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Abstract. Balanced budgets for dissolved inorganic N (DIN) 1 Introduction

and particulate N (PN) were constructed for the Strait of

Georgia (SoG), a semi-enclosed coastal sea off the west coast

of British Columbia, Canada. The dominant control on the The nitrogen (N) cycle is a crucial underpinning of marine
N budget is the advection of DIN into and out of the SoG biological productivity (Gruber and Galloway, 2008). Dur-
via Haro Strait. The annual influx of DIN by advection from iNg the past 150yr, the global N cycle has been dramati-
the Pacific Ocean is 29 99609 500) Mmol yr'L. The DIN cally changed by human activities that have loaded reactive N
flux advected out of the SoG is 24 30815 500) Mmol yrL. into ecosystems in amounts that rival natural sources (Rabal-
Most of the DIN that enters the SoG-@3 400 Mmolyr?) ais, 2002; Galloway et al., 2004). Two main anthropogenic
is converted to particulate N (PN) in situ by primary produc- Sources, the burning of fossil fuels and the fixation of at-
tion. However, most of the PN produced by primary produc_mospheric N via the Haber-Bosch process to produce fer-
tion is remineralized ¢ 22 000 Mmol yr') back into DIN tilizer, have clearly altered the terrestrial N cycle globally
within the top 50 m. The PN budget for the SoG was further (Galloway et al., 2004). While most anthropogenic N stays in
constrained by nitrogen isotope compositiék°N) that in- the terrestrial ecosystem, a small component makes its way
dicated regional differences in the source of PN. The southinto the ocean (Gruber and Galloway, 2008). Anthropogenic
ern strait receives a much higher proportion of terrigenousN loading to the natural environment occurs predominantly
PN, relative to marine PN, than does the northern strait. Thetlong populated and industrial coasts, where it may lead to
difference is due to the influence of the Fraser River, whiche€utrophication, harmful algal blooms, and hypoxia as shown
discharges 1950 Mmol g¢ of PN and 1660 Mmolyr! of by studies of the Adriatic Sea (Justic et al., 1987), the Baltic
DIN into the southern strait. The overall anthropogenic con-S€a (Andersson and Rydberg, 1988; Conley et al., 2009), the
tribution of PN and DIN to the SoG is minimal relative to East China Sea (Chen et al., 2007) and the Gulf of Mexico
natural sources (>30 000 Mmolyh). It is unlikely that the (Turner and Rabalais, 1994). In effect, humans have initi-
strait will be affected by eutrophication in the near future, al- 8téd an ocean N fertilization experiment. Although the ex-

though anthropogenic N sources, such as wastewater outfall§eriment has not yet affected the open ocean's N cycle, it is
may have significant local effects. already affecting some of the ocean’s most productive loca-

tions — continental shelves.

Coastal seas receive N both from the open sea and from
land. They are already disproportionately productive for their
size due to natural nutrient sources, but additional N added
by human activity can put them at risk of eutrophication. The
likelihood that eutrophication will occur in any given loca-
tion depends on site-specific characteristics like the natural
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supply of N, the rate of exchange with the open ocean, and
other potential controls on primary production such as phos-
phorus and solar radiation (light). An important foundation

to assess the risk posed by human-derived N loadings at an
given location is the production of a N budget that puts local
sources into context.

In a global context, N budgets for coastal systems have
been well-studied, particularly on the east coast of North
America (Nixon et al., 1995; Boynton et al., 1995; Castro
et al., 2003; Schaeffer et al., 2007). To date, coastal N bud-
gets only exist for a few locations on the west coast of North
America. These include the following: Tomales Bay (Smith
and Hollibaugh, 1997), Elkhorn Slough (Caffrey et al., 2003;
Chapin et al., 2004), Yaquina Bay (Kaldy, 2006), the Gulf of
California (Sanchez-Carrillo et al., 2009), San Francisco Bay
(Smith and Hollibaugh, 2006), and the Salish Sea (includ-
ing Juan de Fuca Strait, Strait of Georgia (SoG), and Puget
Sound; Mackas and Harrison, 2007). Only two (of the afore-
mentioned six) study locations, San Francisco Bay and the|
Salish Sea, are sites likely to be affected by elevated N load-
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cations are not suitable proxies to compare and evaluate the . o . _ .
influence of human-derived N. Further, it is difficult to com- Fig. 1.Samp|mg Iocgtlons in the Strait of Georglafor sediment box
pare the influence of human-derived N between San Francores (small filled circle), sediment trap moorings samples (SOGS

cisco Bay and the Salish Sea since their basin shape (e.g. SOGN; open Square)’. river samples (large open circle Surml.md_
ilg small, filled, black circle), aquaculture (open star), pulp mills

. : ] . %actory), atmospheric sampling stations (raindrop), and wastewa-
are very different (Mackas and Harrison, 1997; Smith andter facilities (structure). The exact latitudes and longitudes for the

Hollibaugh, 2006). Nonetheless, the available data presenteghmpiing locations of the sediment box cores are given in the Sup-
in the aforementioned studies suggest that advected Pacifiglement Table S1, and all other sampling locations are provided in
Ocean water is the dominant source of dissolved N to coastasupplement Table S2. Pulp mill locations are identified by PM #
systems on the west coast of North America. In addition, the(PM1: Catalyst Paper; PM2: Port Mellon; PM3: New West Minis-
available data suggest that eutrophication, due to increases iar; PM4: Nanaimo; PM5: Squamish; and PM6: Crofton). Wastewa-
N loading from human activities, is unlikely to occur on the ter treatment plants are indicated by a W# (W1: Annacis Island; W2:
west coast of North America. lona Island; W3: Lions Gate, W4: Northwest Langley; W5 Lulu Is-
The Strait of Georgia, a semi-enclosed coastal sea off th@nd). The dashed line denotes the boundary between the northern
south-west coast of Canada (Fig. 1), receives N both from af"d Southerm SoG.
increasing local human population of over 2 million residents

(Statistics Canada, 2013), and from nutrient-rich, upwelledreaches of the Strait of Georgia, which contain roughly half
Pacific Ocean water that enters the strait through highlyyf the surface area and volume for the entire strait, have been
mixed tidal passages (Thomson, 1981; LeBlond, 1983; Masheglected.

son, 2006). A concern that N loadings from local agriculture Here, we present new data for N from river sampling,
and wastewater discharge might lead to eutrophication of thgyater-column profiles, vertical flux in sediment traps, and
strait led Mackas and Harrison (1997) to develop a budgegated sediment cores. These data, together with data from
for dissolved inorganic N (DIN) using available data for Juan other sources, are used to construct budgets for particulate
de Fuca Strait, Puget Sound and the southern Strait of Geogng dissolved N for the whole Strait of Georgia while distin-
gia. They concluded that eutrophication due to anthropogenigyishing between marine and terrigenous components. We
loadings was unlikely, partly because the overwhelming in-fyrther constrain the PN cycle using isotopséiN) compo-

put of DIN from the Pacific Ocean produced surface waterssjtion and discuss differences and connections between the
replete in N and partly because local primary production Wasnorthern and southern basins of the strait. Finally, we re-
generally light-limited. However, there is also a strong partic- examine the potential for local human activities to produce

ulate N (PN) component for the cycle in the Strait of Georgia. eutrophic conditions within the Strait of Georgia.
To date, we have lacked a complete understanding of how

the PN and DIN components interact, and the relative impor-
tance of processes like burial in sediments, or consumption
and recycling in the water column. Furthermore, the northern

