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Abstract 17	
 18	
We investigated space-time dynamics of N pollution in a Mediterranean gulf by mean of 19	

experimental δ15N variation in the seaweed Ulva lactuca, a comprehensive sampling grid and by 20	

comparing two years differing in rainfall. This allowed to produce isotopic seascapes (isoseascapes) 21	

describing the topography of N pollution in coastal waters, identifying hotspots of nitrogen inputs 22	

and their pathways of propagation at sea. δ15N value of U. lactuca increased significantly after 48h 23	

of exposure to polluted waters, indicating anthropogenic organic N inputs. Comparison between 24	

years differing in rainfall revealed effects of rivers discharge on space-time variability of N 25	

pollution. Comparison between seascapes of the two years identified coastal and offshore areas of 26	

the gulf vulnerable to freshwater-transported nutrients, coherently with landscape 27	

hydrogmorphology. Isoseascapes were highly robust to reduction in sampling effort, representing a 28	

powerful monitoring tool for Environmental Agencies (the proper recipient of ecological research) 29	

in monitoring and management strategies. 30	

 31	

Key words: water pollution, urbanisation,  isoseascape, coastal management, river input, Bayesian 32	

Kriging 33	
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Introduction 35	

Marine ecosystems provide indispensable ecosystem services supporting economy and societies 36	

worldwide, but the need of these services by humans expose them to threats. The intensification of 37	

agricultural land use, urbanization and fishery associated to the growing human population has 38	

caused a decrease in environmental quality in coastal ecosystems, impairing their ability to support 39	

biodiversity and productivity (Halpern et al. 2008). There is a strong need therefore for developing 40	

effective monitoring and management strategies to regulate the exploitation and impairment of 41	

coastal areas. This must include accurate, practical and fast environmental monitoring tools, that 42	

goes beyond the chemical analyses, which can be applied to describe space-time variability of 43	

anthropogenic impact on coastal waters. 44	

As a major threat, coasts have been subject to increasing anthropogenic nitrogen loads (Liu et al., 45	

2007; Lapointe et al., 2010; Maimaitiming et al. 2013). Beside human activities, nitrogen pollution 46	

impacting receiving water bodies is also connected to changes in the landscape. Many natural areas 47	

are converted to intensive agriculture, urban and suburban development, which has major effects on 48	

the water quality, its availability and dynamics. The replacing of natural ground cover with paved 49	

surfaces results in a net loss of vegetation, disturbance and compaction of natural soils, with 50	

increases of amount of impervious surface area. These changes cause increases in storm water 51	

runoff volume and rate of overland transport (Schueler, 1994), and degradation of receiving water 52	

bodies (Careddu et al. 2015, Bentivoglio et al. 2016). As a consequence, coastal ecosystems are 53	

under increasing pressures of pollution and eutrophication related to coastal and inland human 54	

activities (Halpern et al. 2008). Given the dynamics and varying nature of the hydrology and 55	

underlying water characteristics in coastal environments, it is difficult to quantify causes and extent 56	

of eutrophication. Also because these systems are influenced by local geology, eco-hydrology, and 57	

more broadly, seasonal changes. In particular, changes in runoff from the watershed associated to 58	

varying rainfall may produce spatial and temporal variations in pollutants delivered to coastal 59	

waters through runoff,  making it difficult to detect anthropogenic causes. Hence, coastal pollution 60	
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represents a complex issue that needs an integrated monitoring of both local causes of nutrient 61	

loading and vulnerability of coastal areas to inland pollution transported by river networks. 62	

During the past decade the use of the stable isotopes analysis to investigate the transport pathways 63	

of nutrients in ecosystems has contributed new understanding to many aspects of aquatic ecology, 64	

including trophic structures of food webs (Layman et al., 2007; Mancinelli et al. 2007; di Lascio et 65	

al. 2011; Calizza et al. 2013a; Careddu et al. 2015; Rossi et al 2015) and dynamics of nutrient 66	

inputs, improving our understanding of how nitrogen enters a water body and propagate from the 67	

entry point (Orlandi et al., 2014; Calizza et al. 2015, Jona Lasinio et al. 2015, Bentivoglio et al. 68	

2016, Fiorentino et al. 2017). The ratio of nitrogen stable isotopes (δ15N) in macroalgae has been 69	

increasingly used to quantify the importance of different nitrogen sources for primary producers 70	

(see Dailer et al. 2010 for a review). Macroalgae have been shown to be reliable indicators of 71	

nutrient pollution in aquatic ecosystems as they assimilate and accumulate nutrients from the water 72	

column, integrating continuous and pulsed nutrient loadings (Jones et al., 2001; Cohen and Fong, 73	

