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a b s t r a c t

Colonies of seabirds have been shown to influence nutrient cycling and primary production of coastal
areas, but knowledge is still limited above all for smaller colonies. This study evaluates the influence of
a small resident seagull colony (Larus michahellis Naumann, 1840) on a Mediterranean coastal system
(Marinello ponds, Sicily, Italy). The presence of ornithogenic organic matter from seagull guano was first
assessed at increasing distances from the colony using d15N to indicate the effects of guano on the trophic
status and primary production. The pond directly affected by guano deposition showed an anomalous
water and sediment chemistry, especially regarding physico-chemical variables (pH), nitrogen isotopic
signature, nutrient balance and phytoplankton biomass. These effects were not observed in the adjacent
ponds, highlighting pronounced, small spatial-scale variability. Given the worldwide presence of seabird
colonies and the scarcity of research on their effect on coastal marine areas, the study shows that
seabird-mediated input may be important in influencing ecosystem dynamics of coastal areas, even
where both the system in question and the colony are small.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Transitional environments are unstable and sensitive coastal
systems, owing to their interface location and consequent variable
morpho- and trophodynamic regime. Major features are their
shallow waters, limited surface area and variable degree of
confinement, depending on the number and width of connections
with the adjacent sea and their freshwater input (McLusky and
Elliot, 2007). In this context, while many factors influence both
estuarine/coastal trophic status and primary production, the rates
of nutrient supply and the balance between internal and external
load are of the utmost importance in regulating these processes.

Allochthonous nutrients and organic matter can reach transi-
tional environments in two ways: carried passively by abiotic
factors (watershed runoff, riverine and tidal inflow) and actively by
biotic vectors (Dame and Allen, 1996). While the role of abiotic
drivers in influencing ecosystem dynamics and functioning in
coastal areas is well-studied and documented (e.g. Sarà, 2006;
Como et al., 2007), little is known about the role of biotic vectors in
moving and redistributing resources across coastal landscape
boundaries, especially in transitional environments.
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Amongst the biotic allochthonous nutrient sources that greatly
influence aquatic ecosystems, seabirds are among the most
important, and are often underestimated in transitional environ-
ments. It is well known that avian populations may affect nutrient
and organic matter processing by moving nutrients and organic
matter between ecosystems, with birds feeding in one area and
roosting or nesting in another (Bildstein et al., 1992; Polis and Hurd,
1996). Because of this widespread phenomenon, several seabirds
have been labelled as biovectors, introducing large amounts of
marine-derived nutrients to land (e.g. Loder et al., 1996; Polis and
Hurd, 1996; Anderson and Polis, 2004; Ellis et al., 2006). Due to
their recent very large demographic increase (Vidal et al., 1998;
Duhem et al., 2008) and their opportunistic feeding behaviour
(Payne and Moore, 2006; Ramos et al., 2009; Moreno et al., 2010),
seagulls also move nutrients in the opposite direction as they feed
mainly on terrestrial resources in urbanised areas and live and nest
in aquatic ecosystems (e.g. Marion et al., 1994; Hahn et al., 2007).

Seabird guano has been recognised globally as an important
fertiliser (e.g. Bosman and Hockey, 1986), being rich in organic and
inorganic nutrients, especially nitrogen and phosphorus. Its
primary effect, as observed in the most widely studied aquatic
systems that feature large colonies (i.e. freshwater, marine pelagic
and, in particular Arctic and Antarctic), is enhancement of local
nutrient availability (e.g. Sanchez-Piñero and Polis, 2000; Ellis et al.,
2006; Keatley et al., 2009). Other direct and indirect effects often
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Fig. 1. Map of the study area with sampling ponds. The dotted oval indicates the
seagull colony location.
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associated with bird guano deposition are alterations of physico-
chemical variables and trophic status (e.g. Manny et al., 1994;
Marion et al., 1994; Loder et al., 1996; Brimble et al., 2009), an
increase in nutrient uptake by primary producers and phyto-
plankton biomass (e.g. Bosman and Hockey, 1986; Payne and
Moore, 2006; Brimble et al., 2009; Gwiazda et al., 2010) as well
as an increase in zooplankton and zoobenthos density (Wootton,
1991; Palomo et al., 1999; Kolb et al., 2010).

