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• Yantai coast was affected by three types
of DIN sources.

• Macroalgal species suitable or not for
DIN source tracing were suggested;

• TN and δ15N were affected by nutrient
concentrations and themetabolic factors.

• P instead of N limited the tissue N up-
take in low nutrient concentration sites.
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To determine the dominant nitrogen sources and select effective macroalgal species for monitoring eutrophica-
tion along the Yantai coast, the total carbon (TOC), total nitrogen (TN) and nitrogen stable isotope ratio (δ15N) in
macroalgal tissuewere analyzed in conjunctionwith environmental variables in seawater along the Yantai coast-
line. The ranges of macroalgal tissue δ15N values together with dissolved inorganic nitrogen (DIN) composition
indicated that except for the atmospheric deposition, there were three dominant types of nitrogen sources
along the Yantai coast, with the agricultural fertilizer usage and factorial wastewater input at the S1 (Zhifu Island
coast), the sewage discharge at S2 (the Moon Bay coast), the sewage discharge together with aquaculture im-
pacts at S3 (Fisherman Wharf coast) and S4 (the Horse Island coast). Macroalgal growth were not limited by
DIN but limited by P at S2, S3 and S4. Macroalgal species suitable or not for DIN source tracing along the Yantai
coast were discussed. For sites with low DIN concentration, many species of three phyla could be used for DIN
sources tracing with Laurencia okamurai, Gloiopeltis furcata and Ulva pertusa being ideal species. For site with
high DIN concentration, however, species of Rhodophyta were not suitable and only Scytosiphon lomentaria
and Monostroma nitidiumwere chosen.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Over the last several decades, anthropogenic activities (e.g., fertilizer
use, sewage discharge, aquaculture) have dramatically increased the ni-
trogen loadings along coastlines and greatly accelerated the deteriora-
tion of marine ecosystems (Nixon, 1995; Bricker et al., 2008; Howarth
et al., 2011). Distinguishing nitrogen sources is not only necessary to
understand the biogeochemical cycle in coasts and estuaries but also
important to establish effective coastal environmental management
policies (Rogers, 2003; Kamer et al., 2004). Nitrogen stable isotope
ratio (δ15N) has been successfully applied to trace nitrogen sources
over the last decade, depending on their specific signatures
(McClelland and Valiela, 1998; Savage and Elmgren, 2004;
Ochoa-Izaguirre and Soto-Jiménez, 2013; Viana and Bode, 2015). For
example, sewage effluent or animal wastewaters are characterized by
high values of δ15N, from 7‰ to 50.1‰ (Kendall, 1998; Savage and
Elmgren, 2004; Dailer et al., 2010), while fertilizer derived from indus-
trial fixation of N2 are depleted in δ15N values, from −7.5‰ to 6.6‰
(Heaton, 1986; Macko and Ostrom, 1994; Vitòria et al., 2004; Dailer
et al., 2010). Particularly, the use of δ15N of macroalgae and other auto-
trophic organisms to identify nitrogen sources in coastal ecosystemshas
becomemore popular in the last few years, e.g., Moreton Bay, Australia
(Costanzo et al., 2001), Himmerfjärden Bay, Sweden (Savage and
Elmgren, 2004), Baltic Sea (Deutsch and Voss, 2006; Schubert et al.,
2013), Hanalei Bay, Kauai, USA (Derse et al., 2007), Narragansett Bay,
RI, USA (Thornber et al., 2008), Gulf of California, USA (Piñón-Gimate
et al., 2009; Ochoa-Izaguirre and Soto-Jiménez, 2013, 2015), Maui,
Hawai'i, USA (Dailer et al., 2010), Ría de A Coruña, Northwestern
Spain (Viana and Bode, 2013, 2015), and Marennes-Olèron Bay, France
(Raimonet et al., 2013). The basic premise of nitrogen sources tracing
with macroalgal tissue δ15N is that it could reflect the nitrogen source
in a predictable manner (Cohen and Fong, 2005).

