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ABSTRACT

Seabirds form large colonies during the reproductive period, producing substantial changes in coastal
ecosystems. The present study quantifies the amount of N and P deposited in colonies of yellow-legged
gull (Larus michahellis) in the Atlantic Islands of Galicia National Park (AINP). Based on the composition of
droppings, the amount of total N (TN), total P (TP) and bioavailable P (Pbio) deposited directly on the area
occupied by the colony was determined. In addition, the amount of NH3 released into the atmosphere
was also estimated by applying a bioenergetic model. The results indicated that 5.35 t total N, 3.35 t total
P and 1.24 t bioavailable P are deposited in the colony annually. The archipelagos that received the
greatest amount of nutrients were the Cies Islands (2.37 t TNy~ ', 1.48 t TP y~1, 0.55 t Pbio y '), Salvora
(1.94tTNy 1,122t TPy !,0.55 t Pbio y ') and Ons (1.04 t TNy~ 1, 0.65 TPy~ !, 0.24 t Pbio y ). Rainwater
from the colonies showed higher values of nutrients than in the control plot, possibly also due to gull
influence. Therefore, the yellow-legged gull colony seems to be the most important source of nutrients at
a local level, exerting a clear influence on the N and P cycles in this National Park. Another aspect worth
taking into consideration is that increased N and P bioavailability may have a negative effect on the
conservation of rare or threatened habitats and species by promoting the expansion of non-native

ruderal species.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Seabirds, with more than a billion individuals, are one of the
most numerous bird groups in the world (del Hoyo et al., 1996;
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season forming large colonies, which have a strong impact on the
vegetation established in the surrounding coastal marine envi-
ronments (Sobey and Kenworthy, 1979; Hahn et al., 2007; Zwolicki
et al.,, 2016).

The Atlantic Islands of Galicia National Park (AINP) is home to
one of the world’s largest breeding colonies of yellow-legged gull
(Larus michahellis), with a population of 10,795 pairs in 2015
(Barros, 2015). At the same time, the AINP hosts several habitats
included in Annex I of Directive 92/43/CEE (Habitats Directive),
some of them considered priority habitats (e.g. fixed coastal dunes
with herbaceous vegetation and coastal lagoons), as well as several
species of high environmental interest because they are endemic,
rare or threatened (i.e., Armeria pungens, Armeria pubigera, Corema
album) (Bernardez et al., 2011).

Plant species present in cliffs and dune systems show specific
adaptations in order to tolerate the harsh environmental conditions
to which they are subjected, such as strong winds, high salinity,
shallow and sandy soils with low availability of nutrients. (Otero
and Pérez-Alberti, 2009). These conditions give rise to bands of
vegetation that run approximately parallel to the coastline,
following a gradient marked by the greater or lesser marine influ-
ence (Otero and Pérez-Alberti, 2009). However, in yellow-legged
gull colonies, the composition of the flora and plant communities
present differ substantially from those in continental cliffs of the
NW Iberian Peninsula. Thus, for example, Guitidn and Guitidn
(1990) described new plant communities in the AINP such as
Cochleario-Matricarietum maritimae, with a marked ornithocopro-
philic character and related to the ornitheutrophication effect of
yellow-legged gulls (Otero et al., 2018).

The effect of seabird breeding colonies on the flora and plant
communities is manifested by an increase in ruderal species, usu-
ally to the detriment of those plant species native to marine cliffs
(Hogg and Morton, 1983; Vidal et al., 1998; Otero et al., 2015). High
bird densities on coastal cliffs generate significant changes in soil
composition and properties, which, in turn, may affect plant species
composition and vegetation structure. Previous works have evi-
denced abnormally high nutrient concentrations in soils of seabird
colonies. This soil eutrophication is one of the reasons why flora in
seabird colonies worldwide is very different from that observed in
coastal areas without seabird presence (Sobey and Kenworthy,
1979; Hogg and Morton, 1983; Portnoy, 1990; Bukacinski et al.,
1994; Vidal et al., 1998; Garcia et al., 2002). In addition, it is also
worth noting that seabird breeding areas shift over time due to
different reasons. In the case of yellow-legged gulls, the occupation
of new cliffs as breeding grounds was the result of a dramatic in-
crease in their population during the 1980s (Otero et al., 2015).