Stable nitrogen isotope ratios (15N:14N; d15N) are widely used as
a proxy for the ornithogenic influence on ecosystems (e.g.
Wainright et al., 1998; Blais et al., 2005; Keatley et al., 2009). Many
studies have showed that sediments and water close to bird colo-
nies are 15N-enriched, exhibiting a distinctive isotopic signature
that is valuable for demonstrating bird-derived input to aquatic
systems. This enrichment results from the 15N enrichment along
marine food chains and the isotopic fractionation occurring during
volatilisation of the ammonia from seabird products (Mizutani and
Wada, 1988). Since most research on the effects of avian input in
aquatic systems has been carried out in lotic systems characterised
by large colonies and high hydrodynamism, there is a need for
studies in lentic systems such as transitional environments, where
bird colonies are smaller and the limited size and scarce connec-
tions with the sea and rivers can magnify effects.

This study assessed the effects of avian allochthonous input
from a small seagull colony on trophic status and primary
production in a Mediterranean coastal system. The purpose of this
study was firstly to detect the presence of avian allochthonous
input in the system at increasing distances from the colony, using
d15N in sedimentary and particulate organic matter. Once the
isotopic influence of guanowas ascertained, we evaluated the effect
on the trophic status and primary production using nutrient
concentrations in surface water and sediment and Chl-a concen-
tration in the surface water.

2. Materials and methods

2.1. Study area

TheMarinello coastal system is in theGulf of Patti (Messina, Italy)
on the Tyrrhenian coast of Sicily (Italy, Mediterranean) (Fig.1) and is
characterised by rapid geomorphological evolution and high struc-
tural and hydrobiological complexity. The particular anemological
and hydrological regime formed littoral bars, delimiting 5 small
coastal ponds (Verde, Fondo Porto, Porto Vecchio, Mergolo and
Marinello). These are characterised by a dynamic shape and size due
to rapid evolution of the coastalmorphology (Crisafi et al.,1981). The
ponds are affected by different water inflows. The outermost ponds
are mainly influenced by seawater inflows, through infiltration or
direct contribution during storms. In contrast, the most significant
input to the three inner ponds is surface runoff, carrying dissolved
andparticulatematter from surrounding land (Leonardi et al., 2005).

Of these five ponds, three were sampled in this study: Verde,
Fondo Porto and Mergolo, selected according to their increasing
distance from a resident seagull colony. Verde is small (1.7 Ha;
3.0 mmax depth) and directly affected by a colony of yellow-legged
gulls (Larus michahellis Naumann, 1840) living on the cliff of Tindari
behind (Mazzola et al., 2010, Fig. 1). The adjacent ponds, Fondo
Porto (1.3 Ha, 2.0 m max depth) and Mergolo (2.5 Ha, 3.5 m max
depth), around 200 m and 600 m respectively from the colony,
completely lack gulls (Mazzola et al., 2010, personal observation).

2.2. Field activities

To estimate nutrient load from the yellow-legged gulls of the
Marinello colony, birds sitting on the cliff, moving around the shore
and flying over Verde pond were counted seasonally using binoc-
ulars (10 � 50) from three points equidistant from the cliff and by
three observers contemporaneously. Diurnal estimates were
representative of the 24-h period and seasonal estimates repre-
sentative of the entire season considering the resident habit of the
Marinello seagulls (Perco et al., 1986).