However, δ15N values in the macroalgal tissue may be modified by
metabolic activity or environmental changes. Macroalgal internal struc-
ture, attachment strategies, growing rates, reproduction strategies, pref-
erence assimilation for nitrogen chemical, uptake kinetics, storage
capacity and individual condition of species (e.g., juvenile or adult)
could cause the difference of δ15N values between macroalgal species
(Ochoa-Izaguirre and Soto-Jiménez, 2015). For example, foliose and fil-
amentousmacroalgae such asUlva intestinalis couldmore efficiently re-
flect the δ15N–DIN variations because their faster uptake and growth
rates (Teichberg et al., 2008; Dailer et al., 2010; Ochoa-Izaguirre and
Soto-Jiménez, 2015). Environmental factors such as seawater nutrient
levels, temperature and light may also result in the difference of
macroalgal δ15N values (Umezawa et al., 2002; Derse et al., 2007;
Dudley et al., 2010; Viana and Bode, 2015). Although the effect of envi-
ronmental nitrogen status and concentration on macroalagal fraction-
ation remains controversial (Cohen and Fong, 2004; Dailer et al., 2010;
Dudley and Shima, 2010; Kaldy, 2011), significant fractionation was
showed with high nitrogen concentration in the water column and
high nitrogen content in macroalgae (Thornber et al., 2008; Kaldy,
2011; Viana and Bode, 2015). Fractionation during nitrogen uptake nor-
mally leads to depletion of δ15N in the algal tissues compared to seawa-
ter nitrogen. However, no fractionation or even more enriched δ15N in
macroalgal tissues than nitrogen in the surrounding water was also
found (Cohen and Fong, 2004, 2005; Piñón-Gimate et al., 2009; Viana
and Bode, 2015). Thus, it still needs to be cautious to read the data of
δ15N in algal tissue. Effects fromboth internalmetabolic factors together
with the outside environmental impacts should be taken into account
when we evaluate the nitrogen sources with macroalgal δ15N analysis.

Most published studies of nitrogen sources with macroalgal δ15N
were focused in the mean isotopic signatures or based on the analysis
of only one to three species (Tyler and McGlathery, 2006; Thornber
et al., 2008; Kaldy, 2011; Carballeira et al., 2013, 2014; Viana and
Bode, 2013, 2015). However, relatively few studies were focused
on comparison of interspecific differences of isotope expression and
selection of more effective macroalgal species as indicator (Dailer
et al., 2010; Ochoa-Izaguirre and Soto-Jiménez, 2013, 2015). To get
excellent indicators of nitrogen sources, more studies are needed to
explain the effects of factors related to interspecific difference of
macroalgal δ15N.

Yantai is a coastal city located in the northern Yellow Sea, Chinawith
a population of approximately one and a half million (Fig. 1). Over the
last three decades, increased nitrogen loadings along the coastline,
resulting from anthropogenic activities (e.g., agriculture, marine aqua-
culture, factorial, and sewage discharge), have distinctly degraded the
health of the coastal ecosystem (Zhou et al., 2006; Wang et al., 2012).
Frequent micro- and macroalgal blooms in coastal water have threat-
ened the security of marine aquaculture and tourism (Hao et al., 2011;
Liu et al., 2013;Han and Liu, 2014). Therefore, controlling nitrogen load-
ing and establishing effective management policies are urgent matters.

In this study, we measured δ15N values of macroalgal tissue on the
Yantai coast with two primary aims: 1) to study the factors related to
variation of nitrogen content and δ15N values of macroalgal species
and select the most effective indicator species for tracing nitrogen
sources on the Yantai coast; 2) to identify the dominant nitrogen
sources in different part of this area.

2. Material and methods

2.1. Study area

Yantai has an approximately 101 km long rocky shore (Fig. 1) with a
regular semi-diurnal tide. It is a typical temperate region with surface
sea temperatures of approximately 2 to 3 °C in winter and 24 to 28 °C
in summer and surface sea salinities generally of 29.0 to 31.5 psu due
to river input along the coastline (Zhuang and Chen, 2003). Abundant
macroalgae are distributed in the littoral zone, including Rhodophyta
(e.g., Ceramium, Gelidium), Chlorophyta (e.g., Ulva) and Phaeophyta
(e.g., Colpomenia) (Zhuang et al., 2010; Han and Liu, 2014), which
makes it possible to use the δ15N values in macroalgal tissue to trace ni-
trogen sources along the coastline.

Four sites along the coastline were chosen for collecting algae and
water samples (Fig. 1). Site 1 (S1: 37°37′18.35″–37°37′20.42″N,
121°22′12.53″–121°22′13.66″E) is on the coast of Zhifu Island. Site 2
(S2: 37°32′1.81″–37°32′2.73″N, 121°25′34.28″–121°25′38.78″E) is on
the coast of Moon Bay. Site 3 (S3: 37°30′2.00″–37°30′3.60″N, 121°26′
40.09″–121°26′40.26″E) is on the coast of Fisherman Wharf. Site 4
(S4: 37°29′9.51″–37°29′10.44″N, 121°38′35.84″–121°38′38.88″E) is on
the coast of Yangma Island. The selected four sites were affected by dif-
ferent anthropogenic and natural environmental factors and the de-
tailed information was showed in Fig. 1 and Table 1.

2.2. Sample collection

Macroalgae and surface seawater samples were taken at the four
sites in April 2012. Surface seawater temperature and practical salinity
(Sp) were directly measured in situ using a YSI (Yellow Spring Ohio,
U.S.A.) water quality meter. During the sampling period, sea tempera-
ture ranged from 1 to 8 °C, and Sp was between 28.6 and 30 psu.
Three 0.5 L surface seawater sampleswere filtered through cellulose ac-
etate membranes (Whatman, 0.45 μm) using a vacuum pump at each
site for nutrient concentrations determination. The filtered water sam-
ples were poisoned with HgCl2 (0.05% final concentration) to prevent
microbial alteration, and then were frozen (−20 °C) until analysis.