Conversely, for the last two decades, the population of this
species in the AINP has experienced a drastic decrease. This decline
appears to be due to the closure of landfills, the ban on fishing
discards and/or disease (Oro et al., 1995; Otero et al., 2015). How-
ever, despite this population decrease, yellow-legged gull breeding
grounds have continued to expand into new areas, particularly
dunes and beaches, which are more sheltered from the wind than
cliffs. This has been made possible by restrictions in visitor access to
these areas either by fences or by enforced limitations or pro-
hibitions (Otero et al., 2015). Likewise, in the Salvora archipelago,
the occupation of the dune system over the last three decades has
substantially altered the typical flora and vegetation of the white
dune, characterized by the presence of Ammophila arenaria, and of
the grey dune. Both are habitats of community interest, with the
latter being considered a priority habitat (Nat-2000 2260 Grey
Dunes, Directive 92/43/CEE). However, no studies have been
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carried out so far to determine the causes of the decline in the
vegetation of these dunes, which could be due to the physical (e.g.
uprooting of plants for nest construction and substrate removal) or
chemical (changes in soil properties) pressure exerted by gulls on
the vegetation. More recently, yellow-legged gulls have colonised
the Punta Muxieiro and Rodas dune system in the Cies Islands ar-
chipelago, which constitutes the most interesting stretch of sandy
coast in the whole park. This dune system harbours one of the best-
conserved populations of Corema album in Galicia and the only
population of Armeria pungens in the NW Iberian Peninsula, whose
conservation could be compromised by the proliferation of the bird
colony.

Although other studies have already addressed the impact of
yellow-legged gulls on some cliffs within this National Park and
have revealed high N and P concentrations both in soils and in
runoff water (Otero et al., 2015; Otero and Fernandez-Sanjurjo,
2000; Otero and Mourino, 2002), none of them has quantified
the amounts contributed by the nesting yellow-legged gull popu-
lation on the coastal habitats of the AINP.

Taking all the aforementioned into account, the main objective
of this study was to quantify the amounts of total and bioavailable N
and P that are deposited annually throughout the whole AINP as a
result from yellow-legged gull droppings and to determine their
relevance in the biogeochemical cycle of each of these elements. For
this purpose, the total amounts of N (TN) and P (TP), as well as the
amount of bioavailable P (Pbio) to plants, have been determined
from the concentration of these nutrients in droppings. In addition,
the amount of NHj3 released into the atmosphere and its potential
effect on the concentration of N in rainwater has been estimated
using a bioenergetic model. Furthermore, although other studies
have already estimated excreted N and P at the global level (Riddick
et al., 2012; Otero et al., 2018) and at the national level (Great
Britain, Wilson et al., 2004 ), none of them have determined in detail
the deposition of N, P and its more bioavailable forms at the sub-
colony level.

2. Material and methods
2.1. Study area

The present study was carried out in the yellow-legged gull
colony of the Atlantic Islands of Galicia National Park (AINP); in
addition, the cliffs of Cabo Home (Cangas, Pontevedra), in the NW of
the Iberian Peninsula, were selected as a control plot (absence of
gulls) (Fig. 1).

The geological substrate is composed of two-mica granite, and
the height above sea level varies between 10 and 30 m. Average
annual rainfall in the Cies Islands is 877 mm, with the highest
rainfall being concentrated during the period between October and
March (Carballeira et al., 1982). However, mean annual rainfall in
the Cies Islands during the study period was slightly lower
(798 mm), while mean annual rainfall in Ons Island was 890 mm
(METEOGALICIA-Xunta de Galcia, 2015). The average temperature
in the months of greatest gull influence (April—August) is 17 °C
(METEOGALICIA-Xunta de Galcia, 2015).

It is worth noting that the nesting yellow-legged gull population
has undergone remarkable oscillations over the past 35 years due
to the influence of human activity on the trophic resources
exploited by this species (e.g. urban waste, fishing discards, etc).
Thus, for example, the population in the Cies Islands archipelago
went from 4236 pairs in 1976 up to 22,098 pairs in 1991 and back
down to 3520 pairs in 2015 (Barros, 2015). This generalised
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Fig. 1. Location of the Atlantic Islands of Galicia National Park and the Control Plot (CP) (A). In addition, TN (kg ha~! y~!) excreted by seabirds on (B) Salvora, (C) Ons and (D) Cies

Archipelagos of the AINP is also represented.

decrease in the nesting yellow-legged gull population in the group
of archipelagos that compose the AINP seems to be related to the
sealing of rubbish dumps and a decrease in fishing discards
(Bermejo and Mourino, 2004).