From September 2008 to August 2009, surface water and sedi-
ment were collected monthly from the three ponds (Fig. 1) and
seagull guano was carefully scraped from the sandy shores of
Verde. Surface water was collected from each basin using 5 l
bottles; physico-chemical variables of surface water were
measured in an YSI 556 Multiprobe System. Hand corers (inner
diameter: 4 cm) were used to collect surface sediment from the
bottom of each pond. Both surface water and sediment were
sampled in triplicate. All samples were kept cool and dark upon
arrival at the laboratory.
2.3. Laboratory analyses

Surface water was filtered through a 200 mmmesh net to obtain
the particulate fraction, and then onto precombusted (450 �C, 4 h)
Whatman GF/F filters for analysis of particulate organic matter
(POM) d15N, particulate nitrogen and phosphorus (PN and PP) and
Chlorophyll-a (Chl-a). Filtered water was kept for dissolved
nitrogen and phosphorus (DN and DP) analyses and then, as for
filters, sediment and guano were frozen at �20 �C until analysis.

Before analysis, guano was wet sieved at 200 mm to eliminate
sand and coarse residuals, while sediment was sieved at 63 mm to
select the bioavailable fraction of sedimentary organic matter
(SOM). Samples of filters, guano and sediments previously oven-
dried (60 �C) and ground to a fine powder, were analysed for
d15N in an Isotope Ratio Mass Spectrometer (Thermo Scientific
Delta Plus XP) connected to an Elemental Analyser (Thermo
Scientific Flash EA 1112). Isotopic values were expressed in
conventional d unit notation as parts per mil deviations from the
international standard, atmospheric nitrogen (N2), following the
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formula: dX ¼ ½ðRsample=RstandardÞ � 1� � 103, where X is 15N and R
is the corresponding 15N/14N ratio. Analytical precision based on
the standard deviation of replicates of internal standards was 0.2&.

Both dissolved and particulate nitrogen (DN and PN) and
phosphorus (DP and PP) were determined according to the per-
sulfate digestion procedure proposed by KoroleffeValderrama
(Valderrama, 1981; Koroleff, 1983a,b), with consecutive determi-
nation of nitrate and phosphate based on colorimetric methods (cf.
Grasshoff, 1983). Guano and sediment nitrogen (SN) were
measured according to Hedges and Stern (1984) in an Elemental
Analyser (Thermo Scientific Flash EA 1112). Acetanilide was used as
standard to calculate the K-factor. Guano and sediment phosphorus
(SP) was measured after hot digestion with nitric and perchloric
acids (IRSA, 1985). The determinations were carried out using
ascorbic acid as a reducing agent (Murphy and Riley, 1962; Jones
and Spencer, 1963), followed by the determination of phosphate
based on colorimetric methods. Chlorophyll-a (Chl-a) was extrac-
ted in the dark using 90% acetone overnight (4 �C) (Morabito, 1997)
and determined spectrophotometrically (Jeffrey and Humphrey,
1975; Lorenzen and Jeffrey, 1980).
16 POM SOM GUANO
2.4. Data elaboration

Mean loading rate of N and P by seagulls to Verdewas derived as
the product of seagull excretion rate,mean concentration of N and P
in seagull guano and mean numbers of seagulls counted on the
Verde cliff according to the modification of the approach indicated
by Manny et al. (1994). Bird excretion rate was based on literature
estimates for the herring gull Larus argentatus, reviewed by Hahn
et al. (2007), the closest related species to the yellow-legged gull
in the Mediterranean area. N:P molar ratios were calculated for
guano and surface water from total nitrogen TN and total phos-
phorus TP data transformed on molar basis.