Biogeosciences, 10, 7179394 2013 www.biogeosciences.net/10/7179/2013/
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2 Materials and methods ing the procedure of Calvert et al. (1995). The analytical pre-
cision for this method was-3 %.
2.1 General approach The N isotope compositions were measured using a VG

) o PRISM IRMS equipped with an inline Carlo Erba CHN an-
The N budget was constructed using a combination of newlyajyzer. Thes'®N was calculated according to the following
collected data (sediment cores, sediment traps, and nutrieggrmula:

measurements in rivers and seawater), previously published

values, and unpublished data (atmospheric, wastewater, pulp'>N = 100 (Rx — Rstd) / Rstd), (1)
mill, riverine, aquaculture, and population density) obtained

from various government agencies. The uncertainty associwhereR is the atomic ratio of heavy'{N) and light £4N)
ated with each estimate is expressed as the standard deviatidsptopes of N ¥°N/14N), x refers to the particulate samples

unless otherwise indicated. and std is the atomic ratio of the heavy and light N isotopes
of air. The N isotope composition is reported &SN (%o),

2.2 Sediment core data and the burial of total PN relative to air, with an analytical precision of 0.3 %o.

2.2.1 Sample collection 2.2.4 Nitrogen sediment surface flux, burial flux and

remineralization rates
Twenty sediment cores were collected throughout the Strait
of Georgia between 2002 and 2007 (Fig. 1) using a box coredhe PN burial and remineralization rates in SoG sediments
or Pedersen corer at water depths of 76 to 388 m (SuppletTable 1) were calculated based on the methods described
ment S1). Cores were sub-sectioned on board the ship intéor organic carbon by Johannessen et al. (2003). Briefly, the
1 cm slices for the top 10 cm, 2 cm slices for the 10—20 cmburial flux for each core was calculated by multiplying the
section of the core, and 5cm slices for the remainder of thesediment accumulation rate (SAR, Table 1) by the concen-
core (20 to< 50 cm). Each slice was homogenized in a glasstration of PN ([PN]) in the deepest part of the core (Fig. 2).
jar with a stainless steel spatula and stored in darkness akthe surface flux was not calculated from the measured sur-
—20°C prior to analysis. The sample collection, treatment, face [PN] due to bio-mixing within the upper layers of the
and analytical methods are detailed elsewhere (Johannességdiment cores. Instead we assumed that PN was converted

etal., 2008). to dissolved forms of N according to first-order kinetics, and
thereby lost to the sediments. This loss was estimated by set-
2.2.2 Radioisotope analysis and sedimentation rate ting the integrated area under a theoretical exponential decay

curve equal to the integrated total PN measured above the
A sub-sample from each depth interval was analyzed forburial depth (the depth at which the [PN] becomes approx-
21%p and??°Ra activity by Flett Research Ltd. (Winnipeg, imately constant). The rate of N remineralization for each
Manitoba, Canada) following the procedures of Eakins andcore was calculated as the difference between the calculated
Morrison (1978) and Mathieu et al. (1988). Sufficient counts surface flux and the burial flux. For reference, the in situ con-
were accumulated to maintain counting errors less than 3 %centrations of N ([N]), surface flux, burial flux, and oxidation
Excess?!%Pb activity was calculated by subtracting the ac- flux are shown graphically in Fig. 3.
tivity of 22°Ra. Sedimentation velocities (cnTy) and sed-
iment accumulation rates (g criyr—1) for each sediment 2.3 Sediment trap data and total PN flux at 50 m
core were determined from the core profiles28%Pb, by

solving advective—diffusive equations, as described by Jo-Total PN fluxes at 50m were used to anchor the budget at
hannessen et al. (2003). mid-depth. Sinking particles were collected over 2008-2011

To extrapolate sedimentation rates to the entire Strait ofn the southern and northern Strait of Georgia (stations SOGS

Georgia, the sediment accumulation rate for each core wadnd SOGN; Fig. 1) using Baker sequential sediment traps
assigned to the depositional portion of the surrounding aredBaker et al., 1985) moored at 50 m depth. The cylindri-
(Fig. 1), which was estimated based on grain-size distribu-al traps are 1 m high, with an internal diameter of 0.2m,
tion. Specifically, mud and silt were taken to indicate depo-and are baffled at the top to reduce mixing (Johannessen
sition, and rock, gravel or sand to indicate erosion, except orft al., 2005). Samples were sieved at sea (500 um mesh) to
the Fraser delta, where sand actively accumulates (Hill et al.femove swimming zooplankton, and the <500 pm fraction

2008). was stored frozen for later analysis. Sediment trap flux and
composition data are shown in Table 2. Annual fluxes of
2.2.3 Total PN ands°N analyses PN were calculated for the 50 m isobath using surface areas

of 3975kn? and 3760 krf estimated for the southern and
Total PN was measured in all particulate samples (core sedaorthern parts of the strait, respectively.
iments, filters, sediment trap samples) at the University of
British Columbia using a Carlo Erba CHN analyzer, follow-

www.biogeosciences.net/10/7179/2013/ Biogeosciences, 10, 71#L-2013
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Table 1. Estimates of total PN fluxes derived from dated and modeled sediment box cores from the Strait of Georgia. The sediment accumu-
lation rate is shown as SAR and PN concentration as [PN]. The depositional portion of the surrounding area, as described in Sect. 2.2.2, is
denoted as “Area”. Collection date, location, station, longitude, latitude, and water depth are provided in the Supplement S1.