2.2. Sampling and analysis of excreta

During the breeding season of 2011 and 2012, 40 faeces samples
were carefully collected from the colony, paying special attention
not to include any substrate material. Each sample consisted of
5-10 fresh droppings. For each sample, the total contents of N, P, N
and bioavailable P were analyzed.

The total N (TN) content in gull droppings was determined by
analysing a finely ground aliquot of each sample (~0,100 g wt) in a
Truspec CHN autoanalyzer. Exchangeable ammonium (NHZ) and
nitrate (NO3) were extracted from 5 g of fresh droppings in 50 ml of
2 M KCl solution (Mulvaney, 1996). Total phosphorus (TP) was ob-
tained from ground samples after microwave-assisted digestion
with concentrated nitric and hydrochloric acid (9:3 v/v), while
bioavailable phosphorus (Pbio) was extracted with Mehlich-3 so-
lution (2 M CH3COOH, 0.25 M NH4NOs, 0.015 M NH4F, 0.013 M
HNO3 and 0.001 M EDTA) (Mehlich, 1984).

2.3. Rainwater sampling and analysis

A total of 11 rain gauges were placed at different distances from
the edge of the cliff (one plot in the lower section, 30 m away from
the coastline, and another one in the upper section, 350 m away
from the coastline) in the main subcolonies of the Cies and Ons
Islands, and an additional rain gauge was placed in a control plot
(without gulls) located in Cabo Home. Each rain gauge was 1.5 m
tall. Rain samples were taken immediately after the rainy periods of
2011 and 2012, discarding all those samples that presented some
type of deposited material inside the rain gauge (mainly excre-
ments or insects). In addition, concentration of dissolved organic
carbon (DOC) was determined as a proxy for organic (fecal)
contamination, samples that showed a higher content of dissolved

organic carbon (DOC) than control site (DOC <7 mg kg~!; Table 1)
were discarded.

Rainwater samples were filtered by 0.45 um pore size prior to
being analyzed. pH of samples was measured, electric conductivity
(EC) was determined using specific electrodes, NO3 and NH} were
determined by ion chromatography in a Dionex apparatus, phos-
phate was determined colorimetrically by the molybdenum blue
method (Buurman et al., 1996) and DOC was analyzed with a TOC
analyzer (Shimadzu, TOC-L Analyzer).

2.4. Estimation of deposited TN, TP and Pbio in the colony

The amounts of TN, TP and Pbio deposited by yellow-legged
gulls through faecal material in the colonies of the National Park
was estimated based on the content of these elements in excre-
ments collected in the AINP. Furthermore, permanence in the col-
ony was considered to be 122 days (Riddick et al., 2012), each bird
was considered to remain in the colony for 18 h d~! (Riddick et al.,
2012), defecation rate was considered to be 3.1 droppings h~!
(Riddick et al., 2012), and a dry weight of 0.529 g was considered for
each dropping (Portnoy, 1990). The latter value has been reported
for Larus argentatus, since this species is very similar to
L. michahellis in size and feeding habits and, for this species, no data
were found. In fact, during the 1970s and part of the 1980s, the
species present in the AINP was first considered to be L. argentatus,
later Larus cachinnans, and currently L. michahellis (see e.g. Barcena,
1977; Otero, 1998; Barcena et al., 1984). In addition, according to
Cramp and Simmons (1983), three groups can be distinguished
within the species Larus argentatus: Larus argentatus argentatus
(nominal group), Larus argentatus cachinnans and Larus argentatus
michahellis, with the AINP population corresponding to the latter.
Other authors confer species status to L. cachinnans; thus, the AINP
population would correspond to the subspecies Larus cachinnans
michahellis (Haffer, 1982; Munilla, 1997). To calculate the amount of
nutrients deposited in each area where the colony of yellow-legged
gull is established, the number of breeding individuals obtained in
the 2011 census was extrapolated to the whole AINP (Pérez et al.,
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pH, EC and nutrient mean values + SD collected in the rain gauges installed in different colonies of the yellow-legged gull of the AINP. The average values of N and P are also
shown in kg ha~" y~". For total AINP and control zone, different lowercase letters mean significant differences (p < 0.05) between AINP - with seabirds vs. control site - without

seabirds. n.a. data not available.

