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Abstract

Stable isotope composition of brown macroalgaebeasn widely used to monitor N
loading during the last decades but some of theimed|assumptions when using them
to detect anthropogenic inputs remain untestethignstudy several experiments were
run with two key specie#y. nodosunandF. vesiculosusto determine internal nitrogen
isotope dynamics. First, the equilibration of thetopic values of the different parts of
the thallus of these species was tested by grothkiem under different water sources.
Then, nitrate uptake capacity and N transport atbegrond were tested ByN
enrichment experiments. The results indicate thlabagh the growing tips had the
highest uptake rates, older parts of the frondotii Ispecies have the capacity to
incorporate N at low rates. No evidence of N tramsplong the thallus, from the tip to
the basal segment of the stipe or the conversefauasl. These results show that the
growing tips of these macroalgae can be used tatordw loadings at time scales from
weeks F. vesiculosusto months A. nodosum The use of non-growing parts of the
thallus to do retrospective studies cannot be rescended because of their measurable

exchange of N with the surrounding water.

Keywords: stable isotopes, enrichment, growth rate, Phae@aeydIN
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1. Introduction

Concern with coastal eutrophication has increasela last decades due to higher N
loading associated with the growing human popufaiticthese areas. The ratio of the
stable isotopes of NWN:**N) in macroalgal tissues allows detecting the presef
anthropogenic N that is available for macroalgaeoastal waters, but also allows
estimating the intensity of the effluents and detksturbances before alteration in
structure and function occur in the ecosystem (Mtatd et al., 1997; McClelland and
Valiela, 1998a, 1998b; Costanzo et al., 2001; Gamhal., 2002; Garcia-Sanz et al.,
2010, 2011; Carballeira et al., 2013). The bagishe use of macroalgae and other
biota for monitoring anthropogenic water sourcetha different water sources may
show characteristic isotopic sighatures (Xue et28l09) due to different fractionation
processes occurring through the N cycle (Monto@&,72. All the different sources of N
may also alter the baseliG&®N of the macroalgae, as they use N as part of their
metabolism, to synthetize structural components giain energy for growth (Gruber,

2008).

Among macroalgae, Fucaceaefasus vesiculosuandAscophyllum nodosum,
have been widely used for monitoring loads of N atier substances (e.g. heavy
metals) (Viana et al., 2010, 2011). As these spesti@w apical growth, the tips have
been traditionally used in for monitoring studi€ke growing tips can be feasibly
related with previous weeks of growth (Viana et 2014, in review) and hence with the
environmental status at a particular time. Finstigts were focused on detecting
wastewater effluents (Hobbie et al., 1990; SavageEimgren, 2004) but later, they
were reliable used to discern anthropogenic frotarahsources (Garcia-Sanz et al.,
2010, 2011; Carballeira et al., 2013; Viana anddB@13). Their high tolerance to

broad salinity ranges have also enable to studgttites of estuaries and rias in both
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native populations (Bode et al., 2011, 2014, Viahal., 2011; Raimonet et al., 2013)

and transplant studies (Deutsch and Voss, 2006).

In any case, to feasibly interpret the data obthatea particular moment, long-term
monitoring is needed to track the ecological stafuthe ecosystem or to contextualize
current observations. Obtaining a reliable and {mg monitoring series would
require of a careful sampling plan implementedmtyidecades. Consequently there are
only few examples of time series using stable igesa(Viana et al., 2011). That is the
reason why some authors have taken advantage itgdifespan of the species
considered, up to 15 yr in tlkase ofA. nodosungNiell, 1979), and their apical growth
to do retrospective studies. If growth rates ar@im (Viana et al., 2014, in review),
different segments along the frond can be relatifid past environmental or water
conditions (Savage and Elmgren, 2004; Raimondt,e2@l3; Carballeira et al., 2014).
Moreover,A. nodosunironds develop a gas bladder in the tip that gdlyeoccurs
once a year (David, 1943; Viana et al., 2014). Hmisual bladder enables estimation of
the minimum age of an individual and definitionitsfannual growth (Niell, 1979;

Viana et al., 2014). This approach would allow @dg the sampling effort in

monitoring programs (Carballeira et al., 2014).

The use of stable isotopes in the growing tipsesé species for monitoring N
loadings requires some assumptions related to thi@ysiology. For instance, net
fractionation processes (i.e. the preferentialaidight against heavy isotopes) in
macroalgae are poorly understood. Fractionationge®es during uptake in macroalgae
are the best studied. Experimental studies onrdifitemacroalgal species demonstrated
that, at least those macroalgae, did not exhilmitentration dependent N isotope
fractionation (Cohen and Fong, 2005; Garcia-Sap@92Dudley et al., 2010). But

there is no information about fractionation proessguring the subsequent processes



93  within the tissues, as absorption, accumulatiorel@mase of nitrogen. This is important
94  as if fractionation factor is not known; the isatopalues in macroalgae can lead to

95  misinterpretation of the contribution of anthropogesources (Bode et al., 2014). .