A quadrat (1 × 1 m) was used to collect macroalgal species. Three
quadrats were chosen along the coast of each site and all macroalgal
species in three quadrats were collected and identified with the help
of a microscope (CKX41, Olympus, Japan) in the laboratory. In total,
20 species of Rhodophyta, 6 species of Phaeophyta and 4 species of
Chlorophyta were identified (Appendix I in supplement). Same speci-
mens of the three quadrats were taken for each species. Macroalgae



Fig. 1. Sampling sites along Yantai coastline (S1: Zhifu Island; S2: Moon Bay; S3: FishermanWharf; and S4: Yangma Island). Due to the short distance between different outfalls at S2 and
S3, we could only use one spot to represent them on the map, respectively.
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were firstly washed in filtered seawater to clean and remove other or-
ganisms andwere rinsed inMilli-Q water, then were dried in the freeze
dryer (Christ ALPHA 1-4 LSC, German) and afterwards the dried speci-
mens of each species were mixed and homogenized by grinding.

2.3. Total carbon (TC), total nitrogen (TN) and δ15N measurement of algal
tissue

Approximately 0.5–1 mg of grinded macroalgae was placed into a
4 × 6 mm tin capsule. TC, TN and δ15N of algal tissue were analyzed
with a continuous-flow isotope-ratio mass spectrometer (Delta V Ad-
vantage, Thermo Scientific, Germany) coupled to an elemental analyzer
(Flash EA1112 Thermo Scientific, Italy). Reference gaseswere calibrated
against International Reference Materials (IAEA-N1, IAEA-N2 and IAEA-
600). The results are expressed relative to atmospheric N2 as a standard
of δ15N according to the following equation:

δ15N sample‰ ¼
15N=14N
� �

sample‐ 15N=14N
� �

standard
15N=14Nð Þstandard � 1000:

Replicate measurements of a laboratory standard (acetanilide,
Thermo Scientific) indicated that the analytical errors for samples
were b0.1‰ for δ15N. The C:N ratios were determined from the %TC
and %TN data.

2.4. Nutrient measurement of seawater samples

Nutrient concentrations, including nitrate (NO3-N), nitrite (NO2-N),
ammonium (NH4-N) and soluble reactive phosphorus (PO4-P), were
measured by flow injection analysis (AA3, Bran + Luebbe, Germany).
The analysis procedures followed the WOCE (World Ocean Circulation
Experiment) Methods Manual WHPO 91-1 (Gordon et al., 1993;
JGOFS Protocols, June 1994). The limits of detection were 0.015 μM for
NO3-N, 0.003 μM for NO2-N, 0.04 μM for NH4-N, and 0.02 μM for PO4-P.
2.5. Data analysis

A one-way ANOVA and post hoc Tukey HSD tests (α = 0.05) were
used to determine the significance of differences in TC, TN, C:N and
δ15N in algal tissue among different sampling sites.

3. Results

3.1. Nutrient concentrations and composition of seawater at the four sites

Nutrient concentrations and composition at the four sites are listed
in Table 2. The highest DIN and PO4-P concentrations occurred at S1,
with NH4-N contributing 80% of DIN. The lowest DIN concentrations
were observed at S4, with 64% of DIN contribution fromNH4-N. Howev-
er, NO3-Nwas the dominant composition of DIN at S2, contributing 60%.
PO4-P concentrations were low and similar at S2, S3 and S4. DIN:PO4 ra-
tios exhibited a trend of S2 N S3 N S4 N S1.

3.2. Comparison of TN values, C:N ratios and δ15N values in macroalgal tis-
sue at the four sites

The ranges and averages of TN values, C:N ratios and δ15N values in
macroalgal tissue were shown in Fig. 2 and Table 3. The highest tissue
TN, much lower C:N ratios, and particularly low δ15N values together
with the narrowest TN and C:N ratio ranges occurred at S1, where sea-
water DIN concentrations were highest (Table 2). A Tukey test among
the four sites also showed a significant difference in tissue TN and
δ15N between S1 and the other three sites (p b 0.05, Table 4). The aver-
age values of tissue TN, C:N and δ15N at S2, S3 and S4 exhibited relatively
slight difference (p N 0.05, Table 4). Although seawater DIN concentra-
tions were lower at S4 than S2 and S3, tissue TN and δ15N at these
sites showed a trend of S4 N S2 ≈ S3 and S4 N S2 N S3, respectively.
C:N ratios showed an opposite trend to TN. δ15N range (6.3–9.4‰) at
S3 was much narrower than the other three sites (Fig. 2, Table 3).



Table 1
Description of the four sampling sites.