2005; Cole et al., 2005; Garcia-Sanz, 2010). Natural and anthropogenic N sources (the latter 74	

including synthetic fertilizer, sewage and manure) differ in terms of their δ15N value (Kreitler, 1975 75	

and 1979; Kreitler and Jones, 1975; Heaton, 1986; Mariotti et al., 1982; Korom, 1992) which 76	

consequently can reflect the relative contribution of different anthropogenic N sources to algae 77	

(Grice et al., 1996; Elliott and Brush, 2006), tracing their input and propagation in coastal waters 78	

(Dailer et al., 2012; Orlandi et al., 2014; Calizza et al., 2015). 79	

Biomonitoring with macroalgae provided time-integration of bioavailable nitrogen inputs through 80	

the measurement of δ15N signatures in tissues, and adequate spatial coverage through algal 81	

translocation to desirable monitoring locations (Orlandi et al. 2014; Jona Lasinio et al. 2015). On 82	

the other hand, while isotopic bioindication provided strong evidences of applicability in 83	

monitoring programs, no studies tested the robustness of this method to changes in sampling effort 84	

and spatial coverage of the sampling grid, which is needed for the standardization of isotopic-based 85	

monitoring tools, their transfer to public authorities, and the reduction of costs and limitations 86	
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imposed on the use of coastal waters during samplings. The aims of this study, which was carried in 87	

the central Tyrrhenian coast of Italy, were to determine coastal nitrogen loads by use of stable 88	

isotopes analysis in the green algae Ulva lactuca during two consequent years characterized by 89	

different rainfall and consequent nutrient delivery from river catchments, and to test the robustness 90	

of isotopic-based monitoring results to the sampling effort. Samplings were performed along a 91	

comprehensive regular grid, which allowed to map both entries and diffusion pathways of nitrogen 92	

pollutants, as well as to relate isotopic differences between years with rainfall conditions and 93	

landscape hydromorphology. Specific objectives of the study were to i) determine changes in δ15N 94	

in Ulva lactuca after exposure to potentially polluted waters during a dry (i.e. low rainfall) and a 95	

wet (i.e. high rainfall) autumn season of subsequent years, ii) determine the “hot spot” entry points 96	

of different nitrogen sources in coastal waters and produce statistical isoseascapes displaying the 97	

topography of N pollution, iii) detect coastal areas vulnerable to pollution belonging to the inland 98	

depending on landscape hydromorphology, and iv) test the minimum sampling effort that would 99	

have produced reliable results of the origin and distribution of nitrogen inputs in coastal waters. 100	

 101	

Material and method 102	

Study area  103	

This study was conducted during the Autumn of two consecutive years, 2012 and 2013, in the Gulf 104	

of Gaeta, located along the west coast of Central Italy. Coastal waters in the gulf are affected by 105	

urbanization, agriculture, mussel and fish farm activities, naval industry and touristic facilities 106	

(ARPALAZIO 2012; Orlandi et al. 2014). The Gulf of Gaeta, with an area of 61 km2, is delimitated 107	

to the North-West by the Gaeta promontory (41°15'49.89"N, 13°25'37.83"E) and to the South-East 108	

by the Garigliano river estuary (41°13'23.36"N, 13°45'40.66"E). Three natural running waters use 109	

the coastal sea in the Gulf as final recipient: The river S. Croce and the Itri River, with a drainage 110	

basin of 160.69 km2 on the North-West side, and the heavily polluted waters of the Garigliano river, 111	

which has a drainage basin of 4984 km2, on the South-East side of the Gulf. Two waste water 112	
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treatment plants (WWTPs) serving urban areas discharge directly in coastal waters, one in the city 113	

of Gaeta (80 l/s of discharge) and another in Formia (182 l/s). Three other WWTPs discharge their 114	

effluents in the drainage network of River Garigliano (for a total of 433 l/s) and a fourth, smaller 115	

plant, discharges 22 l/s in the Rio Itri, ultimately providing additional inputs to the gulf through 116	

river mouths. It has been estimated (ARPALAZIO 2012) that the total anthropogenic nitrogen input 117	

belonging to activities performed on the coast is 728.9 t/year. N load belonging to the inland and 118	

drained in coastal waters by main river basins add further 330 t/year, of which the ~50% is 119	

transported by the River Garigliano. Surface currents in the gulf are characterized by an east-south 120	

east direction, determined by the specific topography of the gulf. This opposes to water circulation 121	

outside the gulf which would tend to move from south to north along the central Tyrrhenian coast of 122	