Data were found to be heteroscedastic even when transformed,
so nonparametric KruskaleWallis ANOVA on ranks (Zar, 1999) was
carried out, using the Statistica 8.0 package, to test differences in
d15N and concentration of nutrients and Chl-a between ponds.
Analyses were followed by post-hoc multiple comparison tests of
mean ranks. Principal coordinates analysis (PCO) was performed
using the Primer 6.0 package to assess the main directions of
variation in the dataset, based on d15N, nutrients and Chl-a data.
Physico-chemical variables were superimposed onto the graph to
detect their correspondence with the ordination obtained.
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Fig. 2. Annual mean d15N (&) � st. dev. of POM and SOM in the three ponds: Verde
(VE), Fondo Porto (FP) and Mergolo (ME). Annual mean d15N (&) � st. dev. of guano is
superimposed onto the graph.
3. Results

3.1. Ornithogenic input

The highest numbers of seagulls were recorded in summer and
autumn (125 and 105 ind. respectively). This agrees with the post-
reproductive coastal aggregation habits of Italian yellow-legged
gulls due to post-natal dispersion (Brichetti and Fracasso, 2006). In
contrast, the lowest numbers found in winter and spring (80 and
90 ind. respectively) may correspond to adult individuals comprising
the resident colony. Throughout the study period, high variation in
guanonitrogen contentwas observed, ranging from18.3 to 96.5mg/g
(mean: 44.2 � 25.7 mg/g), while phosphorus content was less vari-
able and appreciably lower, ranging from 3.1 to 20.4 mg/g (mean:
7.3 � 4.1 mg/g). Consequently, analysis of nutrients in guano, associ-
ated with estimates of total numbers and defecation rate of seagulls,
suggested that nutrient load in Verde from seagulls was seasonally
variable, ranging from 31.4 to 49.1 kg/year, with a mean value of
39.3 � 7.7 kg/year for nitrogen, and from 5.2 to 8.1 kg/year, with
a mean value of 6.5 � 1.3 kg/year for phosphorus.
3.2. Stable nitrogen isotopes

d15N for yellow-legged gull guano collected from the shores of
Verde showed a wide range, varying from 6.0 to 14.7& (mean:
9.8 � 2.3&) (Fig. 2). The d15N of SOM from VE, the pond closest to
the gull colony, fell precisely inside the range for guano, varying
from 6.6 to 11.3& (mean: 9.6 � 1.1&), while in the other ponds
SOMwas significantly depleted in 15N (Table 1), ranging from 1.4 to
7.6& (mean: 4.8 � 1.6&) and from 3.9 to 7.6& (mean: 4.8 � 0.7&)
in FP and ME ponds respectively (Fig. 2). The d15N of POM showed
a similar trend, the samples from VE pond being highly enriched in
15N (range: 8.8e16.8&; mean: 11.6 � 2.0&), followed by FP pond
(range: 4.1e9.0&; mean: 6.6 � 1.4&) and ME pond (range:
0.8e7.4&; mean: 4.7 � 1.6&). KruskaleWallis ANOVA showed
a highly significant difference between the POM d15N signature
from the three ponds (Table 1) and the multiple comparisons
highlighted the following ordination: VE> FP>ME, corresponding
to increasing distance from the seabird colony.
3.3. Trophic status

During the sampling period, physico-chemical variables of
surface water were as follows: pH varied from 7.8 to 8.8 (mean:
8.5 � 0.2 units) in Verde, VE from 7.8 to 8.5 (mean: 8.1 � 0.2 units)
in Fondo Porto, FP and from 7.7 to 8.2 (mean: 7.9 � 0.2 units) in
Mergolo, ME. Dissolved oxygen, DO, varied from 36.6 to 135.7%
(mean: 106.9 � 25.0%) in VE, from 44.7 to 146.1% (mean:
100.1 � 23.2%) in FP and from 48.3 to 133.9% (mean: 98.4 � 19.5%)
in ME.