Sites Location and characteristic Use of lands near the sampling sites Possible sources of contamination Photo of sampling sites (wastewater outfalls
are noted)

Site
1

S1 is on the northern coast of Zhifu Island
with substrate being sand and smooth rock
and macroalga mainly was found on the
rock substrate. Laoye Mountain isolated S1
from residents' living centers. The Taozi
Bay wastewater treatment plant (WWTP)
is located in the south of the island, and the
treated wastewater is piped to the sea
outside Zhifu Bay by a 650-m submarine
wastewater line. S1 is in the waste water
discharge mixing zone of WWTP.

The surround Laoye Moutain is
covered by natural pine woods.

Atmospheric deposition; treated
waste water of sewage, agriculture
and industrial discharged from
WWTP.

Site
2

S2 is on the coast of Moon Bay with a sand
substrate, where there are two domestic
sewage outfalls with discontinuous
untreated wastewater input near the
beach. The diameter of the two outfalls is
approximately 1 m and distance between
them is approximately 15 m.

S2 is a tourist spot surrounded by the
residential living area.

Atmospheric deposition;
discontinuous untreated wastewater
input from the surrounding living
residents; pollution from tourists.

Site
3

S3 is on the coast of Fisherman Wharf with
a pebble substrate. There are many small
sewage outfalls with continuous untreated
wastewater input around the beach. The
distance between outfalls is around 2–4 m
and diameter of each outfall is
approximately 0.1 m.

S3 is also surrounded by the
residential living area. There is
bivalve culture in the coast.

Atmospheric deposition;
discontinuous untreated wastewater
input from the surrounding living
residents; the excretion of bivalve
culture.

Site
4

S4 is on the coast of Yangma Island with a
pebble substrate, which is a marine
conservation area. Xin'an River
wastewater submarine outfall is in the
southeast of S4 and S4 is not in the mixing
zone's area of sewage discharge.

The Yangma Island has a population
of 7000 and a number of residents on
the island engage in marine
aquaculture (sea cucumber, abalone)
along the beach.

Atmospheric deposition; pollution
from the living residents; the
excretion of aquaculture. Possible
effects from Xin'an River wastewater
submarine outfall.
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Considering the interspecies difference of TN and δ15N expression,
macroalgal specieswith presence at least two siteswere chosen to com-
pare the tissue TN and δ15N between different sampling sites (Fig. 3). TN
values ofmost species showed a general trend of S1 N S4 ≥ S2 and S3 and
this trend is consistent with the comparison of average values and the
ANOVA analysis of all macroalgal species different site (Tables 3, 4).
δ15N values analysis of same species at the four sites were also consis-
tent with the trend average δ15N values comparison of all macroalgal
tissue, with δ15N values were much lighter in macroalgal species at S1
Table 2
Nutrient concentrations (μM) and composition at the four sites (DIN: dissolved inorganic nitro

Sites NO2-N NH4-N

S1 Range 0.68–0.95 25.1–82.3
Average 0.79 46.4

S2 Range 0.26–0.37 6.37–11.4
Average 0.31 8.92

S3 Range 0.15–0.18 7.49–8.62
Average 0.17 7.98

S4 Range 0.08–0.15 5.45–7.43
Average 0.12 6.27
(significant different to the other three sites) andwere similar in species
at S3 and S4 (Fig. 3b; Table 3).

3.3. Interspecific difference of TN values, C:N ratios and δ15N values in
macroalgal tissue

TN values, C:N ratios and δ15N values in macroalgal tissue are
influenced not only by nutrient concentrations and sources at different
sites but also by interspecific differences within a site. Interspecific
gen).

NO3-N DIN PO4-P DIN:PO4

10.2–12.0 37.4–95.0 0.31–0.41 92.6–103
11.1 58.2 0.38 167
8.68–19.4 18.0–26.0 0.03–0.04 522–769
13.9 23.1 0.03 666
2.87–4.69 11.7–12.7 0.02–0.04 329–491
4.02 12.2 0.03 390
1.91–4.95 7.44–12.5 0.04–0.07 138–309
3.48 9.86 0.05 219



Fig. 2. TN and δ15N values of macroalgal tissue at the four sites; and the average values of TN and δ15N (Table 2) were shown with dash dot line and dash line, respectively.
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differences were compared at the four sites (Table 5 and Fig. 2). Species
of Phaeophyta generally displayed the lowest tissue TN and highest C:N
ratios at each site compared with the species of Chlorophyta and
Rhodophyta (Table 5), while the average TN and C:N of Chlorophyta
and Rhodophyta were more similar at the four sites. The average δ15N
value of Rhodophyta was considerably lighter than which of Chloro-
phyta and Phaeophyta, particularly at S1 (Table 5 and Fig. 2).

Interspecific differences in TN and δ15N also existed within each
phylum. Among the Rhodophyta, tissue TN in Gloiopeltis furcata at S2
was considerably higher than the average TN value, while its value in
Corallina pilulifera at S2 (2.18%) and S4 (2.46%) was considerably
lower than the average. Among the Phaeophyta species, tissue TN in
P. fascia (2.01%) at S3 was much lower than the average value (4.23%).
Among the Chlorophyta species, tissue TN at S2-S4 was considerably
higher in Ulva pertusa than in Monostroma nitidium (Fig. 2).
Table 3
TN, C:N and δ15N values inmacroalgal tissue at four sites (TC: total carbon; TN: total nitro-
gen; n: the number of species).