96 The main assumption of retrospective studies isahly the growing tips of the

97 thallus take up nitrogen and, therefore, the isatopmposition of a given section of

98 the thallus would reflect the isotopic compositadrthe dissolved nitrogen in the

99  surrounding water at the time of growth. To fullyarpret the data obtained in these
100 studies, some questions need to be answered. FRiksiceae do not have specific
101  transport tissues, but the pores of the sievepkieuld enable a continuous system of
102  cytoplasm for longitudinal translocation of matési@Moss, 1983). There is
103  experimental evidence of such transport of org&i@ic®Rb or**P (Penot and Penot,
104  1979; Diouris and Floc’h, 1984; Raven, 2003).dhaport of nitrogen along the thallus
105  also takes place, it would directly affect the wsfrective identification of past nitrogen
106  sources. Second, most studies assume that isatmmigosition of tissues does not
107  change for at least several months, given thaethpscies generally show low
108  variability in 8*°N values at monthly time scales (Gartner et aD22®aimonet et al.,

109  2013), but no data of N-specific uptake and turmoate were available for this species.

110 To assess the feasibility of usiAgnodosunandF. vesiculosusor isotopic

111  differentiation of local N sources, two sets of esiments were made under laboratory
112 conditions. The first experiment aimed to deternihreeequilibration of N isotopes in
113  the growing tips and older parts of the fronds bywgng them under water with

114  different N origins. The second experiment aimeddtect nitrogen transport along
115 their thalli and to test if all the parts of therid have the capacity of taking up NOy
116  using artificially'®N-enriched water. The latter approach also allothedestimation of

117 N turnover rates in different sections of the thsll
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2. Material and Methods
2.1. Experiment 1: N isotope equilibration

Water samples Ffhe first laboratory experiment was conducted wigtter from 3
different sites: water from an urbanized waterslfren a forested watershed, and from
an oceanic influenced site which was considereadnérol. The first two sites are
Childs River (CR) and Sage Lot Pond (SLP), whighart of the Waquoit Bay
National Estuarine Research Reserve, Massach(Bgjtd ). The Waquoit Bay
estuarine system is a complex of sub-estuariesdiffitrent N inputs from their
watersheds, and thus, with differing ambient N emi@ation and origin (Valiela et al.,
1992; Valiela et al., 1997). The CR estuary (4198470°32’'W) is surrounded by the
most urbanized watershed in the Waquoit Bay syskantrients (primarily nitrate) are
delivered to the CR estuary from the watershedyxaaindwater flow (Valiela et al.,
1992). In contrast, SLP (41°55’'N, 70°50'W) has ee$ted watershed receiving a low N
load, with NH;" as the dominant dissolved inorganic nitrogen (Dfthin (Valiela et al.,
1997), and the estuary is surrounded by salt margh®e control site was at Nobska
Beach (41°51’'N, 70°65’W), which water is marinehwito terrestrial or anthropogenic

inputs draining in the area (Fig. 1a).

Experimental design—Individual fronds ofA. nodosunandF. vesiculosusvere
collected at Quissett Harbor and Nobska Beach otispéy, in Woods Hole,
Massachusetts (Fig. 1a); and were transportedalersto the laboratory. Macroalgae
were kept in tanks with continuous seawater flo& 731.6°C) and low light intensities
during the night (less than 12 hours) until thetsihthe experimentA. nodosunironds

of 14.6x£2.6cm long and with 2 or 3 gas bladderd,Ranvesiculosu$ronds of 10.7+£2
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cm long were selected to run the experiment. loldiais with visible damage or

epiphytes were avoided.

For each set of water treatments, macroalgae (@=4. hodosumn=3 for
F. vesiculosuswere placed in three different 1 L Erlenmeyeskcontaining CR, SLP
or Nobska unfiltered water. The study was runiplitate with each replicate in a
separate flask for each of the three treatmentsaperiod of 22 days fagk. nodosum
and 12 days foF. vesiculosusSamples were taken at the start of the experiled}
and at subsequently exponential times, 4 timeaforodosunand 3 times for
F. vesiculosusAt each time, a macroalgal frond of each flask wampled and frozen
(-20 °C) before processing. The different time esdbr each species were chosen
based on the previous knowledge of growth ratéeespecies. A control flask with no
macroalgae was established for each water treatamenmaintained under the same
conditions as the experimental flasks.

For comparison with experimental individuals, natindividuals ofF. vesiculosus
were collected along with water samples where ptgge. CR and SLP) and analyzed
for stable isotope composition. Local populatioh#&onodosunwere not found at the
sites selected for water collection.

Experiments were carried out in a culture chamhgr #8:6 light:dark cycle at light
intensities varying between 390-450 PE g1 under 18-20 °C air temperature
oscillation between night and day respectively. &/akration was maintained with air
pumps and diffusers and water temperature set.8824.06 °C.

Water was replaced every 2 days to avoid nutrieptedion. Samples of water were
collected before and after replacement to quatttiévariation in DIN concentrations

among times and sites and to check macroalgal ogoison. Salinity and temperature
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were measured with a portable conductivity mete3l(Model 30) every time the water
was changed.