Station Area SAR [PN]\ PN flux — surface PN flux — final burial PN flux — remineralization
(km2) (gem2yr-l) (%) | (umolenm2yr~1)  (Mmolyr=1) | (umolcnt2yr=1)  (Mmolyr~1) | (umolcn2yr=1)  (Mmolyr—1)
GVRD 1 352 0.08 0.49 27 95 23 82 4 13
GVRD 2 114 0.26 0.15 28 31 16 18 12 14
GVRD 3 195 1.30 0.12 109 213 73 143 36 70
GVRD 5 385 0.64 0.20 91 351 71 274 20 77
GVRD 6 529 2.70 0.17 319 1689 243 1285 76 404
GVRD 7 216 0.32 0.13 29 63 18 40 11 23
GVRD 8 250 0.10 0.24 17 43 12 29 6 14
GVRD 9 123 0.17 0.26 31 38 24 30 7 8
GVRD 10 212 0.05 0.43 15 33 12 26 3 7
GVRD 11 393 0.12 0.41 35 137 29 113 6 24
GVRD 12 219 0.12 0.33 28 62 24 53 4 9
GVRD 13 117 0.12 0.31 27 31 22 26 5 5
GVRD 14 571 0.23 0.21 35 200 23 129 12 71
GVRD 15 255 1.73 0.20 243 620 186 473 57 146
GVRD 16 179 0.98 0.18 126 225 104 186 22 39
GVRD 17 98 0.21 0.27 40 39 30 29 10 10
GVRD 18 437 0.30 0.09 18 80 14 61 4 19
GVRD 20 293 0.10 0.21 15 43 12 34 3 9
GVRD 21 307 0.11 0.45 35 107 21 64 14 43
GVRD 22 157 0.23 0.35 57 89 45 70 12 18
North 2225 676 523 153
South 3174 3515 2643 872
Total 5399 \ 4191 | 3165 | 1025

2.4 Water data for DIN and total PN in the SoG and
rivers

(2005) (Environment Canada’s water quality website; Envi-
ronment Canada, 2013b). The measured DIN concentrations
were multiplied by each river’s discharge (monthly and an-
nual), while the concentration of N on the filtered particles

for seawater) analysis were collected as a part of a field prow"’}S murl]tip;:ed b]é/;rl\]le _T_ivglr S ?EOt?_\!_ part(ijc;ul:;l]te Ioa((jl to cal-
gram established by the Department of Fisheries and Ocearfd/late the flux o (Table 3). River discharge data were

and further described by Masson et al. (2006). Seawater DII\PIr_O\r’]ided by Environment Canada (2013b) for statip ns En-
concentration data ([DIN]) were used in this study to cal- glishman (08HB0O02), Fraser at Port Mann Pumping Sta-

; tion (08BMH126) and Fraser at Hope (08MF005), Nanaimo
culate the advected DIN flux into and out of the SoG (see ;
Sect. 2.6). Seawater samples were collected at 18 deptl{QSHBOM)’ Oyster (QSHDOH)’ Qums'am (08HDOOS, as a
(Om to >400m below surface) from 20 stations extendingproxy for Campbell River), and Squamish near Brackendale

from Juan de Euca Strait to the northern SoG. Sampling(O8GA022) (Fig. 1). Published values were used for the total

was quarterly (April, June/July, August/September and De_annual particle load data for the Fraser (Thomas and Bendell-

cember/January) for 10yr (2001 to 2011). Samples Were\.fou'f]g('j 1999_) alnd Slqugr?ish r:iversh(Hic_kin, 1989).bThedes-
collected using Niskin bottles mounted on a rosette, suplimated particulate load for the other rivers was based on

sampled into cleaned plastic tubes and frozen immediatelyt.he remainder of a particulate budget constructed by Johan-

River samples were collected directly into plastic tubes fromnessen et al. (_2003)_’ the discharge rat_es of the rivers, a_md
surface water away from the shore, and then immediatel)}he known relationship bet_vveen_ the pgmgulate load and dis-
frozen. Samples were analyzed unfiltered using a Technicoﬁharge rate for the Squamish River (Hickin, 1989).
AutoAnalyzer" Il at the Institute of Ocean Sciences, follow-

ing the method described by Barwell-Clarke and Whitney2.5 Atmospheric deposition of N to the SoG

(1996). The analytical precision for this method wia2%.

River samples were analyzed for [DIN] and [PN] be- Precipitation, atmospheric concentrations and N flux data
tween 2008 and 2009 for the Fraser, Squamish, Camp(Table 4) were provided by Environment Canada (2013a).
bell, Oyster, Englishman and Nanaimo rivers (Fig. 1; Ta- Rainwater NQ and NH; concentrations ([N€] and [NHa])
ble 3). Additional river data were obtained from Environ- are available from several locations adjacent to the SoG
ment Canada for the Fraser River (at Hope, 1979-200§Campbell River, Nanaimo, Victoria, Saturna). Dry depo-
and at Gravesend Reach, 2008-2011) and Squamish Riveaition (PN) data, available only for the Saturna Island site

Seawater samples for DIN (only nitrate nitrite measured

Biogeosciences, 10, 7179394 2013 www.biogeosciences.net/10/7179/2013/
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Table 2. Flux-weighted average daily N and total and annual flux of sinking particles in the Strait of Georgia based on sediment traps
deployed between 2008 and 2011. Sediment accumulation rates at the two sites are based on box cores collected at GVRD 16 and GVRL
10, respectively. The data are represented as weighted averages (rahgagndard error.

| SOGS-50M |  SOGN-50m
N daily flux (gm—2d—1) 0.03  (0.002-0.20)| 0.017 (0.0005-0.071)
[N] (%) 0.3 (0.10-2.2)| 1.0 (0.06-3.1)
N annual flux (Mmol yr1) 3020 (196-19605) 1776 (52—-7358)
Total, annual trap flux (g m2yr—1) 4122 (2102-7346) 701 (101-1140)
Sediment fluxes (g m? yr—1) at same location 9800 500
S19N (%o) 6.6 +0.2 8.2 +0.2

2 Strait of Georgia south station (Fig. BStrait of Georgia north station

Table 3. Discharge rates, [N§) + [NO»] and particulate nitrogen [PN], and calculated fluxes for DIN and PN from rivers entering the
SoG. Numerical values for each flux are represented as the weighted-average (range). The range of values represents the min and max
the concentration data collected over a one-year periods¥t¢ composition is represented by the averagstandard deviation. Data not
available: na.

Monthly discharge  [N@]+[NO>] DIN PN PN PN-—§15N
Station (s (umol L=1) (Mmolyr~1)  (ugL™1 (Mmolyr—1) (%o)
Fraser 3620 (1780-8590) 45-11.2 1662 (1184-2252) 213-266 1954 (1737-2171) £0.4.7
Squamish 242 (87.5-492) 3.4-6.0 37 (21-41)  920-1210 561 (502—656).5+ 1.5
Campbell 8.54 (2.2-16.7) 2.9-5.2 0.8(0.2-1.1) 1177-1279  22.7 (21.7-23.7) +0B4
Oyster 13.9 (3.1-18.2) 1.9-35 1.0 (0.6-1.2) 567-634  19.0 (18.0-19.9) na
Englishman 13.1 (1.4-27.0) 2.1-34 0.7 (0.5-0.9) 680-727 20.8 (20.1-21.4) na
Nanaimo 39.8 (5.9-76) 1.7-5.3 4.0(1.0-6.8) 980-1072  92.0(87.7-95.9) na