Italy (ARPALAZIO 2012). A secondary, weaker surface current enter the gulf from the south 123	

moving toward north-west. As a consequence, such surface circulation pattern produces a long 124	

residence time of waters in the gulf and hinders the exit of water masses rich in human-derived 125	

nutrients. 126	

 127	

Sampling grid 128	

The choice of the sampling sites in the gulf was based on remote-sensing hydrological surveys to 129	

identify areas with a high probability of being affected by inputs from urban, agricultural and 130	

livestock-rearing outflows due to superficial runoff and river drainage. To identify the surface 131	

runoff to the Gulf of Gaeta a DTM (Digital Terrain Model) was realized. The 3D model better 132	

describes the morphology of the study area and characterizes in detail the drainage pattern (Calizza 133	

et al. 2016). Simulation with vector maps derived from a grid identified downhill direction (Terrain 134	

Aspect) and steepness of the slopes (Terrain Slope). The Terrain Slope is represented as a slope 135	

angle St in degrees according with the terrain modelling literature (Moore et al., 1991). It calculates 136	

the slope at any grid node on the surface in degrees from zero (horizontal) to 90 (vertical). For a 137	

particular point on the surface, the Terrain Slope is based on the direction of the steepest descent or 138	
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ascent at that point, thus providing a gradient direction across the surface. The water flow in the 139	

whole study area is characterized by a well-organized runoff pattern toward South, represented by 140	

two main river valleys, one to the West (main drainage direction NNW-SSE oriented) and the other 141	

to the East (with a drainage direction NE-SW oriented). Several minor streams complete the 142	

drainage pattern with different directions. The drainage pattern highlights four main sectors in the 143	

Gulf of Gaeta where the runoff toward the sea is concentrated (Fig. 1). This allowed us to identify 144	

the main outflow routes and, subsequently, six areas in the Gulf (areas A to F, from North-West to 145	

South-East), hereafter called A: in front of the city of Gaeta; B: in front of the city of Vendicio; C: 146	

in front of the city of Formia; D: in front of the Gianola promontory, a partly cultivated and partly 147	

naturally vegetated area; E: in front of the city of Scauri, and F: in front of the mouth of river 148	

Garigliano (Fig. 1). 149	

50 sampling sites were chosen. The sampling sites were distributed along inshore-offshore transects 150	

forming a complete grid of sampling in the gulf, including transects adjacent to the major outflow 151	

routes (Fig. 1). Also, sites were assigned to the six sampling areas (from A to F), each site being 152	

assigned to the closest area based on its distance from a reference location on the shore (e.g. from 153	

the mouth of River Garigliano for sites assigned to area F). Data on physical parameters 154	

(temperature, pH, dissolved oxygen) were collected by multi-parameter probe (Hanna instruments 155	

HI 9829) and analyzed in conjunction with biological data for the two years of sampling. Data on 156	

total nitrogen concentration at each area and year were provided by ARPA-Latina (Environmental 157	

Regional Agency for Environmental Protection, Latina) based on water samples collected during 158	

our sampling. All sites were sampled during the last week of October during the 2012 and the first 159	

week of November in 2013. The two sampling years differed in rainfall (see the result section), 160	

which allowed to assess the effects of storm water runoff and year variability on nutrient 161	

concentration in water and δ15N values of Ulva lactuca.	162	

 163	

Field work 164	
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The settings of the bioassay parameters (i.e. algal species and incubation time in the field) were 165	

selected as for the previous pilot study performed in March 2012 at the same location (Orlandi et al. 166	

2014). For each sampling site, fronds of the green macroalgae Ulva lactuca were collected from a 167	

close environment, Circeo, located off the Circeo promontory (included in the Circeo National 168	

Park; 41°13'30.40"N, 13° 3'13.56"E), 30 miles north-west of the Gulf of Gaeta, which is considered 169	

a non impacted, reference area (Orlandi et al. 2014). A fragment from each algal specimen used in 170	

the study was removed, numbered, transported to the laboratory in an ice-box and preserved  at -80 171	

°C in order to detect the δ15N values at initial experimental time (T0). At each site, the remaining 172	

fragments of macroalgae were housed in rigid plastic cages (1 cm mesh), tagged and suspended in 173	

the water column at ~70% light (Secchi disk depth = 2-6 m) about 50-90 cm below the water 174	

surface. In each sampling site, three replicate fronds of U. lactuca were submerged. After 48h of 175	

submersion (T1), time enough for complete turnover of N in U. lactuca and for δ15N equilibrium 176	

according to literature (Runcie et al. 2003; Orlandi et al. 2014) and laboratory experiments 177	

conducted with specimens belonging to the same collection site (Orlandi et al. 2017), the specimens 178	

were collected and transported to the laboratory in an ice-box. 179	

 180	

Stable Isotope Analysis 181	

The analysis were carried out after freeze drying (-45°C, 80 Hg, 24 h) and homogenization by ball 182	

mill (Fritsch Pulverisette 23) (Rossi et al. 2007). Each sample was analysed twice. 2.0-2.5 mg dry 183	

weight of the homogenised powder was used for each analysis (Calizza et al. 2013b). Stable isotope 184	

values were assessed by continuous-flow isotope mass spectrometer (Isoprime100, Isoprime 185	