The macroalgal samples used 35N and N and C content were separated with a
glass spatula. The growing tip (1 cm) was sampledl aampling dates during the
experiment for both species. Additionally, at thertsof the experiment (t=0) and at the
endpoint, the growing tip (1 cm) and all intervess segments were sampled in
A. nodosumndividuals, while forF. vesiculosusndividuals only the growing tip (1
cm) and the basal segment of the frond were samplethacroalgal samples were
rinsed with Milli Q water and frozen (-20 °C) be¢gprocessing. Later, samples were
defrosted and dried (50 °C) until constant weigkfble grinding into a homogeneous

powder prior to isotopic and elemental analysis.

Macroalgal growth—To measure macroalgal growth response to the diftexater
samples, the wet biomass of each frond was recatée beginning of the experiment
and at the time the frond was sampled. Individualgh rates|{) were calculated as a

percent increase in biomass per day (& d

whereN; is the biomass on dayNyis the initial biomass, ands time in days of

incubation (Lobban and Harrison, 1994).

Nutrient sampling and analysis-Changes in concentration of N@NO,, NH,", and
PO,> were determined during the experiment to quaulifierences in ambient nutrient
concentrations among water samples. Water sam@esfwozen until analysis of
nutrient concentrationdlitrate and phosphate were determined using stdndar

colorimetric assays in a Lachat Auto Analyzer (Eduction). Ammonium



187  concentrations were determined by spectrophotonfiettowing the indophenol

188  method. Detection limit was 0.25 puM for any of theee nitrogen species.
189  2.2. Experiment 2°N enrichment experiment

190 An enrichment experiment was done to determinerNeteer rates in different
191  sections of the thallus and to test: i) the ocewreeof transport of N along the thallus,
192  from the tip to the basal segment of the stipehi)occurrence of transport of N from
193 the basal segment of the stipe to the tip, antkiiQuantify the uptake rates of the

194  growing tips and mature parts of the thallus.

195 As in the previous experimem, nodosunandF. vesiculosusvere collected at

196  Quissett Harbor and Nobska Beach respectively (. Macroalgae were transported
197 in coolers to the laboratory and maintained understime pre-incubation conditions as
198  previously described. For these experiméntaodosunindividuals were 23.2+0.9 cm
199 long and had 4 gas bladders, &desiculosusndividuals were 12.7+1.1 cm. The

200 selected individuals did not show apparent damagpiphytes. Treatment water was
201  created by adding a stock solution of 10 m&#NO; (99 atom %°N) to 2 L of a final

202 volume of seawater (from Nobska). The final conegign was ~120 uM, with 98.8%
203 atom %™N enrichment. Nitrate was selected as the test&ikntias it is a dominant

204  inorganic nitrogen compound entering these estslarie

205 To test i) and ii), experiments were divided in tpariods: a first 4-h period under
206  the stock solution, followed by a 24 h period unclantrol seawater. During the first
207  period, only the tips (i) or the basal segmenteffrond (ii) of three different fronds of
208 each species were submerged, while the non-subthpegts of the thallus were

209  manually vaporized with control seawater at reguitervals (~20 min) to avoid

210 desiccation. Macroalgae were maintained insidestiieire chamber under the same
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light and temperature conditions as in the prevyseriment. After this first 4-hour
period, individuals were gently washed with seawatel transferred individually to an
Erlenmeyer flask with 1 L of control seawater. Thesre kept during 24 hours under

the same conditions of temperature, light and emrats in the previous experiment.

After both incubation periods, all individuals wememediately subsampled for
stable isotope determinations. E#&chmodosunindividual was divided into tip (1-1.5
cm fragment measured from the distal part) andvetcular segments, and thosd-of
vesiculosusvere divided into tip (1 cm fragment from the digtart) and regular length
segments (~3 cm) from the tip to the base. Thedhtegetative or reproductive

branches oA. nodosunor reproductive tips df. vesiculosusvere discarded.

To test iii) the uptake capacity of the tip and 1gpawing parts of the thallus, three
fronds of each species were completely submergéteitreatment solution for 2 h.
Macroalgae were maintained inside the culture clearabder the light and temperature
conditions as in the previous experiment. To exeliek possible transport of inorganic
N along the thallus, macroalgae were subsampleceniately after the incubation
period. Macroalgae were subsampled following thmeesprocedure as previously

described for i) and ii).

During each of the three treatments, control irdliais ofA. nodosun{n=3) andF.
vesiculosugn=3) were maintained in the same conditions ae#perimental

individuals but in 1L Erlenmeyer flasks with coritseawater.
2.3. Internal nutrient content arid®N analysis

N stable isotope and elemental analyses for N aodn@nt to estimate the tissue
C:N were performed for all samples. Aliquots of 2& mg of macroalgae samples

were used. Samples were placed in tin capsules&oeduced into an isotope-ratio



11

235 mass spectrometer (Thermo Finnigan Mat Delta Rliasdn element analyzer (Carlo

236 Erba CHNSO 1108). Isotopic results are expresseéelia notation:
237 8"°N = [(**Nsampie Nsampid - "Nsta:Net)-1] x 1000

238  where the standard (std) is atmosphercPecision (se of 5 replicates) was better than
239  0.05%o for either IAEA-N-2, IAEA-N-1 or IAEA-NO-3 sindards. The coefficient of

240 variation of triplicate sample aliquots was alway8o.
241  2.4. Statistical analyses and calculations

242 Comparison of nutrient concentrations among watermes was done by analysis of
243 variance (one-way ANOVA). Differences in the grondt’N and C:N of the growing
244  tips of macroalgae over the experiments were aisted using one-way ANOVA at

245  each time separately using the site as fixed factor

246 This test was also used to analyze differences graibes and macroalgal segments
247  along the thallus at the end of the isotope equailibn experiment, and to study

248  differences between macroalgal segments withirviddals from the same site. When

249  significant differences were detectedposterioriStudent-Neuman-Keuls (SNK) tests

250 for multiple comparisons were used to detect diéifiees among groups.