(Fig. 1), were extrapolated to the whole Strait of Georgia. River contributing 73% to the freshwater budget (Johan-
In support of this extrapolation, the [DIN] data for all of the nessen et al., 2003) at 3628 day .. The input of DIN to
sites adjacent to the SoG during the year 2003 are also prahe SoG is then simply calculated as

vided in Table 4. There are clearly regional differences in

the atmospheric [DIN] (34.7-89.7 Mmoly#), but the val-  DINin X Vin, ®)

ues are all of the same order of magnitude and are negligibl%\lh : 1

) ere DIN, is the mean [N@)] (29.84+ 4.2 umol L, S.D.)

in the context of the whole N budget. of incoming deep water (> 50 m depth from the Juan de Fuca

Strait). This provides an estimate for the advective transport
of DIN into the Salish Sea (85 38955 700 Mmol yr1). Ac-

The advective transport of DIN into the SoG was determinedcerding to Mackas and Harrison (1997), only 359% of this

based on salt balance, following the methodology describe@dvected dissolved Nwill reach the SoG. _
in detail by Gordon et al. (1996), and using the following Similarly, the advective transport of DIN out of the SoG is

2.6 Advection

calculated as

equation:
Vi = SoVew @) Vout= Vin + VFw, 4)
n - —7
Sin— So where V|, and Vg, are estimated based on Eqgs. (2)

and (3). Vout was determined to be 8:310° m3day?!
(+£5.0x 10°m3day 1) using Eq. (4) and based on the es-
timates ofVj, (Eq. 5). The output of DIN to the SoG is then
simply calculated as

where V|, and S, are the volume flux and salinity of the
deep shoreward estuarine flow into the Sé&,, is the vol-
ume flux of freshwater to the SoG, affg is the salinity of
the out-flowing surface layer. The volume flux of the estuar-
ine circulation ¢in) was estimated to be 7:810° m*day " NG x Vour )
(£5.0x 10 m3day 1) based on a freshwater volume flux

(Vew) 0f 0.43x 10° m3day ! (+0.01x 10° m3day 1), sea-  whereNoyis the mean [N@] (23.0+ 4.6 umol L1, S.D.) of
ward salinity §o) of 31 (£0.6) and shoreward salinitysi) outgoing surface water (<30 m depth) from the Juan de Fuca
of 32.7 &0.9). The freshwater flux was based on the FraserStrait. This provides an estimate for the advective transport

www.biogeosciences.net/10/7179/2013/ Biogeosciences, 10, 71FL-2013
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Table 4. Atmospheric dissolved inorganic nitrogen concentration [DIN], particulate nitrogen concentration [PN], and total annual atmo-
spheric deposition to SoG for years between 2002 and 2009 for Saturna Island and Vancouver Island stations (Environment Canada, 2013c)
Data not available: na.

Year Rainfall Dissolved Particulate Dissolved Particulate Total
(cmyrd)  (Mmolyr1)  (Mmolyr~1)  (Mmolyr~1)  (Mmolyr—1) (Mmolyr—1)
Station NH; NO3 NHz NO3 NH4+NO3 NH4+NO3 NH4+NO3
Saturna Island 2002 60 30.8 55.0 8.6 145 85.8 23.1 108.9
Saturna Island 2003 81 29.6 60.1 86 1438 89.7 23.4 113.0
Saturna Island 2004 79 375 786 88 140 116.1 22.8 138.9
Saturna Island 2005 76 275 548 104 15.0 82.3 25.3 107.7
Saturna Island 2006 88 32.0 65.2 6.0 125 97.2 18.5 115.7
Saturna Island 2007 93 421 764 6.6 11.9 118.5 18.5 137.0
Saturna Island 2009 81 29.7 541 na na 83.8 na >83.8
Campbell River 2003 46 30.1 50.0 na na 80.1 na >80.1
Nanaimo 2003 48 215 425 na na 64.0 na >64.0
Victoria 2003 41 9.0 256 na na 34.7 na >34.7
Particulate Nitrogen (wt. %) of DIN out of the Salish Sea (69 5@8044 200 Mmol yrl).
,00 02 04 06 00 02 04 06 00 02 04 06 00 02 04 06 However, only 35 % of this advected dissolved N® from
%{ / g T? | f the SoG (Mackas and Harrison, 1997).
20 1
40 A‘ b | 2.7 Primary production in the SoG (conversion of DIN

o LT " 2 S Ls. .. to PN)

Primary production (PP) converts DIN to marine particu-
late nitrogen (PlNar) within the water column of the SoG.
The PP rate for the SoG was previously assessed by Har-
rison et al. (1983) to be-280gCnr2yr—1. This PP rate
was converted to Py using a C: N ratio of 6.6:1 (Red-
field et al., 1963). The calculated R} implies a total pro-
duction of 23400 Mmol yr! PNyar for the entire strait as-
suming a surface area of 7735knThere are other esti-
mates of PP for the Strait of Georgia that range from 120 to
>400gCm2yr-1 (Parsons et al., 1970, 1980, 1981; Stock-
ner et al., 1979; Pawlowicz et al., 2007). However, the par-
ticulate nitrogen budget could only be balanced if the PP rate
was constrained to 260 to 300 gCAyr—1 (see below for
constraints in Sect. 3.1). The flux of i at 50 m (the loca-

tion of the sediment traps) and at the bottom (variable depths)
as a result of this surface PP was estimated using an empiri-
cal relationship accounting for the remineralization of N with
depth (Pace et al., 1987):

Sediment core depth (cm)

5N (%0)

Fig. 2. Depth profiles for total particulate nitrogen concentration PNwvar = 0.432(z~0843. ppH123), (6)

([PN]) measured as weight % (wt. %, black solid diamond) and

815N composition of sediment (blue open square connected by solidvherez is the depth (m) in the water column.

black line) for all 20 box cores used in this study. The horizontal

dashed line for each sediment profile represents the burial dept?.8 Wastewater effluent

(the depth at which the [PN] becomes approximately constant). The

solid red line that follows the [PN] depth profiles represents the the-The input of total N (PN and DIN) from Vancouver wastew-

oretical exponential decay curve described in Sect. 2.2.4. ater into the SoG was estimated from the effluent |0adings
at the Lions Gate and lona wastewater facilities (Table 5).
Loadings for Annacis, Lulu and Northwest wastewater treat-
ment facilities were not included in this budget, since these
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Fig. 3. A contour plot of sediment core data for the Strait of Georgia shog@htptal particulate nitrogen (PN) concentration (%) for surface
sediment|b) surface flux of PN (50 pmol c?ryr*l interval); (c) burial flux of PN; andd) remineralization rate of PN.

facilities discharge into the Fraser River upstream of the sam2.10 Aquaculture

pling sites. Similarly, the mean input of total N (PN and

DIN) from the 2 largest wastewater facilities on Vancou- The maximum input of TN (PN+ DIN) from aquaculture

ver Island (Clover Point and Macaulay Point) is less thanproduction affecting the SoG (Table 5) was calculated from
100 Mmolyr- and was not included in this budget. These the licensed total maximum production for every aquaculture
two Vancouver Island facilities are unlikely to influence the facility located within or adjacent to the SoG (Department of
N flux to the Strait of Georgia, since they discharge into JuanFisheries and Oceans, 2013). The license numbers reviewed
de Fuca Strait and would be overwhelmed by the advectednclude AQ 137, AQ 138, AQ 216, AQ 221, AQ 304, AQ 332,