Limited, Cheadle Hulme, UK) coupled with an elemental analyzer (Elementar Vario MICRO 186	

CUBE, Elementar, Hanau, D). Isotopic ratios were expressed in ‘δ’ units as the relative difference 187	

(in parts per thousand) between the sample and conventional standards (atmospheric N2 (Air) for 188	

15N) in accordance with the formula δR(‰) = [(Rsample - Rstandard)/Rstandard] *1000, where R is 189	
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the heavy-to-light isotope ratio of the element (R = 15N/14N). Results were monitored with reference 190	

to an internal standard calibrated to International Atomic Energy Agency reference materials 191	

(Caffeine: IAEA-CH6). The δ15N in all the algal samples were analyzed to assess ∆15N values, as 192	

difference between δ15N at T1 and the δ15N at T0 of algal fragments belonging to the same frond. 193	

 194	

Data analysis 195	

Two-way analysis of variance (ANOVA) was used to test for the effect of sampling year and area on 196	

δ15N values in Ulva lactuca. Paired t test was used to test for mean difference in temperature, N 197	

concentration, pH and dissolved oxygen between sampling years, with sampling areas being 198	

considered as repeated observations among years. The assumption of homogeneity of variances was 199	

checked using Cochran’s C-test, and data transformations were used where necessary. Spearman 200	

statistical significance was evaluated at α = 0.05. δ15N values of the macroalgae following 201	

deployment were spatially interpolated using universal Kriging (software: ArcGIS) to produce 202	

isoseascape displaying continuous variation in δ15N along the whole sampling grid for each year of 203	

study. Isoseascapes were compared among years and a third map displaying the isotopic difference 204	

between years at each sampling point was produced. This allowed to map isotopic variations 205	

observed in the gulf between years differing in rainfall conditions, measured as: δ15N2013- δ15N2012. 206	

Orlandi et al. (2014) identified two macro-areas in the Gulf differing in N pollution level. In the 207	

north-east part (areas A, B, C and D in the present study), mean δ15N after 48h of exposure was 208	

7.6‰, indicative of weak anthropogenic organic load. In the south-west part (areas E and F in the 209	

present study) mean δ15N was 8.4‰, indicative of higher anthropogenic organic N load, mainly 210	

dependent by the Garigliano river input. In that occasion, sampling occurred in March, before the 211	

summer increase in population density in the Gulf due to tourism, and after 15 days of complete 212	

absence of rainfall. Thus, isotopic values in Ulva lactuca published can be considered indicative of 213	

the baseline N input related to anthropic activities affecting the gulf during the year. Accordingly, 214	
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here δ15N values comprised between 8‰ and 10‰ are considered indicative of organic pollution; 215	

values higher than 10‰ indicate high organic pollution, while values between 6‰ and 8‰ indicate 216	

weak organic pollution. 217	

To estimate the minimal samples size that can return almost the same quality of isotope signal 218	

change (∆15N after 48h of exposure, measured as: δ15NT1-δ15NT0 for each algal specimen) in the gulf 219	

obtained with 50 samples (current size), maps quality was evaluated according to rooted mean 220	

square error (RMSE) computed on a validation sample and prediction variance (or prediction 221	

standard deviation when the spatial interpolation method allowed for its estimation). We started 222	

from the available sample of 50 points and we proceeded by repeatedly (500 times) randomly 223	

divide it in a training and a validation set of reducing size, from n= 48 to n= 15. For each iteration, 224	

the training set was used to build the spatial interpolator and then to estimate values in the 225	

validation set. Let “yj” be the generic element of the validation set, “nv” be the size of the validation 226	

set, then the RMSE at the ith iteration (i=1,…,500) is computed as: 227	

𝑅𝑀𝑆𝐸! =
1
𝑛!

𝑦! − 𝑦!
!

!!

!!!

 

 228	

As known, stratified sample designs (i.e. sampling procedures where auxiliary information are 229	

taken into account) usually allow for smaller RMSE and predictive variance. Then the choice of 230	

randomly divide the sample corresponds to the worst scenario, as no auxiliary information are used 231	

to build the subsamples, and any sampling site (independently by the observed isotopic variation 232	

after 48h of exposure) had the sample probability to be included in the subsample. Given that 233	

spatial interpolation results strongly dependent on the type of interpolator adopted, we repeated the 234	

above-described procedure using the three most used interpolators by GIS and R users: Multilevel 235	

B-splines (Lee et al., 1997), Inverse Distance weighting (Shepard, 1968) and Bayesian Kriging 236	