Sites TN (%) C:N δ15N (‰)

S1 (n = 8) Range 4.83–6.31 6.34–7.49 −6.7 to -1.3
Average 5.68 6.81 −4.5

S2 (n = 17) Range 2.18–6.73 5.14–9.52 3.2–9.6
Average 4.26 7.56 6.7

S3 (n = 11) Range 2.01–6.10 5.41–10.9 6.3–9.4
Average 4.23 8.02 7.1

S4 (n = 18) Range 2.46–6.71 4.87–10.9 3.5–10.1
Average 4.83 7.02 7.3
Tissue δ15N values inU. pertusa (Chlorophyta) at S2-S4 and Laurencia
okamurai (Rhodophyta) at S4 were higher than other species at the
same sites, while in Sarcodia ceylanica (Rhodophyta) at S2, in
Spermothamnion cymosum (Rhodophyta) at S4 and in Laminaria japoni-
ca (Phaeophyta) at S1 and S2 were significantly lower than other spe-
cies. A number of species exhibited variable signals at different sites.
For example, although tissue δ15N of Ceramium japonicum was always
higher than Ceramium virgatum (Rhodophyta) at S2–S4, and higher
than in Porphyra sp., Ahnfeltiopsi flabelliformis, G. furcata (Phodophyta)
and M. nitidium (Chlorophyta) at S2, but lower than tissue δ15N of
these species at the other three sites (Fig. 2).

4. Discussions

4.1. Factors related to the TN and δ15N modification in algal tissue

Algal tissue TN and δ15N are mainly affected by environmental and
metabolic factors. In our study, environmental factors mainly referred
Table 4
Turkey test of ANOVA for TN and δ15N values in macroalgal tissue among four sites.

Factors Sites S2 S3 S4

TN S1 0.014⁎ 0.025⁎ 0.242
S2 – 1.000 0.388
S3 – – 0.467

δ15N S1 0.000⁎ 0.000⁎ 0.000⁎

S2 – 0.937 0.693
S3 – – 0.981

⁎ Difference is significant at the 0.05 level.



Fig. 3. Comparison of TN (a) and δ15N (b) of same macroalgal species among the four sites.
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to seawater nutrient concentrations, as no obvious difference of salinity
and ST was observed among the four study sites. Nutrient levels can af-
fect the metabolism of nitrogen and carbon in macroalgae (Turpin,
1991), and nitrogen could be accumulated in tissue when DIN concen-
tration is beyond requirements (Fong et al., 2004). The elevated N con-
tent (N2%), low C:N ratios (b11) in all macroalgal specie collected at the
four sites together with the higher DIN concentrations revealed that the
macroalgae were not N-limited at the four sites (Lapointe and Bedford,
2010; Collado-Vides et al., 2013; Ochoa-Izaguirre and Soto-Jiménez,
2015). The highest TN content (5.68%), lowest C:N ratios (6.81) and
the narrower TN and C:N ranges of macroalgal species at S1indicated
that nitrogen in algal tissue is even close to saturation state, as a result
of high seawater nitrogen level. Besides of DIN concentrations, P is
also important for the growth ofmacroalgae. The tissue TN comparisons
among the four siteswere consistentwith the PO4-P concentrations and
the DIN : PO4-P ratios, however were not consistent with the DIN con-
centrations at S2, S3 and S4, implying the potential impacts from P lim-
itation at these three sites (Piñón-Gimate et al., 2008, 2009). Due to the
lack of algal tissue TP, it is impossible to compare the algal tissue TN:TP
ratios with seawater DIN:PO4-P ratios in our study. However seawater
DIN:PO4-P ratios were much higher at the four sites in our study than
seawater DIN:PO4-P ratios and tissue TN:TP ratios of other places (see
Table 6 in Larned, 1998). The seawater DIN:PO4-P ratios at S2 and S3
were even much higher than the highest macroalgal tissue TN:TP re-
ported infield conditions (see Table 2 in Larned, 1998). Thus, it was sup-
posed that the growth and absorption of nitrogen of algae at S2, S2 and



Table 5
Comparison of macroalgal tissue TN, C:N and δ15N values between different phyla (n: the
number of species).