Nitrogen and phosphorus concentrations, both in the particulate
and dissolved compartment, as well as Chl-a concentration, were
higher overall in Verde, VE, than in the other ponds (Figs. 3 and 4)
as shown by KruskaleWallis analysis and multiple comparisons
(Table 1). Both particulate nitrogen and phosphorus, PN and PP,
from VE showed a clear seasonal trend, with two major peaks in
October and July, corresponding respectively to 2265.4 and
1206.4 mg/l for PN, and 443.9 and 409.3 mg/l for PP (Fig. 3a and b). A
similar seasonal trend was observed for Chl-a and dissolved
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Table 1
Summary of KruskaleWallis ANOVA on ranks and post-hoc multiple comparison
tests for d15N, nutrient and Chl-a concentrations, N:P ratio of the three ponds: Verde
(VE), Fondo Porto (FP) and Mergolo (ME).

Compartment Variable H p Multiple comparisons

Particulate d15N 80.37 *** VE > FP > ME
PN 55.47 *** VE > ME ¼ FP
PP 69.63 *** VE > ME ¼ FP
Chl-a 56.77 *** VE > ME ¼ FP

Dissolved DN 36.34 *** VE > ME > FP
DP 8.25 * VE ¼ ME > FP

Surface water N:P 51.35 *** ME ¼ FP > VE
Surface sediment d15N 71.00 *** VE > ME ¼ FP

SN 66.52 *** VE > ME > FP
SP 50.50 *** VE > FP > ME
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nitrogen, DN, from the same pond, although the summer peak
shifted to August (103.2 and 792.7 mg/l respectively for Chl-a and
DN) (Figs. 3c and 4a). The lowest values were recorded from
December to May for all these variables, followed by a sharp
increase in summer (Figs. 3 and 4). This clear seasonal trend was
not distinguishable in the other ponds, Fondo Porto, FP, and Mer-
golo, ME, for any of the above-mentioned variables (Figs. 3 and 4).
Differences in dissolved phosphorus concentration, DP, between
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Fig. 3. Mean particulate nitrogen (a), phosphorus (b) and Chl-a concentrations (c) (mg/
l) � st. dev. throughout the sampling period in surface water of the three ponds: Verde
(VE), Fondo Porto (FP) and Mergolo (ME).
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Fig. 4. Mean dissolved nitrogen (a) and phosphorus (b) concentrations (mg/l) � st. dev.
throughout the sampling period in surface water of the three ponds: Verde (VE), Fondo
Porto (FP) and Mergolo (ME).
ponds were less pronounced, although significant (Fig. 4b, Table 1).
The highest concentrations were detected in January in all ponds
(Fig. 4b), though VE and ME showed significantly higher values
overall than FP (Table 1).

The N:P molar ratio of guano and surface water from Verde
overlapped, varying respectively between 4.1 and 26.5 (mean:
14.9 � 6.8), and between 7.8 and 21.4 (mean: 12.9 � 3.1) (Fig. 5).
Comparing the N:P ratio in surface water from the three ponds, VE
showed significantly lower values and a narrower range than the
other ponds (Table 1, Fig. 5).

Sedimentary nitrogen and phosphorus concentration were
significantly higher in VE than in the other ponds (Table 1, Fig. 6),
although post-hoc multiple comparisons did not show a unique
spatial gradient for both variables, nitrogen being higher in Mer-
golo, ME, than Fondo Porto, FP, and vice-versa for phosphorus.
Furthermore, in contrast to previous records of the particulate
compartment, sedimentary nutrients did not exhibit a common
temporal trend, showing the highest values in winter and summer
respectively for nitrogen and phosphorus, while sedimentary
nutrient dynamics were similar in the three ponds studied (Fig. 6).

Principal coordinates analysis, PCO, was performed using
trophic and isotopic variables to assess similarity between ponds in
multivariate space (Fig. 7). The ponds away from the direct influ-
ence of the seagull colony, FP and ME, clustered together to the left
side of the graph, while the seabird-affected pond, VE, was
distributed more along the right side of the graph. Even along the
vertical axis, ME and FP were fairly overlapped, while VE samples
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were distributed on a temporal basis, with samples from July to
October clustering together in the lower right part of the graph.
Axis 1 explains 54.8% of total variation, while axis 2 explains only
13%. Physico-chemical variables superimposed onto the graph
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(VE), Fondo Porto (FP) and Mergolo (ME).
indicated that pH is the variable that best fits the ordination ob-
tained, with the highest values in VE samples and the lowest in
samples from the other ponds.