(Banerjee et al., 2014). Value of RMSE was compared between the three interpolators: the lowest 237	
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the RMSE, the better the performance. For each sample size, the proportional increase of the RMSE 238	

with respect to the RMSE estimated for n= 48 (RMSE48) was also calculated and considered as a 239	

measure of the loss of accuracy with decreasing sampling effort (i.e. for decreasing number of 240	

sites), measured as: 241	

(RMSEn-RMSE48)/RMSE48 242	

where n is the number of sites left in the training set. 243	

Given that more sites were left available for the validation set with decreasing n (allowing for a 244	

more precise estimation of RMSE) the variation of RMSE over the 500 random simulations is 245	

expected to decrease with increasing n, and is not indicative in this case. The entire procedure is 246	

implemented in R. 247	

 248	

Results  249	

The	rainfall in the Gulf of Gaeta differed between the two years of sampling (Wilcoxon paired test, 250	

W= 27, p< 0.05). Mean rainfall during the 7 days preceding our sampling was 1.7±0.8mm/day in 251	

2012 (hereafter: dry year) and 17.9±6.5 mm/day in 2013 (hereafter: wet year), for a total rainfall of 252	

15.2 mm and 138.1 mm in 2012 and 2013 respectively. 253	

δ15N of U. lactuca in the gulf ranged between 8.50±0.08‰ (in area D) and 10.46±0.13 (in C) in the 254	

dry year (mean δ15N in 2012= 9.68±0.07), and it ranged between 9.63±0.16‰ (in D) and 255	

11.14±0.13‰ (in F) in the wet year (mean δ15N in 2013= 10.22±0.09) (Table 1). δ15N varied both 256	

between years and sampling areas (Two-way ANOVA, Year: F= 23.8, p< 0.0001; Sampling area: 257	

F= 13.5, p< 0.0001; Interaction between Year and Sampling area: F= 9.3, p< 0.0001). Mean δ15N 258	

increased in areas A, D, and F from the dry to the wet year (Fig. 2). Both the maximum δ15N at any 259	

of our sampling areas and the variance (σ2) of δ15N across the gulf increased from the dry to the 260	

wet year (σ2= 0.69 in 2012, σ2=1.13 in 2013; F test, F= 1.63, p same variance= 0.01). As 261	

expected after rainfall events, mean temperature was lower in the wet year (paired t-test, t= 21.9, p< 262	
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0.01). pH did not vary, neither between years nor sampling areas (p > 0.05), while dissolved oxygen 263	

(paired t test, t= 3.5, p< 0.05) and N concentration in water (paired t test, t= 3.1, p< 0.05) increased 264	

in the wet year (Table 1). δ15N in Ulva lactuca was not related to temperature, pH and dissolved 265	

oxygen, neither when considered as single explanatory variables (p always > 0.05) nor together 266	

(Multiple linear regression, R2 adjusted= 0.11, F= 1.47, p= 0.30). On the other hand, δ15N increased 267	

linearly with N concentration in water (R2= 0.38, t= 2.5, p< 0.05). 268	

Seascapes describing the topography of N pollution in the gulf based on δ15N values are shown in 269	

Fig. 3. Organic pollution was detected both in the dry and the wet year, with important differences 270	

between the two. In the dry year, localised hotspots of organic N load were detected near the coast 271	

between areas A and B, in front of area E and, at a longer distance from the coast, area F. Two 272	

weaker, localised inputs were also detected in front of areas C and D (Fig. 3a). In the wet year, 273	

organic load increased across the entire Gulf, indicated by higher δ15N values. Organic N inputs 274	

were detected from area A (both inside and outside the Gulf) to area C, and between areas E and F. 275	

Evident organic nitrogen plumes from areas D, E and F were detected propagating through the gulf 276	

at longer distances from the coast in comparison to the dry year. Nitrogen loads were more 277	

localized near the coastline and became more diffused with increasing distance from the coast (Fig. 278	

3b). 279	

By comparing isoseascapes of 2012 and 2013, it was possible to obtain a third map displaying the 280	

variation in δ15N indicative of increased or decreased anthropogenic organic inputs in the wet year 281	

with respect to the dry year.  From this map, four pathways of δ15N increase (blue arrows in Fig. 3c) 282	

were observed  in correspondence of the four main outflows of drainage basins affecting the gulf. 283	

Hotspots of δ15N increase were more localized near the coastline and became more diffused with 284	

increasing distance from the coast. Also, two smaller, highly localised hotspots were detected in 285	

correspondence of the cities of Gaeta (area A, on the outside the Gulf) and Formia (area C) (black 286	

arrows in Fig. 3c). 287	
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 Average RMSE over 500 simulations is reported Fig. 4a for all three spatial interpolators used. 288	

Subsample of 48 points (only two points are taken out of the observed sample and used as 289	

validation set) is used as benchmark. Overall, the Bayesian Kriging produced the lower RMSE 290	

between observed and expected isotopic variations (RMSE= 1.21±0.03), with Inverse Distance 291	