Sites Phyla TN (%) C:N δ15N (‰)

S1 Rhodophyta
(n = 3)

Range 4.93–6.29 6.57–6.82 −6.7 to −6.4
Average 5.74 6.66 −6.5

Phaeophyta
(n = 2)

Range 4.83–4.97 7.25–7.49 −4.5 to −3.0
Average 4.90 7.37 −3.8

Chlorophyta
(n = 3)

Range 5.87–6.31 6.34–7.05 −4.4 to −1.3
Average 6.14 6.60 −2.9

S2 Rhodophyta(n = 12) Range 2.18–6.33 5.14–9.50 3.7–9.0
Average 4.15 7.46 6.5

Phaeophyta
(n = 3)

Range 3.52–4.37 7.75–9.52 3.2–9.2
Average 3.92 8.58 6.8

Chlorophyta
(n = 2)

Range 4.00–6.73 5.20–7.99 5.9–9.6
Average 4.26 7.56 6.7

S3 Rhodophyta
(n = 5)

Range 3.51–5.61 6.79–9.01 4.3–6.6
Average 4.57 7.72 6.0

Phaeophyta
(n = 4)

Range 2.01–4.44 6.01–10.9 7.3–8.0
Average 3.49 8.72 7.6

Chlorophyta
(n = 2)

Range 3.66–6.10 5.41–9.29 8.0–9.4
Average 4.23 8.02 7.1

S4 Rhodophyta
(n = 12)

Range 2.46–6.71 4.87–11.0 3.5–10.1
Average 4.98 6.79 7.0

Phaeophyta
(n = 4)

Range 3.31–5.11 5.86–9.66 7.2–7.9
Average 4.05 7.79 7.5

Chlorophyta
(n = 2)

Range 4.56–6.41 5.37–8.27 7.4–9.6
Average 4.83 7.02 7.3
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S4 were limited by PO4-P concentrations. This supposition get support
from results of Han and Liu (2014) which stated that growth of
macroalgae at S1, S3 and S4 were affected by PO4-P concentration.

Impacts of metabolism to nitrogen and carbon in macrogalgae are
species-specific owing to different storage capacity and nutrient re-
quirements for growth (Hanisak and Harlin, 1978; Larned, 1998;
Deutsch and Voss, 2006). The higher TN of algal tissue of Rhodophyta
and Chlorophyta species compared to Phaeophyta species at the four
sites along the Yantai coast showed different nitrogen storage between
phyla. This is supported by the report that species of Rhodophyta and
Chlorophyta had a competitive advantage (Kraufvelin et al., 2010; Han
and Liu, 2014). Some filamentous and foliose macroalgal groups
showed elevated N content and lower C:N ratios as characterized by
simplest structure and/or a higher surface area (Ochoa-Izaguirre and
Soto-Jiménez, 2015), which explained U. pertusa in our study showed
higher tissue TN at S2, S3 and S4. Besides, different from species such
as Prophyra sp. and Ceramium Japonicum which showed lower tissue
TN at S2 and S3 compared to S4 as a result of P limitation, the tissue
TN and C:N ratios of U. pertusa, however, seemed mainly consistent
with the seawater DIN concentrations (Fig. 2), indicating the high nitro-
gen uptake and demand (Pedersen and Borum, 1996; Raven and Taylor,
2003; Teichberg et al., 2008, 2010). C. pilulifera, Scytosiphon lomentaria
and Petalonia fascia all showed lower TN values and higher C:N ratios
compared to other macroalgal species, might be related to the low abil-
ity of DIN absorption and/or quick nitrogen release (Tyler et al., 2005;
Tyler and McGlathery, 2006).

Tissue δ15N values were also affected by seawater nutrient and me-
tallic factors. DIN source was undoubtedly the dominant impact factor
for the δ15N values of algal tissue at the four sites in our study. The sig-
nificant differences of δ15N values between S1 and the other three sites
were caused by its unique DIN sources (Tables 1, 4). Although the im-
pact of nutrient concentrations and nitrogen status on macroalgal frac-
tionation remains controversial, physiological fractionation could be
significant in N rich environment (Umezawa et al., 2007; Dailer et al.,
2010; Ochoa-Izaguirre and Soto-Jiménez, 2015). Variations of δ15N
values betweenmacroalgal species and phyla at the same site indicated
the effects from fractionation (Fig. 2). For example, macroalgae species
of Rhodophyta showed lower δ15N values compared to the other two
phyla species, and the more obvious difference at S1 were related to
the high DIN concentration.
4.2. Selecting the effective macroalgae as indicators to trace nitrogen
sources

Several foliose and filamentous macroalgal species could more effi-
ciently reflect the nitrogen sources in the water column as they were
characterized by having faster nitrogen uptake and growth rates, and
were more sensitive to changes in environmental conditions, chemical
forms and isotopic composition of N in the water (Deutsch and Voss,
2006; Teichberg et al., 2008; Dailer et al., 2010; Ochoa-Izaguirre and
Soto-Jiménez, 2015). However significant different tissue δ15N values
were found for species of same functional groups or even same genus.
For example, in the Chlorophyta-Filamentous uncorticated function,
the determination factor showed higher affinity between δ15N-DIN
and δ15N-macroalgae in Bryopsis pennatula (R2 = 0.57), but much
lower in Bryopsis corticulans (R2 = 0.02) (Ochoa-Izaguirre and Soto-
Jiménez, 2015). As a result, here we only compared the difference be-
tween species and assessed the indicative macroalgal species on the
Yantai coast, rather than their function differences.