Archipelago pH EC DOC Py NO3 HPOF NHZ NO3 HPO%
uS cm~! mg 1! Kgha'y!

Cies (n=156) 6.96 + 1.1 847 + 1183 2,50 + 2,40 7.53 +19.0 1.07 £ 1.4 9.22 + 21 66.0 9.38 80.9

Ons (n=8) 7.62+08 670 + 860 na 1.79 £ 1.4 0.17 £ 0.2 0.76 + 1.1 14.3 1.36 6.06

Total AINP 6.99 + 1.1 840 + 11712 na. 731 £19% 1.02 + 1.4° 8.90 + 217 61.3% 8.55% 74.6

Control zone (n=18) 6.44 + 0.8% 1416 + 921° 1,97 + 1,19 0.56 + 0.9° 0.88 + 0.9° 023 +0.7° 4912 7.722 2.02°

2012). Finally, the area within each sector was calculated and
mapped using the ArcGIS software (ESRI 9 inc., 2011).

2.5. Estimation of NH3 emissions

To understand the magnitude and spatial distribution of NH3
emissions by seabirds in the National Park, the model extracted
from Riddick et al. (2012) and Wilson et al. (2004) was used (see
also Otero et al., 2018).

2.5.1. Adult breeders

Annual emission of NHs; by breeding individuals (Qnus-
breeders, g NH3 bird~! y~1) was calculated from adult mass (M, g
bird 1), nitrogen content of the diet (Fxc, g N g~ wet mass), energy
content of the diet (Fgc, k] g~! wet mass), assimilation efficiency of
the ingested food (Aef;, k] [energy gained] kj [energy in food]™ 1),
proportion of excreted nitrogen volatilized as NHs (Fyny), length of
the breeding season (brood, days), proportion of time spent in the
colony during the breeding season (Fr¢), a habitat correction factor
(Fhap) depending on where the excrements fall (rock, nest or
vegetation), and a 17/14 NH3-to-N mass ratio (Equation 1).

92 % MO-774
FEC X Aejf
17

X Fhab X ﬁ

Qup, (breeders) = % Fnc % Fnv X tpreeding % Fec

(1)

Fnc and Fgg, estimated at 0.036 g N g~ ! and 6.5 k] g~ (both wet
mass) (Energy: Nitrogen (E: N) Ratio = 181 k] g N 1), respectively,
were based on the assumption of a high protein content diet
composed only of fish (Furness, 1991). Aeff was estimated at 0.8
(Furness, 1991). Fyy was estimated at 0.3, combining the effect of
temperature, humidity, wind speed and solar radiation on volatil-
ization rate for a mid-latitude environment (Wilson et al., 2004).
Part of the total excretion of the colony will be washed into the sea
by precipitation events or wave action (Blackall et al., 2008).

The value used for adult mass was 1080 g bird~! (Riddick et al.,
2012). The term ‘brood’ is calculated by adding the time of pre-
placement (courtship and nest construction) and the incubation
and breeding periods and is 152 days (Riddick et al., 2012). The
value for Frc takes into account excrement loss while birds are away
from the colony, i.e., feeding at sea or during flight, and is 0.6
(Riddick et al., 2012). Fnap describes the re-absorption of NH3 by the
substrate and overlying vegetation using a value of 0.27 (Riddick
et al.,, 2012).

2.5.2. Non-breeders

Non-breeding individuals were assumed to constitute 33% of the
colony and to spend 50% less time in the breeding colony than a
breeding individual (Wilson et al, 2004; Riddick, 2012). NH3
emission by non-breeders (Qnysz (non-breeders), g NHz bird~!' y~1)
was estimated by equation 2:

Qnn, (non — breeders) = 0.167 x Qupy, (breeders)

Estimates of the presence of non-breeding birds may have
spatial and temporal variation. In general, seabirds spend large
amounts of time in the colony before choosing a mate. Variations in
the presence of non-breeders have been estimated to range from
35% to 73%; based on these percentages, a value of 0.167 was
calculated.

2.5.3. Chicks

The length of the period spent as a chick was estimated as the
time between hatching and fledging. Annual emission of NH3 by
chicks (Qnus (chicks), g NH; bird~! y~!) was estimated based on
some of the aforementioned parameters, as well as the mass of the
chick (Mfedging, g) and the offspring productivity (Pchicks, number of
chicks per pair) (Equation 3).