(RMSE= 1.26±0.02) and Multilevel B-spline (RMSE= 1.37±0.02) producing the intermediate and 292	

higher RMSE respectively (One-way ANOVA for repeated measures, F= 75.7, p< 0.0001; Tukey’s 293	

post-hoc comparisons p always < 0.01). Loss of accuracy (i.e. the proportional increase in RMSE 294	

with respect to the benchmark) with decreasing sampling effort (i.e. decreasing sample size) was 295	

higher with the Multilevel B-spline (One-way ANOVA for repeated measures, F= 52.8, p< 0.0001; 296	

Tukey’s post-hoc comparisons p< 0.001) and lower but similar with Inverse Distance and Bayesian 297	

Kriging (Tukey’s post-hoc comparisons p > 0.05) (Fig. 4b). As an example, a 50% reduction in the 298	

sampling effort (i.e. n= 25) produced a 25% increase in RMSE with the Multilevel B-spline, 16% 299	

increase with the Inverse Distance, and 17% increase with the Bayesian Kriging. Independently by 300	

the considered spatial interpolator, proportional increase in RMSE never exceeded the 26% and 301	

stabilised for n≤ 35, i.e. for a sampling effort ≤ 70% of the original sampling. 302	

 303	

Discussion  304	

Marine coastal waters are widely perturbed by products of multiple anthropogenic activities, but the 305	

precise identification of the distribution of source pollution points, the temporal variability of 306	

anthropogenic N loads and their pathways of propagation at sea can be difficult and time 307	

consuming. Hence, the development of effective monitoring tools supporting the management of 308	

coastal areas is necessary to preserve marine ecosystems and their ability to provide goods and 309	

services (Vidal et al. 1999; Halpern et al. 2008). Notwithstanding the use of macroalgal δ15N as a 310	

tracer for nitrogen pollution (Piñón-Gimate et al. 2009; Risk et al. 2009; Dailer et al. 2010), only 311	

few studies provided experimental evidence of isotopic variation in algal tissues after exposure to 312	
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anthropogenic dissolved nitrogen (Costanzo et al., 2005; Fertig et al., 2009), in particular by mean 313	

of translocation and laboratory experiments (Orlandi et al. 2014, 2017, Jona Lasinio et al. 2015). 314	

Our results showed that the mean concentration of total Nitrogen in the Gulf of Gaeta during the 315	

rainy autumn in 2013 was substantially higher than that observed in the drier autumn in 2012, 316	

suggesting increased land-derived nitrogen input transported by rivers. This was confirmed by the 317	

comparison of δ15N values in the macroalgal tissue after translocation to polluted waters during the 318	

two sampling years, which demonstrated able to detect such pulsed increase in organic nitrogen 319	

inputs due to increased runoff. During the dry year, organic N pollution was localized in few, very 320	

clear hotspots in correspondence of major cities (Gaeta and Formia) and the main coastal discharge 321	

points of the river network. Except in front of the Garigliano river mouth, the system seemed able to 322	

absorb the heavy anthropogenic organic load and δ15N in algae returned to relatively lower values 323	

over short distances. On the other hand, during the wet year widespread organic pollution was 324	

evident in the gulf, and organic plumes propagated for longer distance from the coast, suggesting 325	

insufficient nutrient sequestration capacity by the system following increased anthropogenic N load. 326	

Comparison of δ15N isoseascapes allowed to map isotopic variation at each point of our sampling 327	

grid between years, highlighting both coastal and offshore areas of the gulf affected by freshwater-328	

transported nutrients. Isotopic values in algae after 48h exposure in the gulf were not influenced by 329	

physicochemical water parameter. Given this, hotspots of isotopic increase from the dry to the wet 330	

year are indicative of increased organic pollution related to high storm water runoff in 2013, and 331	

identify coastal areas vulnerable to pollution associated to inland human activities in accordance 332	

with landscape hydromorphology. Results obtained by mean of spatial interpolation of δ15N values 333	

were confirmed when considering a discrete zonation of sampling areas. δ15N at any area exceeded 334	

8‰, indicative of anthropogenic organic N inputs, and sites in areas A (Gaeta), D (Gianola) and F 335	