4. Discussion

In the Marinello coastal system, the pond directly affected by
seabird guano deposition had an anomalous water and sediment
chemistry, especially regarding physico-chemical variables,
nitrogen isotopic signature, nutrient balance and phytoplankton
biomass (Chl-a).

4.1. Detection of ornithogenic input

d15N of guano from Verde shores was highly comparable to the
isotopic signature of seagull and other seabird guano from different
areas (Mizutani and Wada, 1988; Wainright et al., 1998; Evenset
et al., 2007). d15N of guano reflects the isotopic signature of the
bird diet (Mizutani and Wada, 1988), thus the wide range obtained
in this study mirrors the variability of the seagull diet during the
sampling period. The yellow-legged gull, Larus michahellis, like
other seagulls, has an omnivorous and scavenger trophic habit,
consuming prey in proportion to its availability (Moreno et al.,
2010). Studies on the seagull diet carried out using both classic
and isotopic approaches identified a broad spectrum of prey of both
terrestrial and marine origin but also, and often principally, various
items of rubbish of anthropic origin, easily available in urbanised
areas (Payne and Moore, 2006; Ramos et al., 2009; Moreno et al.,
2010). Dietary changes over the reproductive and growth cycle
due to varying seagull nutritional requirements (Navarro et al.,
2010) may also contribute to the observed variability in nutrients
and guano d15N.

d15N of SOM and POM is widely used as a proxy of ornithogenic
origin of organic matter in polar systems (e.g. Wainright et al., 1998;
Blais et al., 2005; Keatley et al., 2009) because of the important
isotopic enrichment due to guano input. As first shown byMizutani
and Wada (1988), the main mechanism responsible for this
enrichment is ornithogenic nitrogen, once excreted, undergoing
ammonium volatilisation and isotopic fractionation, leaving the
residual pool of NH4 enriched in 15N. This mechanism was widely
observed in terrestrial soils from islands (e.g. García et al., 2002;
Markwell and Daugherty, 2003; Kolb et al., 2010) and polar areas
(e.g. Wainright et al., 1998; Blais et al., 2005; Brimble et al., 2009).
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Despite the widespread demographic increase in seagulls in the
Mediterranean basin over the past 40 years (Vidal et al., 1998),
almost no research has been carried out on seagull-impacted
coastal systems using stable isotopes, preventing comparison
with similar areas. In this study, the enriched values in Verdemirror
the enriched values of guano, suggesting allochthonous input of
ornithogenic origin. In fact, seagulls in the Marinello coastal system
spend most of their time resting in the colony, flying over and
walking along the shores of Verde, excreting directly into the water
and along the shore. In contrast, in Mergolo and Fondo Porto, d15N
was similar to values previously reported in other Mediterranean
transitional environments unaffected by seabirds (e.g. Vizzini and
Mazzola, 2008; Carlier et al., 2009; Lloret and Marin, 2009). As
observed by Wainright et al. (1998) in the waters surrounding the
Alaskan Pribilof islands, which are highly affected by guano depo-
sition, similar effects were found in the d15N of phytoplankton
receiving allochthonous input from bird guano. In this case, trophic
enrichment seemed to be themain factor in enriching the dissolved
inorganic nitrogen pool with 15N, thus d15N of the nitrogen available
to phytoplankton followed a gradient from higher d15N in areas of
large input to lower d15N where there is less input. In agreement
with these results, the highest d15N in our study was found in
Verde, the lowest inMergolo, which is furthest from the gull colony,
and intermediate values in Fondo Porto, themidway station (Fig. 2).