251 Experimental samples of th&\ enrichment experiments were compared with the
252 control samples to test the atonT @ enrichment using a paired-samples t-test, which
253 compares two measurements of the same sample laefdrafter the treatment. All tests

254  were carried out with SPSS Statistical Software.

255 To estimate N uptake in the enrichment experimentged the N specific uptake

256  rate, which was calculated from appearance ofIén the macroalgal tissue:
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3 atom9° N — atom%° N
N specific uptake= " .

where atom %°N; and atom %°N; are the final and initial atom 8N enrichment of
macroalgal thallusR (%) is the calculated exponential average of titeal and final

atom % enrichment of dissolved NQandt is the time in hours.

The inverse of the N specific uptake-rate was ugexbtimate the turnover timeY

in days that would take to renovate the total M pfarticular macroalgal fragment.

3. Results

3.1. Experiment 1: N isotope equilibration rates

Concentrations of all inorganic nitrogen compouddsng the experiment witA.
nodosumn September were higher than those found duheg t vesiculosus
experiment in August (Table 1). In the former cagater from CR had more nitrate and
ammonium than water from the other sites but shasimdar phosphate
concentrations. In contrast, during fhevesiculosugxperiment, the oceanic-influenced
site (Nobska) held larger nitrate and lower ammonand phosphate concentrations
than those at the other experimental sites, whachdimilar concentrations of all
nutrients. In all cases, DIN:RDvalues were low, indicating potential nitrogen

limitation of algal growth.

The macroalgal growth response to nutrient chadgised between species,
although the pattern was very similar among sitélsimvthe same species (Fig. 2).
Overall growth ofA. nodosunwas higher than growth &f. vesiculosusin all cases
there was positive growth, but maximum growth weorded after 6 d fok. nodosum
and after 12 d foF. vesiculosugTable 2). During the experiment wikh vesiculosus

no significant differences between sites were olesk(Table 2). While during.
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nodosumnexperiment, significant differences were deteetitelr 6 days of incubation,

when maxium growth was observed (Table 2).

The response of N isotope composition was diffef@néach species (Table 2) but
similar for all water types assayed (Fig. &N values in the growing tips of both
species significantly differed during the experitieam initial values, especially iR.
vesiculosugTable 2). Nevertheless, differences among fraudsvated in different
water treatments were slight and remained closieet@ange of variation of the initial
values (6.7+0.1%o i\. nodosunand 8.5+£0.2%. irf-. vesiculosusFig. 2). These
changes were not large enough to reach the N igotajues observed in native

individuals ofF. vesiculosugn CR (6.9+0.1%o) or SLP (5.0+£0.3%o).

As observed in the case of growth rates, tissuedE iddth species increased during
the experiment but there was no significant efééaulture water and only.
vesiculosusnaintained in SLP water had lower C:N values tifse individuals
maintained in other water types (Fig. 2, TableF2y. all treatments, however, final C:N

values measured exceeded the range of values eldserthe site of collection.

At the end of the experiment, differences betwedral (t=0) and final values along
the thallus were especially noticeable in the tijmth ford'°N and tissue C:N values
(Fig. 3, Table 3). In all parts of the frond, awd both species, the lowest isotopic
values were observed generally in individuals e¢eldun SLP water and the highest
values in those cultured in CR water (Fig. 3) thpproaching the isotopic values of
native macroalgae. TH&N values for growing tips o&. nodosunindividuals
maintained in Nobska and SLP water were signifigatifferent from other segments,
while no significant differences between segmemmfthe same individual exposed to

CR water appeared (ANOVA, post hoc SNK tes).p1).F. vesiculosushowed



303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

14

significant differences between tip and the basgireent of the frond in individuals

under all culture regimes (ANOVA, post hoc SNK 1¢s10.01).

As F. vesiculosusvas cultivated in its original water (Nobska) stiban be used as
a control to find differences when macroalgae wased from its original water to two
other water treatments (Sage Lot Pond and ChildsrRiN isotopic values of the
growing tips of macroalgae cultivated under watenf Childs River were not
significantly different from the control at the graint of the experiment, while there
were statistical differences between the contrdl &age Lot Pond. No significant
differences were found in C:N of the growing tigsracroalgae under the control and

the two other water treatments.
3.2. Experiment 2'°N enrichment experiment

The growing tip and the basal segment of the frainobth species when submerged
in °N enriched seawater significantly increased th&rcontent relative to non-
submerged parts of the frond and to control segen@ig. 4a, b). Tips increased from
natural levels to average enrichments of 1.1% aninA. nodosunandF.
vesiculosusespectively, while enrichment of the basal segmame only 0.4 and
0.8%, respectively. No evidence of enrichment veasél in the emerged sections of the

thallus during this experiment.