DIN flux. AQ 408, AQ 412 AQ 547, AQ 572, AQ 746, AQ 1697, AQ
1698 and AQ 1770. TN input to the surrounding environment
2.9 Pulp mill effluent was estimated to be 10 % (dissolved 6.7 % and particulate

) _ _ 3.4%) of the total aquaculture production (79 Mmot¥y
Pulp mill effluent loading data were obtained from the En- Hg| et al., 1992). Although the PN (26 Mmoly#) in aqua-
vironmental Monitoring System Web Reporting website ad-cyiture is not produced autochthonously, the fish meal used
ment (2013). The input of total N from pulp mill activities sytherland et al., 2006). Therefore, we consider PN from
adjacent to the SoG was calculated from the reported effluzquaculture to be Pi. Furthermore, we assume that the
ent loadings for the facilities at Powell River (Catalyst Pa- pny,., due to finfish aquaculture would remineralize to DIN

per; 84+ 18 umol L%, 6.5x 10'°Lyr~*; Table 5) and Port  yjith depth at the same rate as PN produced by PP (Sect. 2.7).
Mellon (Howe Sound Pulp and Paper; 6.8 pmol L1,

2.9x 101°Lyr~%; Table 5). Although there are other ac- 2.11 Isotopic mass balance

tive, or recently active, pulp mill operations adjacent to the

SoG, including sites in New Westminster (Kruger ProductsAs an additional constraint of the PN budget, we weighted

LP), Nanaimo (Nanaimo Forest Products), Squamish (Westparticulate fluxes by the associated stable N isotope com-

ern Woodfibre — closed) and Crofton (Catalyst), there is nopositions §1°N) thereby ensuring that the system was iso-

requirement to collect DIN or PN data. Consequently, thetopically balanced. In addition to our measusééN compo-

pulp mills lacking PN and DIN data were assigned the aver-sition of particulate matter from sediment trap and riverine

age of the Powell River and Port Mellon fluxes. samples, we were providet}®N composition data for the
lona wastewater treatment facility (2008—2012). We also in-
corporated published values available for pulp mill effluent
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Table 5. Summary of dissolved inorganic nitrogen (DIN), particulate nitrogen (PN) and total N (TN) inputs to the SoG from terrigenous and
marine sources. Data not available: na.

Source DIN DIN PN TN
(Mmolyr—1)  (Mmolyr—1)  (Mmolyr—1) (Mmolyr—1)
Terrigenous
Fraser River 1662 1304 1954 3616
Other major rivers 37 na 716 753
Atmosphere 85 188 to 256 21.9 120
Pulp mills 20 na 5 25
Groundwater 130to 3%1 130to 391 na na
Marine
Advection via Haro Strait 29906 19500 27 840 260 3016819500
Total PP ~ 25100 23400 23400
Wastewatet 160 (133-188) 522 to 574 38 (37-39) 198 (170-227)
Aquaculture 53 na 26 79

2 Mackas and Harrison (1997) estimat%slata from Metro Vancouver, lona outfall

(0 %0; Oakes et al., 2010), atmospheric depositiornb Qo; els southward in a plume extending from the delta, then en-
Freyer, 1991; Garten, 1996; Elliott et al., 2009), and aqua-ters Haro Strait where it is mixed throughout the water col-
culture ¢ 10 %o; Sutherland et al., 2006). We lacked data to umn by the strong tidal currents (Johannessen et al., 2005). A
do the same for DIN. portion of this material returns to the strait at depth and trav-
Estimates o81°N composition were determined for com- els northward near the bottom (Johannessen et al., 2005). The
ponents of the PNy and PNyar budgets that were not di- re-entry of PN by this pathway (1709 Mmolyh) explains
rectly measured or assigned a value by the literature (e.gwhy the flux of particles to bottom sediment in the southern
PNwar). The §1°N composition for these estimates was de- Strait of Georgia is so much higher than that captured by the
termined by mass balance. The constraints placed on thedt) m sediment trap moored close to the center of the south-
estimates of$'°N composition are described in detail in ern strait (Fig. 1). The PN, associated with this returning

Sect. 3.1. transport, therefore, does not represent an exclusively exter-
nal source, but rather a longer transport pathway for Fraser

2.12 Calculation of propagated uncertainty River particulate N with the addition of some material from
outside.

The uncertainties (standard deviations) for budget terms de- The following constraints enabled the flux estimates of
termined from a calculation, such as the advective transporpN,, and PNyar to be determined within the water column
of DIN into and out of the SoG, were determined by prop- and in sediment.

agating their uncertainties. Uncertainties were propagated

onto the final calculated results using a linear approxima- 1. Thes'*N composition of Pliar must be heavier than

tion (a first-order Taylor series expansion). This is the stan- F’l'\S‘Terr_(SiQman and Casciotti, 2001). The heaviest
dard method for propagating uncertainties through a function 87N signature for a mixture of Pibr and PNerr will
onto a derived quantity (e.g., Bevington and Robinson, 2003; reflect the lightest possible value for GN. Therefore,
JCGM, 2008). the §1°N composition for PN\iar must be greater than

8.2+ 0.2 %o (standard erron, = 75); the flux-weighted
averages'®>N composition of particulate samples from

3 Nitrogen budgets for the S0G the SOGN sediment trap (Table 2).

) 2. The total PN flux to the sediment is 676 Mmotyr
3.1 Constraints on the PN and 3515Mmolyr?® for the northern and southern
budget SoG, respectively (Table 1). Therefore, the \RN
flux to the sediment must be less than or equal to
676 Mmolyr! and 3515 Mmol yr! for the northern
and southern SoG, respectively.

