surface waters was observed by vir-
tue of their higher salinity (>36) and temperature (>28°C),
thus presenting conditions favorable to high evaporation
and also evidencing the slight influence of rainfall in this
region and period thus contributing to ensure the oceanic
buffer condition of the surface waters, and in this case,
throughout the water column’s depth, presenting pH of
around 8. In 2014, Assuncdo et al. (2016), also observed
high temperatures.

The inverse correlation between temperature and dis-
solved oxygen, even considering the high oxygen values
present in the region could corroborate that the little de-
pletion of oxygen with the increase of temperature could
be associated with the gas solubility properties and with
a possible use of organic matter in the oxidation process.

Assungdo et al. (2016), showed that Santo Antonio
port, at Fernando de Noronha Archipelago presented the
highest nutrient concentrations (NH,", NO,” and NO,’) in
2014 and demonstrated the influence of the sewage ou-
tflow and the port activity as seen in the slight increase of
nutrients associated with the low hydrodynamic activity of
the port. The present study evidenced the sewage contri-
bution at Cachorro beach not only as due to the inorganic
nutrients, but also to the urea concentration. In general,
this coastal fringe region presented the inorganic nutrient
values characteristic of oligotrophic oceanic waters, but
it is also subject to swell action promoting the release of
pore water and washing the guano from birds’ nests, thus
occasionally fertilizing the waters, as cited by Bosman and
Hockey (1986); Polis et al. (1997) and (Cozzi et al. 2014.)
In the case of Golfinho Bay, the presence of dolphins in
the region contributes not only with organic matter to the
water column from the vomiting of the spinner dolphin
population that inhabits the bay, as cited by Sazima et al.
(2003), but also with the excretion of urea, thus increasing
the organic nitrogenous pool.
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In relation to inorganic nitrogenous compounds, oli-
gotrophic waters normally exhibit low values of dissolved
inorganic N, their main observed form being nitrate due
to its more stable form in the presence of sufficient dis-
solved oxygen. In general, in this study, the inorganic N
pool presented low concentrations, with DIN (Dissolved
Inorganic Nitrogen) varying from 0.74 to 4.32 pmol L,
the highest values occurring in the internal region of the
Santo Antonio port and in Golfinho Bay, regions affected
by the presence of mammals and anthropogenic activities.
The predominant form was N-ammonium, accounting for
more than 80% at the majority of sites, except at Boldrd
Beach (N4) where its levels were 66% (0m) and 57%
(bottom). The predominance of N-ammonium is a result
of the ammonification due to the degradation of the par-
ticulate and dissolved organic matter present in the Inner
Sea and that is involved in the regenerated N support for
the food chain, as observed by Dugadale and Goering
(1967b); Dugadale et al. (1964). This is corroborated by
the DON pool, that varied from 1.04 to 4.31 pmol L,
including low values of N-urea. DON also constitutes an
important N-source for primary production as like a level
of the biogeochemical processes with the participation of
microbial handle and zooplankton as like a direct source
for some phytoplankton species, so an important element
in this area.

In this remote area, the urea values attained 2.90 umol
L' at N6, at the same time that a leak of sewage loca-
ted off Cachorro beach had been reported on the island.
Values of <1.00 urea-N pmol L' of urea were more to be
expected on isolated marine islands, as was observed by
Braga (1995) who recorded 0.05 and 1.71 uM-urea off
Anchieta Island, in southern Brazil. However, the distri-
bution of urea could occur in patches with some values
slightly above 1 umol L' of urea-N revealing specifically
the excretion of marine mammals, elasmobranchyos and
mollusks and some fish that excrete a mixed nitrogenous
products, (ammonium, urea, creatine, uric acid, aminoaci-
ds) (Braga, 2002). Urea is also the most abundant form of
organic nitrogen of possible use to phytoplankton (Painter
et al., 2008; Solomon et al., 2010). In Florida Bay (July)
the values were 0.24 to 2.86 urea-N pM, in Chesapeake
Bay they were 0.27 to 1.10 pM urea and on the Florida
Shelf 0.32 to 0.98 (in this case the salinity varied from
34 to 36), as cited in Revilla et al. (2005). In the present
study the values were <2.00 pmol L' urea except at N6,
influenced by the sewage spill. The presence of an ex-

pressive marine animal life on this western coastal fringe
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(the Inner Sea) of the island, naturally favored the organic
contribution to organic-N, without to draw up a pollution
situation in all points.

Even regarding inorganic nutrients, phosphate (DIP)
presented values between 0.19 and 0.48 pmol L, a si-
milar concentration to that observed by Assun¢éo et al.
(2016), with the highest level occurring at N2 (Golfinho
Bay) which can be related to the leaching of the soil, whi-
ch presents high levels of phosphorus (Nascimento, 2002).
Its biogeochemical interactions adding to the mineraliza-
tion of organic matter, seeing that in this region the pre-
sence of animals and birds is intensive, and dissolved or-
ganic phosphorus (DOP) attained 0.20 pmol L™ in surface
waters. Silicate presented a large range of concentrations,
with values from 0.84 to 2.93 pmol L, confirming the mi-
nor terrestrial contribution due to the fact that the island’s
soil is under-saturated in silica (Almeida, 2000) and was
associated with March’s low rainfall in 2015 (106 mm as
compared with a historical average of 267mm) (APAC,
2017). The maximum values were observed in the surface
waters at Boldro Beach (N2) but, in general, values were
low, maybe due mainly to the rainfall anomaly and a con-
tribution from the effects of sediment resuspension, these
values normally attaining their highest levels during the
rainy season, as shown by Assungdo et al. (2016), who
presented a maximum value of 8.71 pmol L.