The™®N content in wholly-submerged fronds of both spesignificantly changed
after the treatment (Fig. 4c). As in the previoxgeziment, higher enrichment was
observed foF. vesiculosushan forA. nodosunindividuals, and consequently N-
specific uptake rates were lowest in the laff@ble 4). Amond@A. nodosunindividuals,

the basal segment showed the lowest enrichmenie wi. vesiculosushe segment
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immediately under the growing tip showed the lovesichment together with the

basal segment. The tips of both species were moiehed relative to other segments.

N uptake proceeded at low rates and N turnoverstieséimated from these rates
were in general higher than the duration of théoige equilibration experiments (Fig.
2).The average N turnover time of tip-submergedviddals was about 30 and 16 d for
A. nodosunandF. vesiculosusespectively (Table 4). In contrast, when the basa
segment was submerged, N turnover times averageshihs and 19 days fé.
nodosumandF. vesiculosusespectively. Finally, when all frond segmentseaver
submerged, turnover time of the tip #arnodosunwas longer (up to 6 months) than in
the other treatments, although turnover at thellsggpment of the fronds was
maintained (Table 4). Turnover for intermediatersegts was slightly faster (4-5
months) than at the tip or at the basal segmenhdmcase oF. vesiculosusN turnover
at the tip would need on average 11 d and only atltde basal segment of the frond,

while other algal segments showed intermediateottgnvalues.

4. Discussion

4.1. Variation of6*N in macroalgal growing tips

As both macroalgae show apical growth, isotope amsitipn of the tips was
expected to change according to the isotope composif the surrounding water at
faster rates than other parts of the thallus. Thhaages would ideally lead to a
complete isotope equilibration between the algalue and the water in absence of
isotope fractionation. The results of the experita@m this study revealed that the tips
of bothA. nodosunandF. vesiculosusequired a long time to converge with &taN
values typical of native plants when exposed teewaith different isotopic

composition. The time required largely exceededitiration of the experiments (up to
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22 d), as N turnover rates varied between 1B. d¢siculosusand 6 monthsA.
nodosun Similar delays in the equilibration 8N values in apical tissues Bf
vesiculosusvhen changing the surrounding water were reponi@therin situ
transplant studies with. vesiculosug¢Deutsch and Voss, 2006) while much faster
equilibration was observed for other brown (Gagéanz, 2009), red or green
macroalgal species (Naldi and Wheeler, 2002; Tahkt al., 2008). Such delays can
be due to low growth and N uptake rates, strongppsofractionation, low ambient N or

to the initial nitrogen content, and isotope conifpms of the individuals assayed.

Both macroalgae evidence logistic growth, with legfhrates during their first year
of life. F. vesiculosusan grow in length up to 2 cm mofitht the season of maximum
growth but more often rates are as low as 0.6 cmtitqViana et al., in review a). The
growth forA. nodosunis much slower, but individuals of this species kae for more
than 10 yr (Viana et al., 2014). Low growth ratespamply lower N requirements and
uptake than fast growing species (Pedersen anchBdrd97). Such low requirements
would explain N-specific uptake rates <0:1elen at high ambient N concentrations as
those employed in the enrichment experiment inghidy (Table 4), and consequently

long N turnover times in these macroalgae.

Strong isotope fractionation is not likely to occBrevious studies with Fucaceae
(Garcia-Sanz, 2009) and other macroalgae (Coheframg, 2005) did not find
significant N isotope fractionation related to ment concentrations, in contrast with
diatoms (Wada and Hattori, 1978; Pennock et aBf19The rates of changedfN in
our experiments would have been faster than obdefwectionation were a significant
factor, as the light isotopes would have been predie For instance, the assayed

vesiculosusvith mean initials>N = 8.5%o would have converged to values typical of
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374 individuals native of the water origin locationsq%o 6.9%o) but they did not show

375  significant changes in their isotopic compositidieal?2 d.

376 The concentration of ambient N may have also &#techanges in macroalggfN.
377  The water employed in the experiments had nutdententrations typical of summer
378 in the study area, when uptake by primary produdeptetes nutrients (Tomasky et al.,
379 1999). N sources, rather than total N concentratietermine$™N in the water and
380 ultimately in primary and secondary producers (Mgdlidhd and Valiela, 1998b; Viana
381 and Bode, 2013). Experiments with other speciesvsdhat macroalga°N did not
382 change with water N concentrations as long a$'tté¢ of dissolved N was constant
383 (Cohen and Fong, 2005; Garcia-Sanz, 2009). Furthrermutrient uptake iR.

384  vesiculosuss less dependent on substrate concentrationinhgmeen or red algae

385 (Pedersen and Borum, 1997). In our experiment water of different origins, the low
386  concentrations of dissolved N did not prevent tidviduals of both species from

387 growing in weight and maintaining C:N values ch&dstic of non N-limited algae
388 (Niell, 1976), thus suggesting that the slight demin*°N were not a direct

389  consequence of water N concentration.