Sedimentary d15N did not follow a similar isotopic gradient at
increasing distance from the colony, being higher in Verde and
comparably lower in both ponds further from the colony, probably
due to the slow environmental response of the sedimentary
compartment. The results of this study confirm the effectiveness of
d15N as a proxy of ornithogenic origin of organic matter also in
transitional environments, where the effects seem to be magnified
by constrained geomorphological drivers and marked small-scale
variability.

4.2. Nutrient balance and primary production

Once the presence of ornithogenic organic matter was detected
using d15N, nutrient balance and primary production in the three
ponds were assessed. Nutrient and chlorophyll-a concentrations
showed that Verde had the highest trophic status in the system, as
previously highlighted by Leonardi et al. (2000), representing
a hotspot of biological primary production. Similar fertilising effects
were observed in other aquatic systems affected by bird guano
influence (e.g. freshwater, Payne and Moore, 2006 and polar
ecosystems, Michelutti et al., 2010).

Seabird guano is typically rich in nitrogen, phosphorus and
potassium (Wootton, 1991) and mainly composed of uric acid
(Lindeboom, 1984). Once guano is excreted, uric acid is mineralised
into ammonia by aerobic and anaerobic bacteria (Loder et al., 1996;
Wainright et al., 1998), becoming directly available to primary
producers. Although some of the ammonia subsequently volatil-
ises, much is rapidly converted into nitrite and nitrate by nitrifying
bacteria (Bosman and Hockey, 1986). The availability of nitrogen
and phosphorus is particularly important for marine primary
production as marine algae absorb nitrogen and phosphorus
mainly in their inorganic forms (de Boer, 1982; Middelburg and
Nieuwenhuize, 2000). Furthermore, experimental approaches
have shown that especially nitrate, ammonium and phosphate
enhance the growth rate of phytoplankton (Örnólfsdóttir et al.,
2004) and of both benthic and turf algae (e.g. Kuffner and Paul,
2001).

Due to the small size of the Marinello seagull colony, the esti-
mated phosphorus and nitrogen load from seabird input to Verde
was very small compared to other areas with larger seabird colo-
nies (e.g. Manny et al., 1994; Marion et al., 1994; Post et al., 1998;
Palomo et al., 1999). Despite this, the consequences for nutrient
status and primary production of Verdeweremarked. Annual mean
particulate nitrogen and phosphorus concentrations were respec-
tively 13 and 8 times higher in Verde than in Fondo Porto and
respectively 5 and 6 times higher than in Mergolo. Annual mean
Chl-a concentration, a proxy of phytoplankton biomass and estu-
arine/coastal eutrophication (Paerl et al., 2003), was 14 and 5 times
higher in Verde than in Fondo Porto and Mergolo respectively.
Ecosystem responses depend on nutrient load but also on several
critical physico-chemical characteristics and processes (Pinckney
et al., 2001). Small pond size and scarce water exchange in Verde
due to the absence of direct marine influence definitely contributed
to magnifying the expected effect on trophic status and primary
production, while greater water exchange in Fondo Porto probably
reduced the expected indirect effect due to its proximity to Verde.

pH and dissolved oxygen are the physico-chemical variables of
surface water that give the best indication of trophic status, as they
depend mainly on the photosynthetic activity of aquatic organisms
(Giordani et al., 2009). These were higher in Verde than in the other
ponds. Accordingly, supersaturation and alkalinity conditions
associated with Verde are basically attributable to phytoplanktonic
primary production enhanced by high nutrient availability,
completing the altered picture emerging from Verde.