We have created N budgets independently for the southern
and northern basins of the strait (Fig. 4a) because the Fraser
particles contribute a significant portion of bottom sediment
only for the southern basin, south of Texada Island (Hill et 3. The§1°N composition of the sediment is 6490.1 %o
al., 2008). Much of the Fraser River particulate material trav- (standard errom = 10) and 5.3 %t 0.1 %0 (standard
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Fig. 4. Schematic diagrams of the nitrogen cycle in the Strait of Georgia (SoG) showing budggt} farticulate nitrogen an¢b) dis-

solved inorganic nitrogen (DIN). Southern (left) and northern (right) regions of the strait are presented sepa(ajely mghlight the

large difference in the terrigenous particulate nitrogen contributions and sources between the two basins. Brown arrows indicate terrigenous
particulate nitrogen (PiNy) fluxes and green arrows marine (g}y) fluxes. Fading toward the head of an arrow indicates remineralization.
Remineralization in this figure includes only the transformation of PN to DIN. Arrows show PN fluxes in Miolas indicated by the

number written beside the arrow, which also has width scaled according to the size of the flux. Fluxes of PN and DIN were estimated indepen-
dently for several components within the budget including sources (e.qg., rivers, wastewater, aquaculture, etc.), vertical PN flux (surface, 50 m
depth) and fluxes into and out of sediments (flux to sediment surface and burial flux). For example, the net expgy; GfoRiNsouthern

to northern SoG is shown by the 110 Mmotyrpathway at the surface of the southern SoG. Of this, 100 Mn1di gnters the northern

SoG above 50 m depth, as indicated by sediment traps, and the remaining 10 Mfehyers deeper water. Likewise, remineralization of

910 Mmol yr1 of PNqerr within the shallower parts of southern SoG is partially offset by the import of 900 Mmdl pf PNyar from

outside the southern boundary of the strait.
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error, n =10) for the northern and southern SoG, 3.2 Particulate nitrogen
respectively, representing a mixture of g2 and
PNrerr. In situ PP is the largest term in the PN budget
(23 400+ 1700 Mmolyr®; Table 5; Fig. 4). Most (94 %,
4. The rate of PP for both the northern and southern SoG,, o9 Mmolyrl) of this PN is remineralized to DIN
is the same. Although the rate of PP has only been,in the SoG (Fig. 4). In situ PP effectively removes
meaSL_Jred in the southern SoG (Harrison et _al., 1983)720 Mmolyr-1 of N from the entire SoG as PN buried in
there is evu_jeljce that supports the assumption that PR, o sediment. Most of the RN produced by phytoplank-
rates are similar for both the northern and southermy,, is remineralized within the top 50 m of the water column,
SoG including the gol!owmg. (@) the concentration of 55 evidenced by the small flux of sinking particles captured
chlorophyll (mgnT®) is regionally equivalent on an  5¢ 50 in the sediment traps. Since there are no empirical
annual, seasonal. and depth-integrated basis (Massopy|ationships of PN, remineralization in the literature, we
and Pena, 2009); (b) water column profiles for NO  555med that loss of this material during its descent to the
are regionally indistinguishable both annually and sea-g¢qiment was negligible. Consequently, the ratio of/gNo
sonally (Masson, 2006); (c) chlorophyliconcentra-  pn. - declines with depth. By 50 m (sediment trap depth),
tions, derived from satellite imagery, indicate that PP e py,. flux in the southern basin is of similar magnitude
is equivalently active in the southern and northern S_OGtO that of PNerr (Fig. 4a), and in the southern basin of the
(Gower et al., 2013); (d) the PP rates are constrainedyait the burial in bottom sediments of iy exceeds that
by total organic matter and nitrogen and carbon IS0- o PNwiar (Fig. 4a). The change in the Rtk to PNrerr with
tope composition of particles collected in the sediment,, otar column depth is also supported by the lighkiN
traps and sediment samples. composition of the sediment relative to the sediment trap
5. The average rate of PP must be 280gCyr—1  Samples (see Sect. 3.3). L
for the entire SoG, with a range of 260 to _1h€ southern SoG receives2690 Mmolyr = of PNrer,
300gCnm2yr-l. The PP rate cannot exceed wlth most of this flux coming frqm rivers (2627 Mmoly%,
300gCnm2yr-! based on constraints (1), (2) Fig. 4a). The northern S{)G, in contrast, receives much
and (3) requiring PNar to have as'5N composition less PNerr (186 Mmolyr—=) with 59% of this input
greater than 8.2%.. The total PN flux to the sedi- (109 Mmolyr1) due to the advection of particles from the
ment in the northern SoG must be 676 MmatYy southern strait (Fig. 4a). The difference between the north-

and thes'N composition of the sediment must be €M and southern basins in the strait reflects that most of the
6.9+ 0.1 %o in the northern SoG, respectively. A PP river-borne particles fall out of suspension close to the river

rate of 300 gCm2yr-? yields 530 Mmolyrt of PN~ Mouths. _
to the sediments in the southern SoG based on Eq. (6). Atmospheric - sources  contribute  21.9 Mmotyr of

This production rate leaves 176 Mmolyrto carry a P Nrem Of which about two-thirds is in the form of NO
terrigenouss’®N signature of 2.5 %o (77 Mmolyr1 and the rest is Nil (Table 4a). We have assumed, fol-

at 3.7%o — northern inputs; 74 Mmol vt at 1.1 %o lowing Mackas and Harrisqn .(19.97),' that the &N flux

— advection of material from the southern SoG). A from groundwater sources is insignificant (<1 Mmot¥y
PP rate greater than 300 gCAyr—! would generate  12Pl€ 5). _

a 815N composition greater than 7.0%o, violating Anthropogenic sources of PN_ represent2 % of the
constraint (3). Similarly, the PP rate cannot be lessPNrerr flux from outside the strait, or-0.2% of the to-
than 260 gC m2yr—! because it disallows RN and tal PN flux including marine and terrigenous sources. Mu-

PNrerr to balance. Further, a rate of 260 gCfiyr—? nicipal wastewater contributes 38 Mmolyr of PN, while
requires thesSN compos’ition of PNy to be as- aquaculture contributes another 26 Mmot¥y(Table 5). The

signed a value of 9%. The PN budget cannot bePNrerr contribution by pulp mills (5 Mmolyrt) was esti-
balanced with a PP rate of 260gCAyr—! and mated based on the ratio of DIN: PN observed by Oakes et

a value <9%. Therefore, we conclude that PP is al. (2010) for primary treated pulp-mill effluent. Most of the
280+ 20gC nr2yr1. material dumped in the Strait of Georgia at ocean dump-
ing sites is dredged from the Fraser River downstream of
Based upon the constraints mentioned above and endPur sampling sites, and is consequently already included in
member data for Pk, (8.74 0.3 %0) from Johannessen et the Fraser River N flux estimate. Some of thergiNin the

al. (2005), thes'>N composition for Pl\ar Was assigned a  dredged material may be remobilized into the water during
signature of 8.7 %o. dumping, but is not likely to be significant and has been ne-

glected in the budget.