The TDP presented low values that reveal the leaching
of the soil rich in phosphorus (Nascimento, 2002) and the
decomposition of the additional organic matter from ani-
mal excreta. The dissolved organic contribution was <30%
of'the total dissolved phosphorus, but enough to contribute
to the inorganic reposition due to the rapid mineralization
of P. The highest values were observed in Golfinhos Bay
(Om) maybe due to the contribution of organic excreta.

High values of DOC were located at Cachorro Station
(N6) of 199 pumol L', near of sewage discharge. For
other stations, DOC varied from 53 to 98 pmol L, ty-
pical values for tropical and temperate oceans (Santinelli
et al., 2012). Fernando de Noronha Island presented low
terrestrial influence due to no large rivers are present in
this environment The major components of DON include
urea, dissolved combined amino acids (DCAA), DFAA,
proteins, nucleic acids, amino sugars, and humic substan-
ces (Bronk, 2002). Urea is account for 18 to 63% of DON
concentration. DOP phosphorus is often present in con-
centrations up to an order of magnitude higher than DIP
in oligotrophic regimes (Karl et al., 2002). However, in
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Fernando de Noronha Island, DOP ranged from 6 to 42%
in relation to TDP, enough to contribute to the inorganic
reposition due to the rapid mineralization of P. The highest
values were observed in Golfinhos Bay (0m) maybe due
to the contribution of organic excreta. Fixed N, by cyano-
bacteria is the main process of source of N for growing
phytoplankton. According with Hutchins et al. (2007) and
Safiudo-Wilhelmy et al. (2004), in Trichodesmium, the N,
fixation rates were correlated to cellular P, suggesting that
P limits N, fixation. In Fernando de Noronha Island, va-
lues of DIP are higher than DOP, which do not limited for
N, fixation. However, inorganic P is not the only P source
for Trichodesmium in the open ocean (Mulholland et al.,
2002) other organisms can enjoy phosphate.

DOC:DON deviated the Redfield molar ratio about
5.5 times with values upper 20. These high values may be
attributed to refractory DOC from terrestrial and marine
source and the same time by the low nitrate and the consi-
derable amount of ammonium in the N-pool. The N, fixa-
tion by filamentous plays an important role in this region
as also does the regenerated N, as N-ammonium, contribu-
ting to the low values of C:N based on then N-ammonium
from both organic and inorganic sources. Nutrient limi-
tation can influence the quality of dissolved organic mat-
ter and in high salinities environment tends to promote a
stress for phytoplankton cells that start to produce main-
ly polysacarides that are more or less rapidly released in
aquatic environment. Also, the lack of phosphorus and ni-
trogen explains DOC preservation, bacteria being unable
to use it in such a situation (Cawet, 2002).

Recent findings in freshwater and marine environ-
ments indicate that photochemical processes can effect the
release of labile N from dissolved organic matter (DOM).
Some studies have shown that photyochemical reactions
occur when DOM in marine environments is exposed to
natural sunlight (Cawet, 2002).

In relation to DON:DOP molar ratio, Fernando de
Noronha Island presented values that ranged 5 -142 wi-
th average of 45+35. The value of 5 is located in surface
water of Golfinho station (N3), but in major of stations
and depths, the DON:DOP molar ratio presented Redfield
molar ratio deviation of three -fold in average. Santinelli
et al. (2012) reported high DON:DOP molar ratios in
Adriatic Sea and attributed to atmospheric deposition
that represents the major external source of bioavailable
N. Furthermore, according with these, in the Southern
Adriatic, picophytoplankton dominates the primary



producers with a strong predominance of Synechococcus
which N:P molar ratios vary between 24 and 110 (Cerino
etal., 2012).

The molar ratio between dissolved oxygen, nitrate and
o-phosphate in marine phytoplankton and in deep oceanic
waters is almost constant (O,:N:P=138:16:1; Redfield et
al., 1963). As Laje de Santos (Braga et al., 2017), Fernando
de Noronha Island presented high O, :DON and O,:DOP,
indicating a deficit of these nutrients.

In this region, the average DOC:DON was 5.5 times
the Redfield ratio, which could explain why available or-
ganic matter is the reason for inorganic nutrients and ni-
trogen-rich compounds being recycled faster than carbon-
-rich compounds, as proposed by Sambrotto et al. (1993),
as observed in another marine reserve on the southeastern
coast of Brazil, where Braga et al. observed DOC:DON
ratios more than 4 times higher in the Laje de Santos
Marine State Park (PEMLS) (Sdo Paulo, Brazil).