(Garigliano) showed increased values of δ15N in the wet year with respect to the dry year. Actually, 336	

these areas received three principal river mouths belonging to Fondi-Itri and Garigliano river basins, 337	
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represented by Rio Itri near Gaeta, Rio Santa Croce in Gianola and the River Garigliano. The 338	

increased δ15N values of macroalgae after deployment and the positive correlation between δ15N 339	

and concentration of total nitrogen in the water column confirm that additional input of nitrogen in 340	

the wet year were dominated by organic anthropogenic nitrogen delivered by rivers. In addition, the 341	

three isotopic seascapes provided evidences of the expected accumulation of nutrients in in the 342	

south-east portion of the Gulf due to surface currents circulation, which accumulate water masses 343	

impeding their exit (ARPALAZIO 2012). 344	

Being able to map coastal vulnerability to terrestrial-derived pollution and offshore propagation of 345	

pollutants is key to improve the management and conservation of marine coastal areas. This is 346	

particularly true for temperate latitudes given that climate change is expected to increase heavy 347	

rainfall events, leading to increased risk of floods and nutrient discharge in the next decades (IPCC, 348	

2001). In this context, δ15N signature in U. lactuca demonstrated able to trace nitrogen inputs 349	

resulting from human activities carried out both on the coast and inland. It was also able to indicate 350	

ways of coupling between land use in the drainage basins and river transport of nutrients to the 351	

coastal waters (di Lascio et al. 2013, Bentivoglio et al. 2016), representing a sensitive and effective 352	

monitoring tool. This information improves our understanding of how nitrogen enters a water body 353	

and how it is subsequently used by primary producers, which is of great importance in assessing the 354	

impacts of “anthropogenic vs. natural” nutrient sources on marine ecosystems (Rogers, 2003; 355	

Kamer et al., 2004; Savage and Elmgren, 2004; Careddu et al. 2015, 2017). Indeed, the definition of 356	

the spatial footprint of land-derived nitrogen is a key element to design initiatives to manage and 357	

limit eutrophication in urbanised coastal regions (Rogers, 2003; Kamer et al., 2004; Savage and 358	

Elmgren, 2004; Orlandi et al. 2014). In addition, comparison of the isotopic signatures of small 359	

fragments from the same frond before and after exposure avoided possible bias arising from the 360	

natural variability of δ15N values among fronds, thus enabling the monitoring of larger areas with 361	

shorter sampling time (as short as 48h) and effort than would otherwise be necessary.  362	
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The simulation carried out to investigate the influence of sampling effort on spatial interpolation of 363	

isotopic variations in Ulva lactuca after field exposure highlighted that among the interpolators 364	

tested, the Bayesian Kriging was the most accurate in terms of predictions, followed by the Inverse 365	

Distance and the Multilevel B-Splines. Inverse distance although very simple to implement does not 366	

allow an easy assessment of uncertainty, while Kriging (Bayesian or classical) always does. By the 367	

application of the Bayesian Kriging, it was possible to obtain both an accurate estimation of isotopic 368	

variation across the sampling grid and a small loss of accuracy with simulated decreasing sampling 369	

effort. This represents an useful tool when the consideration of uncertainty on isotopic data could 370	

help the selection of most appropriate management strategies dealing with anthropogenic pollution 371	

in waters (Jona Lasinio et al. 2015). For the first time, we provided a clear evidence of the 372	

robustness of isotopic monitoring by mean of macroalgae to the sampling effort and the spatial 373	

coverage of the monitoring grid. Loss of accuracy did never exceed the 30% in comparison to 374	

original data, even for a 70% reduction in sampling effort, and did not vary following a reduction in 375	

sampling effort ≥ of 30% (i.e. for n≤ 35). As a practical consequence, this suggests that monitoring 376	

strategies in the gulf should focus either on a high or low sampling effort, given that intermediate 377	

effort would have a higher cost than a low effort but with no parallel increase in the accuracy of 378	

results. 379	

In conclusion, our study displays the usefulness of δ15N in green algae as a proxy for space-time 380	

monitoring of anthropogenic sources of nitrogen in Mediterranean coastal areas. The production of 381	

isoseascapes in two years of sampling differing in rainfall shows the ability of U. lactuca to provide 382	

a clear overview of the topography of nitrogen pollution and to track its variation in time. The 383	

spatial analysis of δ15N values of macroalgae was useful to identify “hot spot” areas with high 384	

nitrogen inputs, their source and diffusion pattern at the landscape scale (Zhou et al. 2007). High-385	

resolution isoseascapes at the gulf scale allowed an integrated reading of the localization, origin and 386	

intensity of the nitrogen inputs affecting coastal waters, depending on the sign and the absolute 387	

value of the isotopic variations, as well as to locate areas affected by nutrients belonging to the 388	
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inland.	This was possible both in condition of lower (dry Autumn 2012) and higher anthropogenic 389	

organic nitrogen load (rainy Autumn 2013). Short-term algal exposure represents an important 390	

temporal logistic advantage in such coastal areas characterized by intense tourism and commercial 391	

activities, which need to be reduced or interrupted during the monitoring. Thus, after defining the 392	

most appropriate sampling grid, the proposed approach for mapping continuous or pulsed nitrogen 393	

inputs of different origins could be used as a baseline for future water quality monitoring and 394	