The sinks for PN are burial in the sediment and rem-
ineralization from the sediment and within the water col-
umn. According to the Pace et al. (1987) model, 96 % of the
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PNwar (~ 22 300 Mmol yr1) produced by phytoplankton in ern SoG at 50 m below sea level is dominated by,RNIt
the SoG would be remineralized by the time it descended tas important to note that the estimated proportion and flux
the seafloor. Since the small amount of jgNfrom aqua-  of marine material would vary based on the assigned marine
culture (26 Mmolyr?) is also essentially of marine origin, end-membes°N value of 8.7 %o (€.g., the R\ flux would
we have assumed that it would remineralize at the samée greater if thé1°N was lighter). A sensitivity analysis was
rate. Consequently, we estimate tha®6 % of aquaculture- performed, based on the constraints outlined in Sect. 3.1, to
produced PNar (25 Mmolyr—1) is remineralized to DIN in  determine the upper and lower limits for this end-member
the water column (Fig. 4a). value for both the northern and southern SoG. It was deter-
Overall, the fluxes of PN in SoG sediments are mined that 8.2 0.3 %0 was the most reasonable value for
4191 Mmolyr?! to the sediment surface, 3165 Mmotyr  §1°N composition of PNar.
buried, and 1025Mmolyr is remineralized (Table 5, Similarly, in the southern SoG the Ry flux calculated
Fig. 3). Most (93 %; 2555 Mmol yr!) of the PN is buried in ~ from the Pace et al. (1987) model was determined to be
the southern strait (Fig. 4a). A quarter of thef@iNentering ~ ~ 2150 Mmol yr! (over 3500 krd). Themeasuredotal PN
SoG sediments is converted to DIN (453 Mmot¥y, with flux based on the sediment trap at 50 m depth was determined
91 % of the sediment-based remineralization occurring in theto be 3020 Mmolyr!. Given marine and terrigenous end-
south (Fig. 4a). Similarly, a quarter of the RN entering  members'°N values of 8.7 %o and 1.1 %o, respectively, the
SoG sediments is converted to DIN (572 Mmotdy, with measured®N composition of 6.6 %o in the 50 m trap parti-
81 % occurring in the south (Fig. 4b). There is no quantifi- cles implies that 72 % of the PN at that depth wasgNvith
able evidence that P, remineralization occurs within the  a flux of 2174 Mmolyr!. Again, the two separate determi-
water column, and therefore we have assumed that PN nations of PN\ flux are very similar and imply that the PN
not lost during the settling of particles to the sediment within flux in the southern SoG at 50 m depth is comprised mostly

the SoG. of PNwar, but with a much larger terrigenous component than
in the north.
3.3 Thes!®N composition as a constraint to the PN Thes™®N composition for river particles (Pfr) was low,
budget relative to PNjar (—1 %o to 4 %o), which is typical for mate-

rial of terrigenous origin (Sigman and Casciotti, 2001). For

Particulate organic matter reflects th®N composition of  the group of rivers discharging to the northern strait (Camp-
its source, with terrigenous material having a lower signaturebell, Oyster and Englishman rivers), only Campbell River
than marine-derived materiéd®N composition (Peters etal., particles were measured, yieldistPN values of 3.4+ 0.3 %o
1978). The isotopic composition of particles in the SoG aids(Table 3). For the southern strait, the averagaN com-
in identifying processes and sources important to PN fluxesposition of PN for the Fraser River, by far the largest con-
particularly by providing a way to distinguish between ma- tributor, was 1.4 0.2 %o, while the other measured rivers
rine and terrestrial contributions. A prior study of sinking (Squamish and Nanaimo) yielded a flux-weighted composi-
particles collected in the southern SoG repod&N com-  tion of —0.5+ 1.5 %o.
positions of 1.5-9 %o (Johannessen et al., 2005). JohannessenThe measuredi!>N composition of sediment, prior to ulti-
et al. (2005) suggested that there was a seasonal effect anate burial, in the northern SoG (6.9 %o, Fig. 2, Supplement
the 815N composition of particles related to the length of the Table S3) is equivalent to the value calculated from the pro-
food chain, with lower values observed during phytoplank- portional contributions of its marine and terrigenous sources
ton blooms (short food chain) than during the rest of the yearn6.9 %o). In the southern strait, the measured and calculated
(long food chain). Here, we have expanded the study area t61°N of the sediment are also equivalent (5.3 %o, Fig. 2, Sup-
include the northern Strait of Georgia, where there is a muctplement Table S3). The measu@@N composition of sedi-
smaller influence of P, from the Fraser River. ment in the SoG after burial is effectively the same as in the

In the northern SoG, the remineralization rate of,RNn surface with a signature of 7.0 %o in the north and 5.3 %o in
the water column (using the Pace et al. (1987) model and ahe south (Fig. 2, Supplement Table S3).
ratio of C: N of 6.6 : 1) suggests that PP would produce aflux The transport of PN, material in the southern SoG is
of PNyar at 50 m of~ 1670 Mmolyr! based on an area of more complicated than in the north. There are few data avail-
3100 kn? (average for burial and surface areas). Thea-  able in the southernmost SoG. As described in Sect. 3.1, par-
suredtotal PN flux based on the sediment trap at 50 m depthticle movement in the southern SoG is dynamic and complex
was determined to be 1776 Mmolykr. Given marine andter-  (Johannessen et al., 2003). Therefore, the fluxes and move-
rigenous end-memberoN values of 8.7 %o and 3.7 %o, re- ment of PN were estimated using the constraints described
spectively, the measuretd®N composition of 8.2 %o in the  in Sect. 3.1 and by ensuring that isotopic mass balance was
50 m trap particles implies that 92 % of the PN flux at that achieved in both the sediments and SOGS sediment trap.
depth was PNgr with a flux of 1634 Mmol yrl. The two Sources within the SoG were sufficient to account for all of
separate determinations of R flux at 50 m are encour- the PNy,. However, 64 % of the material that enters the SoG
agingly close, both indicating that the PN flux in the north- (1724 Mmol yr1; assigneds°N of 1.7 %o) is transported