The ratio between C:N and N:P total forms is low
and in that of DOC:DON the value increases (>20) in-
dicating the organic contribution confirmed by the low
nitrate and the considerable amount of ammonium in
the N-pool. The N fixation by filamentous cyanobacteria
mentioned by other authors (in preparation) plays an im-
portant role in this region as also does the regenerated N
as N-ammonium, contributing to the low values of C:N
based on the ammonium contribution from both organic
and inorganic sources. The abundance of Trichodesmium
is generally limited to oligotrophic waters with ideal be-
tween 20°C-30°C). Breitbarth et al. (2007) showed that
the optimal Thermic condition is between 24 and 30 (near
to the temperatures observed in this study). At these tem-
peratures the growing rate is max and it corresponds to the
maximum of mmol of N, fixed permol of POC per hour.

The C:P ratios above 100 (Redfield et al., 1963) were
observed, also considering the organic forms (DOC:DOP)
which seemed to confirm the relatively high availability of
P in the water explained by the organic contribution (gua-
no and the excreta of aquatic animals) added to the avai-
lability attributed to the soil contribution previously no-
ted by Rocha et al. (2005). Cachorro Beach and Golfinho
Bay presented the highest values of organic components,
probably associated with the influence of sediment resus-
pension and its biogenic source, natural and anthropogenic
contributions to the organic dissolved material in the water
column.

In general, oligotrophic water was present in this re-
gion, with enough P to support the primary production
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associated with N-ammonium as the main N-support.
Maybe another mechanism contributes to the primary
production common in oceanic oligotrophic areas, such as
the fixation process. This could be the explanation for the
profusion of life in this area. Organic matter is probably
an important source of autochthonous recycling material,
shown by the different ratios between the organic forms
and also of those with the dissolved oxygen availability as
favoring the oxidation process.

The increase in the oxidation of organic matter due
to the rise in temperature could be acting in the regenera-
tion of N-ammonium and phosphate and showed signifi-
cant respective correlation (r=0.66 and 1=0.58) (p<0.05)
that indicated the similar origin of these nutrients in this
region.

In relation to chlorophyll and phytoplankton, the ma-
ximum level of chlorophyll was observed at the surface at
N4 (Boldr6 beach), the region having an exuberant marine
life supported by the food chain. Cordeiro et al. (2013),
studying the chlorophyll maximum at seamounts near the
Rocas atoll, attributed to N-ammonium availability the
fertilization observed as it was evidenced in this study at
N4, local where the lowest alkalinity was present indica-
ting a potential sequestration of CO, association that men-
tioned by (Balch et al., 2005).

The N-ammonium that represents the preferred form
in the assimilation process, but that it also results from the
rapid regeneration of organic nitrogenous materials, which
might be the main process supporting the primary produc-
tion in this region far from the continent and the terrestrial
input of N, that would explain other recycling processes in
the maintenance of the food chain.

To reinforce the biological data, Easton et al. (1986)
characterized the benthic marine organisms concerned
as in some ways coincident with the points made in this
study and in relation to macro-algae, they registered the
presence of blue-green algae and calcareous crusts in the
intertidal, lower intertidal and infralittoral zones, with red
Melibesioidea. Boldro beach (N4) presented a Vermitidae/
Melobesioidea reef platform on the infralittoral fringe
which sheltered a more varied fauna. The sub-tidal zone,
in Carrero da Pedra Bay (near N 2), was predominantly
covered by macroalgae (Easton et al., 1986) as also was

Sapata Point.

CONCLUSION

Considering that the archipelago is formed by the pe-
aks of volcanic seamounts and the ocean floor is located
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at about 4200m depth, the islands possibly constitute a
barrier that could induce upwelling processes in the in-
sular shelf water as has been observed on another island
as described by Thomson (1981), however, this upwelling
effect was not observed on the internal fringe of the island
during this investigation. The local process of nutrient
input and remobilization and the remineralization of the
organic fraction of nutrients could be considered to consti-
tute an important source of material to support the primary
production including the fixation process at the beginning
of the chain food. The oligotrophy based only on inorga-
nic nutrients is not enough to account for the limitation of
life based on primary production in a remote oceanic area.
The biogeochemical cycles of nutrients giving importance
to N and P organic forms and the microbial role influen-
ced by temperature and dissolved oxygen availability lie
behind regeneration actions. The fixation process is also
important when N-inorganic forms need to be supplied to
maintain the initial phases of the food chain in remote are-
as with particular organization. In warmer oceanic water,
faster nutrient turnover in the surface mixed layer is es-
sential for the functioning of oligotrophic ecosystems. The
support of N-ammonium for primary production and its
source in organic N was clearly evidenced in this region;
on the other hand, the concentration of urea in this remote
area made human influence on the water quality evident
and the need for a rigid monitoring plan for waste water in
the Fernando de Noronha Archipelago clear. Organic mat-
ter and the inorganic nutrients released, added to the bacte-
rioplankton remineralization of dissolved organic matter,
can sustain phytoplankton and heterotrophic organisms in
oceanic waters.
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