28.43 x M}.06.
d
#Aﬂegmg % Fnc % Fnv X Fpgp
EC eff (3)
17 Pchicks
1472
For yellow-legged gull, these data were taken from Riddick et al.
(2012), using a Mfedging value of 900 g and a Pcpicks value of 0.8
chicks per pair.

Qnp, (chicks) =

2.54. Effect of temperature on NH3 emissions

Following the proposal by Riddick et al. (2012), two estimates
were made. In scenario 1, NH3 emissions were considered to be
independent of temperature, following the method described
above. In scenario 2, NH3 emissions were estimated considering the
effect of temperature. The correction factor Fyy was used, taking
into account the average temperature in the National Park during
the reproductive period (17 °C; METEOGALICIA-Xunta de Galcia,
2015). The inclusion of factor Fyy allows for more realistic NH3
emission estimates (see also Riddick et al., 2017). For this purpose,
NH3 emissions were calculated based on the combined Henry and
dissociation equilibria for NH3 and ammonium (NHZ), following
the empirical fit by Nemitz et al. (2000) (Equation 4).

Cr= T T (4)

161500 (710378>
= exp
Where Cr is Henry’s law constant as a function of temperature and
T is mean temperature (K) (Nemitz et al., 2000). Taking 10 °C as a
reference, the proportion of excreted nitrogen that is volatilized,
Fnv, at 10 °C is 0.33. In colder climates, where the average tem-
perature during the breeding season is 5 °C, Fyy decreases to 0.09.
In colonies where the average temperature is higher than 19 °C, it is
estimated that all excreted nitrogen is volatilized (Fyy = 1) (Riddick
et al.,, 2012). In this case, at 17 °C, factor Fyy took a value of 0.8091.
Additionally, according to Riddick et al. (2012), scenario 2 can be
considered as the one where NH3 emission is most dependent on
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temperature. However, other processes can be expected to offset
the temperature effect; for example, in a cold and dry environment,
the potential for NH3 emission may be lower, but as a result of
emissions taking place over a longer period of time. Conversely, in
hot and dry conditions, the rate of hydrolysis of urea can be very
limited, leading to the accumulation of guano.

Given these uncertainties, Riddick et al. (2012, 2017) consider
that the average of scenarios 1 and 2 (scenario 3) is the best esti-
mate of NH3 emissions to the atmosphere from faecal material
generated by seabirds.

2.5.5. Uncertainty associated with input data

Both NT, PT and Pbio calculations and NH3 estimates were
subject to a certain degree of uncertainty due to variations in the
parameters used. Therefore, a 10% error for seabird population es-
timates, a 23% error for variations in diet composition, and a 13%
error due to assistance from non-breeding individuals are proposed
(Riddick et al., 2012). However, while these uncertainties are of
considerable magnitude, the results obtained in this study are not
expected to be significantly affected, since the amounts of nutrients
mobilized by yellow-legged gull are expected to remain important
in relation to those mobilized by other processes, both natural and
anthropogenic, present in this national park.

2.6. Statistical analysis

One-way ANOVA was used to test for any differences in N and P
concentrations between the control plot (without seabirds) and
plots from the colonies. Differences were considered significant at
p < 0.05. All statistical analyses were carried out using SigmaStat
3.5 software.

3. Results
3.1. Composition of rainwater

Rainwater pH was close to neutral (Table 1), and ionic concen-
tration was not extremely high, as might be expected given its vi-
cinity to the sea, with average electrical conductivity values below
1500 pS cm~ (Table 1). The concentration of DOC in the rainwater
samples considered in this study was low, indicating the absence of
organic contamination (e.g. excrements) (Table 1).

The average concentration of N and P forms found in rainwater
was much higher in yellow-legged gull colonies than in the control
plot. In the colony area, NHZ ranged from 7.53 + 19.0 mg 1! in Cies
islands to 1.79 + 1.4 mg 1~! in Ons island, while NO3 ranged from
1.07 + 1.4 mg 1! in Cies to 0.17 + 0.2 mg 1~ ! in Ons. This means that,
for the whole park, deposition was 13 times higher for NH4 and 1.13
for NO3 than in the control plot. As for P, its concentration in
rainwater ranged from 9.22 + 21 mg I-! in the Cies colony to
0.23 + 0.7 mg 1" in the control plot (Table 2). Therefore, these
values were up to 40 times higher in the colonies than in the area
without gulls. By unit areas, values for the whole park were
613 kg ha~! y~! for NHZ, 8.55 kg ha! y~! for NO3? and
74.6 kg ha—' y~! for PO3~ (Table 1).
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3.2. Concentration of TN, TP and Pbio in excreta

Mean concentration of TN in excreta was
44,151 + 37,917 mg kg, of which 7.20% was ammonium and only
0.16%  was nitrate; meanwhile, TP  content  was
31,721 + 22,270 mg kg, of which 32% corresponded to plant-
assimilable P forms (Table 2).