390 The relatively high nitrogen content (1.2+0.3% fomodosuml.4+0.1% foif.

391  vesiculosusand the enriched°N values of macroalgae at the starting point ctialde
392  also influenced isotopic equilibration. Slow-grogiibrown macroalgae usually rely on
393 their internal N pools during periods of low nutriesupply, as in summer seasons in
394 temperate areas (Lehvo et al., 2001; Villares.e®all3). During these periods growth
395 rates and external nutrient demand are loweredewhd macroalgae, eventually

396 profiting from high light levels, develop carborseeves, thus increasing tissue C:N, as
397 observed in our experiments (Fig. 2). Naldi and @ie(2002) also observed that high

398 total N content of thalli influenced nitrate uptaletes in green and red macroalgal
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399  species. Low external N demand along with largtedéhce in5'°N values between the
400 macroalgal tissue and the surrounding water (agesigd by thé™N values of native
401 macroalgae), may be the main determinants of tieeofasotopic equilibration in our
402  incubations with~. vesiculosusOther experiments with transplanted individudlthes
403  species in the field also found small or no charnigékeir tissues™*N after days of

404 incubation (Deutsch and Voss, 2006). In contrasd, despite the longer turnover time,
405  A. nodosunstarted to show differencesdfPN after 12 days of incubation, likely

406  because the initial values for this species werehmower than those fd¥. vesiculosus
407 4.2. N uptake and turnover along the thallus

408 The results of the enrichment experiments showatabth species do not transport
409 recently absorbed N along their thallus, at leasing 24 h after uptake (Fig. 4).

410 Despite their internal structure (i.e. symplastthpvay) suited for transport (Raven,
411  2003), only carbon photosynthetic assimilates weperted to translocate along the
412  thallus of some Fucaceae (Diouris and Floc h, 198é)yganic nitrogen transport,

413  however, was reported for other brown macroalgagh ss Laminariales (Mizuta et al.,
414  1996; Hepburn et al., 2012). These algae haveemitrequirements different from

415 those of Fucales as they show basal meristematwtiyy which means that they grow
416  where the blade and the stipe meet (Lobban andddarrl994). In contrast, Fucales
417  show mostly apical growth and therefore concentrkatemands in the tips of the

418 thallus (Topinka, 1978), although as demonstratedur enrichment experiment (Fig.
419  4c), all sections of the thallus are able to tgkeénorganic N from the water. As N

420 transport have relatively high energy and oxygepuirements (Raven, 2003), this

421  process can be avoided if both assimilation andkgbccur in the same part of the
422  thallus. In Laminariales, N uptake and assimilatonur at different rates in the

423  different parts of the thallus, resulting in gradgealong the frond (Mizuta et al., 1996).
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Despite their apical growth, variationdf°N values along the thallus has been
reported foFucusspecies (Savage and Elmgren, 2004; Raimonet, @04I3) and in
the present study (Fig. 3). If transport is exctlidgich intra-individual variation might
be due to differential uptake and growth, or tdape fractionation in the different

sections of the thallus.

In the enrichment experiment we showed that bod#itisg were able to incorporate
dissolved nitrogen when submerged (Fig. 4). Thegss of nitrogen uptake and
assimilation in macroalgae involves transport fribwa water column and then
assimilation into organic compounds, followed bgarporation into proteins and
macromolecules for growth (McGlathery et al., 199B)owth is the most important N
sink in macroalgae. In mature segments, N demanstriactural pools is not as
important as in growing tips, this would explainywd uptake at the non-growing
segments was only half the uptake rate measuithe &ips off. vesiculosuswhen all
the frond was submerged (Table 4). Bonodosunthere was also a marked difference
in the uptake rates of the tip and those of thaineadegments, at least when only one of
the sections was submerged. These results agrestwdies reporting higher N uptake
in apical fronds and whole young plants or gerndiagd lowest in slower-growing
older fronds and stipes &t spiralis(Topinka, 1978; Rosenberg et al., 1984) and

differential >N enrichment along thalli regions Bf vesiculosugDohler et al., 1995).

Non-apical segments &f. nodosunandF. vesiculosundividuals can store N to
use in metabolic processes other than growth.risdamce, N can be accumulated as
inorganic (NQ and NH") and organic compounds (as phycobiliproteins) @ardbe
found in algal pigments (Hanisak, 1983) althoughyNéforage capacity is limited due

to toxicity (Haines and Wheeler, 1978; Lotze antdr&mm, 2000).
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The net short-term N uptake recorded along théuhiahplies thas'°N values of
different sections would change with the isotopmgosition of the surrounding water
at rates depending on their initiPN value, and of the processes affecting isotope
fractionation within each section. Nitrogen releds#h in organic and inorganic forms,
has been observed for some green and red macrqalghlk and Wheeler, 2002; Tyler
and McGlathery, 2006) and was interpreted as thidtref isotopic equilibration of
internal and external pools (Fujita et al., 1988joostress due to sudden changes in the
proportion of different N sources (Naldi and Whegk902). Fractionation during
uptake in brown macroalgae is not likely to ocdBalcia-Sanz, 2009), although in
other primary producers it was observed to resulbwer nitrogen isotopic values in
the tissues than in the water (Pennock et al., 1996 the other hand, the release of
preferentially light N isotopes may explain thetieg enrichment of the tip sections
compared to other parts of the thallus, as fourmlimexperiments (Figs. 3 and 4) and in
other studies (Raimonet et al., 2013). As far akmav, there are no reports of N
release in the species considered in our studyit bah be expected that this process is