Differences between the ponds were more pronounced for the
particulate compartment than the dissolved one. Although in
coastal areas the former is mainly composed of phytoplankton and
detritus due to primary production and resuspension phenomena
(Pinckney et al., 2001), very high Chl-a concentrations and micro-
tidal features of Verde suggest a dominance of phytoplankton. After
experimental pulse nutrient enrichments in tidepools, Methratta
(2004) observed that dissolved nutrient concentration increased
initially but the effect rapidly diminished, indicating that the
nutrients pulsed were rapidly taken up by algae and retained in the
algal biomass. Hence, differences between particulate and dis-
solved nutrients in Verde may be attributable to the rapid uptake of
dissolved nutrients by phytoplankton. The striking correspondence
between particulate nutrients and Chl-a concentration seasonal
trends in Verde (Fig. 3) confirms the previous hypothesis, providing
evidence of the rapid response of phytoplankton biomass to
allochthonous nutrient load, due to the capacity of algal cells to
divide daily under optimal conditions (Cloern and Jassby, 2008).
Furthermore, under phytoplankton bloom conditions, large
amounts of phytoplankton detritus can be deposited onto the
sediment (Fisher et al., 1998) and the nutrients released again,
leading to a positive feedback loop that perpetuates blooms and
high particulate and sedimentary nutrient concentration (Pinckney
et al., 2001), as observed in Verde.

As confirmation of the non-canonical trends observed in Verde,
recent reviews show a broad spectrum of seasonal phytoplankton
patterns in nearshore waters, providing strong evidence that site-
specific, local-scale processes are the dominant drivers at the
landesea interface (Cloern and Jassby, 2008). Local processes and
marked small-scale variability are also responsible for the mean
N:P ratio observed in the ponds of theMarinello coastal system. The
narrow range of N:P in Verde surface waters and the strong
correspondence with guano N:P (Fig. 5) show scarce temporal
variability due to the strong and constant influence of guano
nutrients, as observed in coastal rockpools by Loder et al. (1996). A
stoichiometric molar ratio of 16 N:1 P (Redfield,1958) is accepted as
the “ideal” ratio for phytoplankton growth and is often used to
describe the cycling and limitations of nutrients in sea water
(Geider and La Roche, 2002). Changes in nutrient supply are often
reflected in their ratios (Yin et al., 2001), thus significant deviations
from the typical ratio may signal nutrient limitation (Dorth and
Whitledge, 1992). Therefore, the wider N:P range from Mergolo
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and Fondo Porto may be attributable to the strong seasonality in
nutrient limitation or co-limitation in coastal and transitional
systems widely discussed in the literature (e.g. Fisher et al., 1998;
Pinckney et al., 2001; Arrigo, 2005).

5. Conclusions

Stable isotope signatures, trophic status, primary production
and related seasonal trends were significantly different in one pond
of the Marinello coastal system, Verde, corresponding to the
allochthonous input of guano from a small seagull colony inhabit-
ing the adjacent cliff. Geomorphological and hydrological features,
mainly the small size and scarce water exchange of the impacted
pond, magnified this effect, highlighting that even a small bird
colony can represent an important impact source in coastal
systems. Furthermore, despite the proximity of the ponds, the
highly pronounced ecological response of Verde to guano input was
reduced in the adjacent pond (200 m away) and totally absent in
the pond furthest from the source of impact (600m away), showing
that there is sharp small-scale variability in this coastal system.

Considering the recent massive geographic expansion and
demographic proliferation of seagulls in the Mediterranean area
(Vidal et al., 1998) in correspondence with human activities
(Duhem et al., 2008), we suggest that the seagull transport
pathway, until now described only from sea to land (e.g. Anderson
and Polis, 2004; Ellis et al., 2006), should also be considered in the
opposite direction, with seabirds feeding mainly in urbanised areas
and living in coastal areas, as in the present study. Thus, among
coastal systems, transitional environments are worthy of special
attention because of their sensitivity and fragility.

The effects of prolonged eutrophication on both food web
structure and biogeochemical cycling (Pinckney et al., 2001) as well
as the greater environmental contamination level of impacted
ecosystems due to the seagull’s acknowledged role as contaminant
biovector (e.g. Blais et al., 2005; Evenset et al., 2007) indicate
potential directions for future research.
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