3.3. Spatial distribution and amounts of TN, TP and Pbio excreted in
AINP

Overall, the AINP received an average annual contribution of
535tTNy ! 3.35t TPy ! and 1.24 t Pbio y~! (Table 3). By unit of
area, the archipelago that received the most nutrients was Cies,
followed by Salvora and Ons.

The subcolonies that received the greatest amount of nutrients
were found in the Cies Islands: Portelo, Isla del Faro; Principe, Isla
de Monte Agudo and Galeira, Isla de San Martino. High values were
also obtained in the subcolonies of Salvora, Vionta, on the island of
Sagres and Gralleiros; and in the Ons archipelago, Onza Oeste and
Baxeiral (Figs. 1-3, Table S1).

Overall, six subcolonies received more than 30 kg TN ha~' y~,
four of them in the Cies Islands; seven received between 20 and
30 kg TN ha~! y~!; seventeen received 10—20 kg TN ha~! y~! and
twenty-seven received less than 10 kg TN ha—' y—. As for TP, there
were nine sites that received more than 15 kg TP ha~! y~, seven of
them in the Cies Islands; thirteen received 10—15 kg TP ha~! y~;
twelve received 5—10 kg TP ha~! y~! and twenty-three received
less than 5 kg TP ha~! y~. Finally, regarding Pbio, nine subcolonies
received more than 6 kg Pbio ha~! y~, seven of them in the Cies
Islands; eleven received between 4 and 6 kg Pbio ha~! y~!; thirteen
received between 2 and 4 kg Pbio ha~! y~! and twenty-four
received less than 2 kg Pbio ha~! y~! (Figs. 1-3, Table S1).

3.4. Spatial distribution and total emissions of NHs in the AINP

The total emissions of the AINP colonies were 9.90 t y~!, with
the highest values corresponding to the Salvora and Monteagudo

Table 3
Total N (TN), total P (TP) and bioavailable P (Pbio) excreted on each island of the AINP
archipelagos.

Archipelago  Island Breeding individuals TN TP Pbio
(ty~! in the colony)
Cies Monteagudo 7542 1.20 0.75 0.28
Faro 2542 0.40 0.25 0.09
San Martino 4846 0.77 0.48 0.18
Total 14930 237 1.48 0.55
Ons Ons 4492 0.32 0.20 0.07
Onza 2026 0.71 0.45 0.17
Total 6518 1.04 0.65 0.24
Salvora Sdlvora 9572 1.52 0.95 0.35
Sagres 140 0.022 0.014 0.005
Vionta 2414 0.38 0.24 0.09
Noro 70 0.011 0.007 0.003
Herbosa 30 0.005 0.003 0.001
Total 12226 1.94 1.22 0.55
TOTAL NATIONAL PARK 33674 535 335 1.24

Table 2
Concentrations of N forms, total P and bioavailable P (mg kg~!) in fresh excrements of the yellow-legged gull in the AINP.
TN N-NHZ N-NO3 TP Pbio
Mean+SD 44,151 + 37,917 3183 + 1196 73.3 + 203 27,617 + 21,424 10,220 + 8433
Median 32,920 2991 5.56 20,480 8740
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islands, in Cies (Tables 4 and S2).

By unit of area, the most affected sites were the cliffs of Portelo
(Faro Island, Cies), with 78.3 kg NH3 ha~! y~!, Principe (Monte
Agudo Island, Cies), with 70.2 kg NH3 ha—' y~, and Galeira (San
Martifo Island, Cies), with 67.0 kg NHz ha~! y~. Table 4 shows the
data by islands and archipelagos, with the Cies, Ons and Sdlvora
archipelagos listed in decreasing order of emission. However, the
island with the highest emissions per unit of surface area was
Vionta, followed by Ons and San Martino. Overall, gulls in the Na-
tional Park emitted 16.9 kg NH3 ha~! y~! (Tables 4 and S2, Fig. 4).