restricted to the most metabolically active tissues

4.3. Implications for the use &. nodosumandF. vesiculosuso monitor land-

derived nitrogen sources

The results of the present study are of applicatiban usingA. nodosunandF.
vesiculosugo study the impact of anthropogenic N sourcebttmmal ecosystems both
analyzing native populations and in incubation expents, the latter applicable when
these species are not naturally present in thedtedarea. Taking advantage of the
apical growth and long life span of both species/a@ge and EImgren (2004) interpreted
8'°N values in different sections of the thallusofvesiculosuin a retrospective study

to monitor changing N loadings. The underlying aggtions were that annual growth
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occurred only at the tips and, by knowing the cdtgrowth, each section of the thallus
could be dated and associated to a particular ghefiexposure to the ambient N. Thus,
8N of the sections would reflect past N sourcesafure segments do not equilibrate
N contents with the surrounding water and if theneo transport of N along the thallus.
Other studies, however, questioned this applicdtonetrospective studies as they
found contrasting patterns of change along théuwdhat could not be related to

ambient N (Raimonet et al., 2013).

The enrichment experiment in this study demongirttat all sections of the thallus
of both species take up N from the ambient wategrwdubmerged. Even when there
was no transport of the N along the thallus andales of uptake at the mature parts of
the frond were lower that at sections located atear the tip this uptake would affect
the N of the sections. These results explain why previstudies found contrasting
patterns of change 6t°N along the thallus df. vesiculosuss thes*N of each section
changes with the isotopic composition of the watetifferent rates. Therefore, it is not
possible to obtain unbiased estimates of past Kcesdrom thés™N of different
sections of the thallus of these macroalgae. Furtbee, determinations 6£°N from
pooled samples of different sections would prodildd values resulting from a
mixture of past and present N sources, dependirth@amount of matter from sections
with different turnover rates. Pooled samples efuthole individual can be also be
misinterpreted if individuals of different lengttiee. ages) are usedf->N of the tips
can, however, be used as monitors of N sources\biemt water averaged over scales
of 15 days . vesiculosusand up to 6 month#\( nodosum This range of integration
times is particularly appropriate to differentiateonic pollution from point discharges

that may have little impact on the macroalgae.
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Besides the use of natural populations, these rakyae can be used in
transplantation or laboratory experimental incutsadiwith different water types to
determine potential impacts of different N sour(f@sutsch and Voss, 2006). In this
case, the turnover and equilibration times of ipg, tas determined in the present study,
need to be taken into account when determiningitination of the incubations.

Otherwise the results will not reflect the actumpact of the ambient N sources.
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Table 1. Sampling dates, and mean (+se) values of salinitiyjent concentrations (LM) and DIN:FQiuring the N isotope equilibration

experiments witlA. nodosunandF. vesiculosugxposed to water from Childs River, Sage Lot Pamdi Nobska (Fig. 1). Significant differences

among nutrient concentrations in the differentsséee shown (***; g0.001, **: p<0.01, *: p<0.05).

A. nodosum

F. vesiculosus

Childs River Sage Lot Pond

Nobska

Childs River Sage Lot Pond  Nobska
Dates 29 August- 20 September 2013
Salinity 24.57+0.89 27.04+0.45  31.04+0.05

Nutrient concentrations (LM)

NO; + NOy 5.98+2.58 2.08+0.29 1.85+0.14*
NH,;" 5.12+1.46 3.12+0.65  1.15+0.09**
PQ*> 1.70+0.51 1.06+0.12 1.25+0.12
DIN:PQ* 7.02+2.38 4.99+0.79 2.20+0.3

2 August- 14 August 2013

25.85+0.40

1.07+0.13
2.19+0.01
1.55+0.24
1.11+0.33

26.33+1.28  31.10+0.32
1.28+0.15  2.03+0.18**
0.85+£0.13  0.57+0.04***
0.75+0.15  1.23+0.09**
2.29+0.78 2.39+0.55*
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Table 2. Results of one-way ANOVA analysis at each sampiimg (2, 6, 12 and 22 days from the start of tkygeeiment) to analyze the
variation in growth (% d), 8*°N (%) or C:N in the tips oA. nodosunandF. vesiculosusThe variability in the tips of both species is compared

when grouped by sites as fixed factors (Childs Ri8age Lot Pond or Nobska) and the initial valg@s Significant differences at different

times are shown (***; §0.001,**: p<0.01 *: p<0.05).