Macroalgal tissue δ15N varied among species because of fraction-
ation during uptake, assimilation or release of nitrogen (Tyler and
McGlathery, 2006). Fractionation duringnitrogen uptake leads todeple-
tion of δ15N in the algal tissues compared to seawater nitrogen.
L. okamurai, G. furcata andU. pertusa had the highest TN and δ15N values
compared to other species at S2, S3 and S4 where DIN concentrations
were relatively lower (Fig. 2). The high TN implied the high uptake
and/or low release of nitrogen, and high δ15N values indicated the neg-
ligible fractionation during the nitrogen uptake. As a result, these three
species were proven to be ideal indicative species in relatively lower
DIN concentration sites along the Yantai coast. This is supported by
the previous results that some Chlorophyta species such as Ulva sp.
were characterized by high capacity of nitrate storage and almost no
fractionation, and could be used for nitrogen sources tracing (Cohen
and Fong, 2005; Dudley et al., 2010; Raimonet et al., 2013). Unfortu-
nately, there is noU. pertusa at S1where the DIN concentration was rel-
atively higher, so we couldn't confirm the use of U. pertusa for nitrogen
tracing in high DIN levels. Compared to these three species, some spe-
cies at S2, S3 and S4 also showed relatively high TN content and the var-
iation of tissue δ15N was not obvious enough to affect the nitrogen
sources estimation, and could also be used for nitrogen sources tracing
(Fig. 2). For example, Prophyra sp., Dumontia simplex and
A. flabelliformis of Rhodophyta, Colpomenia bullosa of Phaeophyta and
M. nitidium of Chlorophyta at S2; Prophyra sp., Ceramium sp., and
Rodomela confervoides of Rhodophyta, Petalonia zosterifolia,
Myelophycus simplex and S. lomentaria of Phaeophyta and M. nitidium
of Chlorophyta at S3; A. flabelliformis, Ceramium sp., Ceramium kondoi,
Rhodomela confevoides and Gracilaria curissae of Rhodophyta,
C. bullosa, P. zosterifolia and S. lomentaria of Phaeophyta and
M. nitidium of Chlorophyta at S4. At S1, only S. lomentaria and
M. nitidium showed relatively higher TN content and δ15N values, indi-
cated high nitrogen storage and lower fractionation compared to
other species (Fig. 2).

Species that were not suitable for nitrogen sources tracing in our
study were also discussed. High TN together with low δ15N values
might be related to the δ15N depletion of fractionation during nitrogen
uptake. The three Rhodophyta species and Ulva fasciata at S1,
S. ceylanica at S2, and S. cymosum at S4 all showed this situation. The de-
pletion wasmore obvious at S1 as a result of its high DIN concentration.
Porphyra sp. could be used for nitrogen source tracing at S2 and S3 but
not at S1. C. japonicum and C. virgatum both showed high TN and low
δ15N values at S3 and S4, but relatively higher δ15N values at S2, impli-
cated that the fractionation during nitrogen uptake might be varied be-
tween different nitrogen concentrations and compositions. Higher NH4-
N proportion at S2 could explain this. Studies of fractionation factors
during N uptake obtained of 3‰ for NH4-N uptake and of 0‰ for NO3-
N uptake (Kaldy, 2011). It seemed that the fractionationwasmore obvi-
ous during NH4-N uptake. The obvious fractionation of C. japonicum at
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S1 further proved this. As a result, C. japonicum and C. virgatum are not
ideal indicators on the Yantai coast with higher NH4-N composition,
but might be used in environment with NO3-N as dominant DIN
forms. Species such as C. pilulifera and P. fascia with low TN and high
δ15N values might be related to the low nitrogen uptake capability
and/or quick nitrogen release. Without the lab culture experiment, it's
difficult to estimate whether the fractionation happened during nitro-
gen release or whether these two species could reflect DIN variation
in time, so it should be cautious to use these two species as indicator.

L. japonica showed relatively lower TN and δ15N compared to other
species. L. japonica is a perennial alga with relatively lower metabolic
rate and localized terminal meristem, and the fresh tissue at the bottom
showed different δ15N values to the aged tissue. The δ15N values of the
whole thallus couldn't reflect the realistic δ15N-DIN of the surrounding
water column. This has been found in the study of other perennial
algae, such as Fucus vesiculosus (Deutsch and Voss, 2006; Viana and
Bode, 2013; Carballeira et al., 2014), Gracilara (Thornber et al., 2008),
and Ecklonia radiate (Gartner et al., 2002).