management programs aiming at the description of the topography of nitrogen inputs in coastal 395	

seas. This is especially true for δ15N of macroalgae tissue, because changes in δ15N signatures due 396	

to anthropogenic N can be measured far before ecological changes related to eutrophication occur 397	

or became evident (Lepoint et al., 2004).  The robustness of isoseascapes to reduction in sampling 398	

effort represents a powerful monitoring tool for Environmental Agencies (the proper recipient of 399	

ecological research) in monitoring and management strategies. 400	
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Tables 563	
 564	
 565	
Table 1. Mean (±S.E.) of  δ15N in Ulva lactuca, temperature, total nitrogen (N), pH, and dissolved 566	
oxygen (DO) in six sampling areas (A to F) in the Gulf of Gaeta, during a dry (low rainfall, 2012) 567	
and a wet (high rainfall, 2013) year.  568	
 569	

Area Dry Autumn (2012)   Wet Autumn (2013) 
  δ15N (‰)  T (°C)  N (µg/L) pH DO (%)   δ

15N (‰)  T (°C)  N (µg/L) pH DO (%) 

A  9.4 ±0.2 23.6±0.4 106±55.1 8.2±0.01 96.9±0.5   10.4±0.2 16.9±0.28 386±134.6 8.1±0.01 97.5±0.2 
B 9.7 ±0.4 23.5±0.2      99±80.3 8.2±0.01 92.3±0.9   9.6±0.2 16.9±0.31 296±22.7 8.1±0.01 102.5±0.4 
C  10.4±0.4 23.0±0.4 100±90.5 8.2±0.05 84.8±0.4   9.9±0.3 17.5±0.54 183±22.2 8.1±0.02 106 ±0.8 
D 8.5 ±0.1 22.9±0.3 108±78.3 8.2±0.01 91.0±0.6   9.8±0.1 16.5±0.37 298±37.3 8.1±0.01 100.1±0.6 
E  10.5 ±0.3 22.7±0.5 100±45.6 8.1±0.04 91.2±0.9   10.2±0.2 17.2±0.42    329±44.5 8.1±0.01 99.8±0.5 
F 9.5 ±0.2 23.6±0.3 120 ±101 8.2±0.01 99±0.7   11.1±0.2 15.4±0.80    837±150 8.0±0.05 106 ±0.4 
  570	
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Figure legends 571	
 572	
Figure 1. 3D map of the Gulf of Gaeta. Arrows mark the main river mouths discharging in the gulf. 573	
White numbered symbols represent 50 sampling sites. Circles with letters (from A to F) indicate six 574	
sampling areas in the gulf. 575	
 576	
Figure 2. Boxplots of δ15N values of Ulva lactuca in six sampling areas (from A to F) in the Gulf 577	
of Gaeta both in a low (dry, 2012) and high (wet, 2013) rainfall year. Black dots denote outliers. 578	
Asterisks indicate a significant difference in δ15N between the dry and the wet year at each 579	
sampling area (*: p< 0.05, ***p< 0.001). Letters above boxplots indicate differences between 580	
sampling areas in the dry (lowercase letters) or in the wet (capital letters) year (Two-way ANOVA 581	
and Tukey post-hoc comparisons, p< 0.05). 582	
 583	
Figure 3. Isotopic seascape maps obtained with Bayesian Kriging of δ15N values recorded in Ulva 584	
lactuca after 48h exposure in the Gulf of Gaeta. White dots with numbers indicate the sampling 585	
sites. Colors indicate varying δ15N values both in a low (dry, 2012) and high (wet, 2013) rainfall 586	
year (panel a and b respectively). Panel c displays the isotopic difference (D15N, in ‰) between the 587	
wet and the dry year measured at each point by comparing the isotopic seascapes of the two years of 588	
sampling. Diffused (i.e. spreading far from the coastline, blue arrows) and localized (i.e. localized 589	
near the coastline, black arrows) hotspots of isotopic increase in the wet year are depicted for 590	
clarity. 591	
 592	
Figure 4. Panel a: average Root Mean Squared Error (RMSE, in ‰) between expected and 593	
observed δ15N variations of Ulva lactuca after exposure in the Gulf of Gaeta for three spatial 594	
interpolators (Multilevel B-spline, Inverse Distance, and Bayesian Kriging). We simulated a 595	
decrease in sampling effort considering a decreasing number of sampling sites (n, from 48 to 15) for 596	
each spatial interpolator. For each value of n, RMSE was computed over 500 simulations. Panel b: 597	
proportional increase in RMSE (with respect to that obtained for n= 48) with decreasing sampling 598	
effort, as the proportion of sampling sites considered for the computation of the RMSE. Black 599	
circles: Inverse Distance; grey triangles: Bayesian Kriging; empty squares: Multilevel B-spline.  600	
 601	
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