2 days 6 days 12 days 22 days
SS di  MS F SS df MS F SS df MS F SS df MS F
A. nodosum
Growth 8.27 8 0.00 - 55.04 8 0.15 178.72** 521 8 058 149 29.23 8 3.66 0.99
8N 3.2 11  0.18 3.4 142 11 0.11 1.7 2.19 11 0.13 3.15 357 11 0.11 8.31*

C:N 74459 11 26.86 6.58** 1323.73 11 37.81 9.00** 1307.43 11 106.14 1.44 673.71 1149.79 184

F. vesiculosus
Growth 0.02 8 0.00 - 0.00 8 0.00 - 1.26 8 0.12 2.45 - - - -

8™N 1.57 12 0.047 8.01* 171 12 0.07 5.62* 2.17 12 0.08 6.02**
C:N 164.87 12 10.31 2.33 43098 12 18.56 4.74* 1146.96 12 39.64 6.65**
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Table 3.Results of analysis of variance (one-way ANOVAY &NK post-hoc comparison testssdiN (%) and C:N in different segments of

A. nodosunandF. vesiculosu$ronds (n=3) at the endpoint of the study, comgavih the initial values (t0) (Fig. 3). Site satfixed factor:

CR, Childs River; SLP, Sage Lot Pond and N, NobBkaalues are significant whe®.05. n.s.: non significant. The tip and BS segmient

correspond to the growing apical segment and tealls@gment respectively. S1 and S2 segmenss. foodosuntorrespond to the

intervesicular segments numbered from the tip éddidese.

8N C:N
Species Macroalgal df F p value post-hoc df F p value post-hoc
segment
A. nodosum
Tip 11 8.308 0.008 t0<SLP<CR=N 11 1.8 0.218 n.s.
S1 11 137 0.002 tO<SLP<CR=N 11 1.0 0.428 n.s.
S2 11 8.7 0.007 CR>t0=SLP=N 11 1.3 0.34 n.s.
BS 11 156 0.001 CR>SLP=N>t0 11 8.7 0.007  tO<CR=SLP=N
F. vesiculosus
Tip 12 6.0 0.016 tO=SLP<CR=N 12 6.6 0.012  t0=SLP<CR=N
BS 11 0.6 0.625 n.s. 11 1.7 0.238 n.s.
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Table 4. Variation of meanz+se N specific uptake (ddyand turnover time (days) in
the different macroalgal segmentsfofnodosunandF. vesiculosusvhen, i) the tip was
submerged in an enriched seawater solution (Fig.ii}¢he basal segment of the frond
(BS) was submerged in an enriched seawater sol(Fign4b), and iii) the entire frond
was submerged in an enriched seawater solution4E)gThe tip in both species
corresponds to the growing apical segment. S1n8258 segments correspond to
intervesicular segments and 3-cm segments in dmol@rthe tip to lower down the

frond inA. nodosunandF. vesiculosusespectively.

Macroalgal N specific uptake Turnover time

Species Experiment segment (days)) (days)
A. nodosum
i Tip 0.0409+0.0104 29.27+9.62
ii BS 0.0048+0.0004  209.17+14.66
i Tip 0.0053+0.0001 188.15+5.33
S1 0.0085+0.0002 118.04+2.44
S2 0.0087+0.0007  115.97+10.27
S3 0.0062+0.0004 162.43+10.8
BS 0.0044+0.0001 227.67+5.57
F. vesiculosus
[ Tip 0.0665+0.0100 15.74+2.35
ii BS 0.0525+0.0100 19.06+2.35
ii Tip 0.0949+0.0047 10.59+0.5
S1 0.0522+0.0017 19.2+0.62
S2 0.0722+0.0050 13.98+0.9
S3 0.0721+0.0036 13.95+0.73

BS 0.0476+0.0021 21.1+0.96
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Figure legends

Fig. 1. Location of the study sites at Cape Cod, MassattsjsJSA (Basemap: USGS).
Open symbols indicate the sites where the watepksmvere taken while the black

symbol indicates wher&. nodosunwere sampled.

Fig. 2. Changes in mean+se (n=3) growth in wet biomass N (%.) and tissue
C:NinA. nodosunta, c, e) andr. vesiculosugb, d, f) during 22 and 12 d incubations
respectively using water of three different locaioSquare symbols are the mean
values at time 0 and the dashed lines the rangarttion. Analysis of variance results

shown in Table 2.

Fig. 3. Variation between initial (Time 0) and endpaifitN values AN, meanzse,
%0) and tissue C:NAC:N, meanzse) for different sections of the thatfi®.. nodosum
(a, ¢) and~. vesiculosugb, d) individuals (n=3) growing under water ofdf different
locations (Childs River, Sage Lot Pond and NobskKgp). intervesicular segments
numbered from the tip to the base and basal (Bfhests are shown f&. nodosum

and tip and basal segment (BS) Forvesiculosus

Fig. 4. Mean (+se) variation of atom 4N enrichment (meanz+se) along the fronds of
A. nodosunga, c, e) andF. vesiculosugb, d, f) individuals (n=3) when either: the tip
was submerged in an enriched seawater solutidy),(the basal segment of the frond
(BS) was submerged in an enriched seawater sol(djat), or the entire frond was
submerged in an enriched seawater solution (€hg.tip in both species corresponds to
the growing apical segment. S1, S2 and S3 segrmentsspond to the intervesicular
segments and to 3-cm segments in order to thereasedo the tip id. nodosunandF.

vesiculosusespectively. Significant differences betweendkperimental and the



control frond values are indicated by asterisk£0.05, **: p<0.01, ***: p<0.001,

paired-samples t-test).
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