4.3. Dominant nitrogen sources of the Yantai coast

The nitrogen sources tracing by using δ15N values was mainly based
on the δ15N value variations among different nitrogen sources. Consid-
ering the physical mixing and biogeochemical processes, the nitrogen
sources estimation should combine the δ15N values and nitrogen
sources. Without the δ15N value of each nitrogen source along the Yan-
tai coast, we could only discuss the dominant nitrogen sources in our
study. Besides, the seawater DIN concentration together with the algal
TN and C:N analysis indicated no DIN depletion at the four sites, so the
preferred use of other dissolved forms is not likely to occur (Tyler
et al., 2005). The nitrogen sources based on the analysis of macroalgal
tissue δ15N in our study are mainly about the DIN sources.

The Turkey test showed obvious difference of algal tissue δ15N be-
tween S1 and the other three sites with much lighter δ15N at S1
(Table 4). S1 was located in the north of Zhifu Island, where is the
wastewater discharge mixing zone's area of Taozi Bay WWTP. The
wastewater from the WWTP includes treated sewage, agriculture and
industrial water along the Yantai coast and the loading is about
20 t d−1 with NH3-N loading of about 5.3 t d−1 (Zhang and Wang,
2010; Fu et al., 2010). The high NH4-N concentration at S1 indicated im-
pacts from the discharge of wastewater. The negative values of algal
δ15N, however implied that dominant nitrogen loadings might come
from fertilizer usage in agriculture or industrial wastewater, instead of
sewage or agricultural/marine culture. Yantai is a principal producer of
chemical fertilizer in China with more than 40 fertilizer factories in
the city. NPK compound fertilizer is the dominant product of these fac-
tories. Our lab analysis showed that the δ15N range of fertilizer in Yantai
is −0.46–2.21‰, close to the macroalgal tissue δ15N. Fractionation
might also happen in the wastewater treatment (anaerobic–anoxic–
oxic process), and affected tissue δ15N, but more studies are needed to
prove it.

In comparison, tissue δ15N values of macroalgae at S2, S3 and S4
were highly similar (Table 3), although nutrient levels in seawaters
were slightly different at these three sites (Table 2). The average values
of tissue δ15N values at the three sites were between 6.67‰ and 7.31‰,
indicating the influence of sewage discharge or aquaculture (Kendall,
1998; Gartner et al., 2002; Savage and Elmgren, 2004; Dailer et al.,
2010).

There are domestic sewage outfalls near to S2 and S3, and the sew-
age is mainly from residential district and restaurants which result in
high DIN concentrations (Tables 1, 2). Except for the domestic sewage
input, S3 is also affected by the excretion of bivalve culture in the
coast. The DIN composition analysis of seawater close to the Yantai
coast showed that NH4-N was the dominant DIN form in the aquacul-
ture affected area, and NO3-N proportion of sewage water was higher
than aquaculture area (Zhao et al., 2000; Zhou, 2000). Although similar
tissue δ15N values occurred at S2 and S3, the higher seawater DIN con-
centration with higher NO3-N proportion at S2, and the lower seawater
DIN concentration with higher NH4-N proportion at S3 implied that
sewage discharge was heavier at S2, and S3 was also affected by the
aquaculture.

S4 is located in the north of Yangma Island, which is in amarine con-
servation area. The tissue δ15N values at S4 (average: 7.3‰; Fig. 2) also
indicated a signal of sewage and/or aquaculture impact. During the sur-
vey, we found three potential DIN sources: 1) somemarine aquaculture
activity (sea cucumber, abalone) in littoral zone at S4, the aquaculture
waste (e.g., food and excreta) might increase the concentrations of
DIN; 2) Xin'an River wastewater submarine outfall is in the southeast
of S4; and 3) sewage discharge from the residents in Yangma Island
might affect DIN concentrations. As S3, the relatively lower DIN concen-
tration with higher NH4-N propotion at S4 also indicated the DIN
sources from both sewage and aquaculture. In a summary, our results
suggested that DIN along the Yantai coasts were affected by three
types of DIN inputs, the agricultural fertilizer usage and factorial waste-
water input at S1, the sewage discharge at S2, and the sewage discharge
together with aquaculture effects at S3 and S4.

5. Conclusions

Macroalgal tissue TN and δ15N values at four sites along the Yantai
coast were affected by nutrient concentrations and composition, and
metabolic activity of species. High DIN concentration at S1 resulted in
the high TN, lighter δ15N and obvious fractionation during DIN uptake.
P limited the tissue TN values at S2, S3 and S4. Many species with neg-
ligible or no obvious fractionation could be used for DIN sources tracing
in environment the lower DIN concentrations (S2, S3 and S4) of the
Yantai coast. Among them, L. okamurai, G. furcata and U. pertusa were
ideal species. The choice of species in higher DIN concentration should
be more cautious and only S. lomentaria and M. nitidium could be used
as indicators at S1 in our study. The DIN sources at the four sites along
the Yantai coast were classified into three types namely the agricultural
fertilizer usage and factorial wastewater input at S1, the sewage dis-
charge at S2, and the sewage discharge together with aquaculture im-
pacts at S3 and S4.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2015.10.059.
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