4. Discussion
4.1. Deposition of N and P forms from rainwater

The primary source of N input to remote ecosystems is rain-
water, which represents less than 1 kg ha~! y~! (Phoenix et al.,
2006). Nitrogen deposition with rainwater in Galicia ranges from
0 to 68 kg ha~! y~! (Rodriguez-Lado and Macias, 2006; Phoenix
et al., 2006), with the lowest values corresponding to areas
located far away from sources of pollution and the highest values
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Table 4
NHj3 emitted in total and per unit area on each island of the AINP archipelagos.

Archipelago Island NH; emitted (t y~') NH;3 emitted (kg ha'y™1)

Cies Monteagudo 2.22 342
Faro 0.75 18.2
San Martino  1.42 344
Total 4.39 29.8
Ons Ons 132 7.77
Onza 0.60 36.0
Total 1.92 10.3
Salvora Salvora 2.81 19.6
Sagres 0.04 0.45
Vionta 0.71 62.9
Noro 0.02 5.84
Herbosa 0.01 4.46
Total 3.59 14.2
TOTAL AINP 9.90 16.9

corresponding to agricultural or industrial areas of Galicia
(Rodriguez-Lado and Macias, 2006). In the AINP, the concentration
of NHj in rainwater was 13 times higher than those of the control
plot. This difference may be due to emissions of NH; and other
forms of N produced by yellow-legged gulls.

For P, the results obtained (74.6 kg ha~! y~!) showed an increase
of up to 40 times the values found in the control plot. These values
of P could be due, on one hand, to the transformation of some of the
P compounds present in the excrements, both organic and inor-
ganic, into a volatile form of P such as phosphine (PH3). Phosphine
was already observed in Antarctic soils influenced by penguins
(Zhu et al., 2006, 2009, 2014). The possibility that part of the faecal
material was carried by the wind, mainly during storms or directly
by falling when these birds flew over the samplers, does not seem
likely, because by the time the storm season comes, seagulls have
already left the colonies. Moreover, as mentioned in the ‘Material
and methods’ section, rainwater samples were always discarded
whenever any type of material was observed inside the rain gauge.
Nevertheless, the formation of phosphine in seabird colonies war-
rants further study.
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4.2. Incorporation of N and P through excreta

Seabird droppings are characterized by high levels of nutrients,
especially N and P, which are deposited mainly in breeding colonies
(Smith and Johnson, 1995; Otero et al., 2018).

Different authors set 5—10 kg N ha—! y~! as the critical load that
vulnerable ecosystems can support (Krupa, 2003; Bobbink et al.,
2010). Our results show an average value of 15.5 kg N ha~! y~,
with 74% of the subcolonies exceeding the 5 kg N ha~! y~!
threshold and 53% exceeding 10 kg N ha~! y~'. Extremely high
values were obtained for subcolonies such as O Portelo, with a
deposition of 42.3 kg N ha! y~L. These values are consistent with
the notion that seabird colonies constitute the main source of soil
nutrients in remote areas (Erskine et al., 1998; Otero et al., 2018).

This data is in line with other studies. For example, a study
carried out by Smith and Johnson (1995) in Australia compared the
amounts produced by colonies of Anous minutus and Puffinus
pacificus (78 t Ny land 1.6 tPy '; 1.6 t Ny 'and 03 t Py,
respectively, with a population of 80,000 breeding pairs) with
those produced by human activity in the area (0.29 t N y~! and
0.32 tPy~'; 97,700 people). Erskine et al. (1998) studied how much
N was contributed by several species of penguins and elephant
seals on Subantarctic Macquarie Island, obtaining relatively greater
quantities than in the AINP: for instance, 100,000 pairs of royal
penguins produced 154 t N y~L Penguins and elephant seals in
Macquarie Island excrete 240 t N y~! and 24.0 kg N ha™! y |,
respectively (Erskine et al., 1998). Hobara et al. (2005) observed
that Phalacrocorax carbo not only affects nutrient inputs (N and P)
but also their balance, significantly affecting forests in Japan. The
variability of contributions by seabirds is due to differences in size,
weight or diet among individuals of the same species and among
different species, and this is an important factor to take into
consideration (Riddick, 2012; De la Pena-Lastra, 2021).

Considering the world’s yellow-legged gull population, the
amounts produced by breeding individuals are estimated at
583 t Ny ! 365tPy!and 13.5 t Pbio y~! (Table 5), with the
Spanish populations accounting for 68% of the world production
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Archipelagos of the AINP is also represented.
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Table 5
Nutrient values excreted by Yellow-legged Gulls at different scales.

Location Breeding individuals Total N Total P Bioavailable P
(ty~! in the colony)

AINP 33,674 5.35 3.35 1.24

Galicia 91,802° 14.6 9.13 3.38

Spain 250,349° 39.8 249 9.22

World 366,667° 58.3 36.5 135

2 Pérez et al. (2012).
5 Molina (2009).
¢ Croxall et al. (2012).

and the AINP for almost 10% (Table 5).

N is an important limiting factor for productivity, and an in-
crease in its bioavailability in oligotrophic ecosystems is considered
an environmental problem. Thus, for example, Miller (1982) stud-
ied the alterations caused by a white pelican colony before and after
nesting on nine occasions, observing a change over 85% in the
vegetation in the study area. According to the results obtained,
these ecosystems should be treated as eutrophic due to the major
contributions of nutrients they receive annually.

P, together with N, is one of the main biolimiting factors for
primary productivity in terrestrial ecosystems (Bashkin, 2002).
However, its atmospheric transport is not clear, since it does not
have a stable gas phase (PH3) and is limited to aerosols (Mahowald
et al., 2008; Izquierdo et al., 2012). Mahowald et al. (2008) studied
the global distribution of P deposition, obtaining a range between
0.5 kgha='y~!and 11,000 kg ha~! y~! for TP and between 0.2 and
1100 kg ha~! y~! for Pbio. The highest concentrations were found in
the continental part or in places affected by dust in the Sahara
desert, while the lowest concentrations were found in remote
marine environments.

In the AINP, contributions from the yellow-legged gull colony
were 9.72 kg ha~ !y~ TPand 2.11 kg ha~! y~! Pbio. These values are
higher than expected in these apparently pristine environments
(Mahowald et al., 2008). In this regard, Otero et al. (2015) already
reported that, due to the contributions of P by the yellow-legged
gull colony in the AINP, soils occupied by the colonies of these
birds are saturated in P, and Pbio acts as a source of P for surface
waters.

4.3. NH3 emissions

Seabird colonies are important localized natural sources of NH3
emissions for several reasons, such as the high nitrogen content of
their fish-based diet and their very high metabolic rates (Sutton
et al,, 2013). In addition, due to overcrowding of seabird colonies
(NHj3 volatilization increases with the intensity of the emission
source; Wilson et al., 2004), they produce large amounts of NH3
that are deposited in nearby areas, normally 4—5 km away from
their source (Krupa, 2003). This deposition leads to high exposures
to NH3, which can cause visible leaf lesions or other less visible ones
in vegetation (intolerance to drought and frost, changes in response
to pests, alterations in growth and productivity, changes in
competition between species or symbiotic associations, Krupa,
2003; Riddick et al., 2014). In addition, excess NH3 in the envi-
ronment can lead to acidification, eutrophication, global warming,
disruption of plant communities. (Riddick et al., 2014). Another
aspect worth taking into account is that seabird colonies are located
in remote places, usually fairly inaccessible to humans. Therefore,
they are the most important source of this gas and have a signifi-
cant impact on the N cycle (Wilson et al., 2004).

In the AINP, an emission of 9.90 t NH; y~! to the atmosphere was
estimated for a population of 17,000 breeding pairs of yellow-
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legged gulls. Emissions were lower than those obtained for other
seabird species such as Morus bassanus (230 t NH3 y~'; 50,050
pairs), Uria aalge (10.3 t NHs y~!; 9150 pairs) or Fulmarus glacialis
(575 t NHz y~1; 50,250 pairs) (Wilson et al., 2004).

5. Conclusions

Seabird colonies are the main source of nutrients at the local
level and, furthermore, colonies have a clear effect on the cycles of
N and P within the National Park. Moreover, N and P can be partially
exported outside the colony and deposited by rainwater in nearby
ecosystems such as coastal lagoons or dune areas. Eutrophication of
these ecosystems is negatively impacting the conservation status
both of rare species and of threatened habitats within the AINP (see
e.g. Otero et al., 2015).
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