www.biogeosciences.net/10/7179/2013/ Biogeosciences, 10, 71#L-2013



7190 J. N. Sutton et al.: A nitrogen budget for the Strait of Georgia, British Columbia

into Haro Strait. Within Haro Strait, 915Mmolyt of less than one-third of the Fraser River’s DIN input, with in-
PNrerr is lost and the remaining 809 Mmolyt is mixed  dividual fluxes of 0.7-37 Mmol yrt.
with an unknown source of RjNy (assigned®N of 8.7 %o) Atmospheric deposition, groundwater and anthropogenic
before it re-enters the SoG. sources represent negligible contributions to the DIN flux
Unfortunately, the influence of this region adjacent to (Fig. 4b). The flux of N into the SoG from the atmosphere is
the Haro Strait is the least constrained component of theprimarily dissolved (82.3—118.5 Mmol yt; 76-87 % of the
PN budget. Based on the constraints on the PN budgetotal atmospheric flux; Table 2), about two-thirds of which
(Sect. 3.1), the incoming particulate material from Harois NOs and one-third ammonia. For groundwater flux we
Strait (1709 Mmolyr1l) must carry a1°N composition of  have no direct measurements and have, therefore, used the
5.4 %o. Effectively, there is no loss of PN from this bud- Mackas and Harrison (1997) estimate of 5-15 tonnesHay
get. Therefore, the P originating from the Fraser River (130-391 Mmolyr1).
(1.7 %0) must mix with an external source that carrigdN Anthropogenic sources (wastewater, aquaculture and pulp
composition that is greater than 8:0.3 %0. To date, the par- mills) together contribute only~0.7 % of the total DIN
ticulate dynamics for this region is not completely under- flux into the Strait of Georgia (Table 5). Vancouver
stood, and there is a paucity of [PN] aatPN data along wastewater from the lona and Lions Gate treatment fa-
the west coast of North America. For regions adjacent to thecilities contributes 160 Mmolyr' of DIN. The Annacis,
SoG, such as Puget Sound (see Fig. 1), there is one study thatlu and Northwest wastewater treatment facilities dis-
examines the C: N ratio (Walsh et al., 2008) but does not pro-charge into the Fraser River just upstream from our sam-
vide [PN], one study (Hedges et al., 1988) that examines theling sites, and consequently their inputs are included in
[PN] of a small coastal bay, and one study (Brandenberger ethe estimated Fraser River N flux. The DIN flux from
al., 2011) that has both [PN] aréd®N data from sediment pulp mill activities into the SoG was estimated to be
cores sampled at two locations within Puget Sound. Based- 20 Mmolyr-1, based on the effluent loadings for the fa-
on the available data, the [PN] within Puget Sound is similarcilities at Powell River (5.5 0.3 Mmolyr-1) and Port Mel-
to the concentrations in the southern SoG (Fig. 2) and rangéon (1.6+ 0.2 Mmolyr-1). No data for DIN were available
from 0.1to 0.29 wt. % (Hedges et al., 1988; Brandenberger efor pulp mill operations in New Westminster, Nanaimo,
al., 2011). Similarly, th&'>N composition of four sediment Squamish or Crofton. Therefore, these locations were as-
core samples (two sediment cores per sampling location) colsumed to contribute a similar flux to Powell River and Port
lected within the Puget Sound have analogét®¥\ compo- Mellon (average of the two fluxes: 3.6 Mmolyr) The DIN
sitions to most sediment cores evaluated for the SoG (e.gflux from all the aquaculture sites in the Strait of Georgia is
GVRD sediment cores 1, 8, 9, 10, 11, 12. 13, 14, 17, 18, 20estimated at 53 Mmol yr! (Table 5), based on a maximum
21, 22, see Fig. 2). Th&'>N composition of the four sedi- total aquaculture production of 3210° metric tonnes of N
ment cores from Puget Sound ranged from 6.0 to 6.8 %0 at thever a 2 yr grow-out cycle.
sediment—water interface but, subsequently, became isotopi- The dominant sink for DIN (88 %, Fig. 4b) is advective
cally heavier (6.5—7.2 %o) at depths greater than 50 cm (Branexport of surface water from the SoG to the Pacific Ocean as
denberger et al., 2011). It would be beneficial if another studypart of the estuarine circulation (24 380L5 500 Mmol yrt;
focussing on thé°N composition of PN and DIN were to  Fig. 4a). This value agrees with the Mackas and Harri-
identify what processes are contributing to the mixéeN son (1997) estimate of 19 410 Mmolyk. The uncertainties

signature coming from Haro Strait. associated with the advective transports of DIN are large
(> 65 %), mainly because of the temporal variation in salin-
3.4 Dissolved inorganic nitrogen (DIN) ity. Denitrification represents another potential sink for DIN.

Given that the SoG is not anoxic, except within a small
The largest source of DIN to the Strait of Georgia is ad- subsidiary fjord (Saanich Inlet), we assume that denitrifi-
vective transport into the strait from the Pacific Ocean,cation is restricted to basin sediments. Based on sediment
driven by estuarine circulation, which accounts for 85 % denitrification rates for the Washington continental shelf
(29 900+ 19500 Mmolyr1) of the DIN flux (Table 5, (50-110pmolNm2d—1; Engstrom et al., 2009), prorated
Fig. 4b). The Fraser River is the next largest source of DINto the area of accreting basin sediments in the SoG, den-
(1662 Mmol yr-1) and contributes an order of magnitude less itrification appears to provide a negligible loss €199 to
N than advective transport. Our estimate for Fraser River217 Mmolyr- DIN.
DIN flux (1662 Mmolyr1) is averaged from data thatrange ~ The overall DIN flux into the SoG was estimated to be
from 1184 to 2252 Mmolyr!, and is therefore equivalent ~ 32000 ¢19500) Mmolyr! compared to an overall DIN
to the 1304 Mmolyr?! estimated by Mackas and Harrison flux out of ~25600 @15500) Mmolyr?! (Fig. 4b). The
(1997). Remineralization of P and PNyar in the surface  DIN budget shows an excess source of 6400 MmolyThe
sediment of the strait releases about two-thirds as much DINuncertainty associated with the exchange of DIN between
as the Fraser River supplies (1025 Mmot¥y, while the re-  the strait and the Pacific Ocean is easily large enough to
maining streams flowing into the SoG contribute in aggregateaccount for the difference. Therefore, we intentionally have
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not forced the sources and sinks to balance for the DIN budit is in surface water of the strait, meaning that the sediment

get. record is not an accurate portrayal of PN cycling at the sur-
face.
3.5 Dissolved organic nitrogen (DON) In contrast to DIN, both PNar and PNerr owe their ori-

gins to external sources (inflow) or processes (e.g., PP) oc-
As in the case of the N budget by Mackas and Harrisoncurring within the strait. The strait appears to be a relatively
(1997), we have not considered dissolved organic nitrogemomogeneous sea with respect to DIN, but the northern and
(DON) in the dissolved component of the budget for the southern basins differ in their sources and fluxes ofdN
SoG predominantly because we lack a database to make gith only minimal communication of this component be-
confident evaluation of its sources or its potential to sup-tween basins. The far smaller flux of RN in the north-
port primary productivity. DON data are available for areas ern SoG means that its contribution to the sediment flux and
adjacent to the SoG, (Saanich Inlet, Stuart Island, SwansoBurial is also smaller both quantitatively and in proportion to
Channel, Juan de Fuca Strait), but no data are available foPNy,.
the SoG (Wong et al., 2002). Recent papers have proposed The ratio of DIN to PN is high in the Fraser River rel-
that DON is a significant contributor to dissolved N in the ative to that of the other, smaller rivers that are more typ-
ocean (e.g., Duan et al., 2010 (Gulf of Mexico); Letscherical streams in western Canada (Seitzinger et al., 2002).
et al.,, 2013 (Arctic Ocean)) and may account for roughly Seitzinger et al. (2002) state that a high DIN: PN ratio is
60% of the reactive nitrogen in the ocean (Voss and Hi-a sign of anthropogenic activity. This interpretation is con-
etanen, 2013). Based on this evidence, one might assumgistent with the large urban population in the Fraser River
that exchanges of DON at Haro Strait would be similar to, drainage basin (2.3 million; Statistics Canada, 2013) and the
and perhaps greater than, those of DIN. However, estimatedse of much of the flat area between Hope and the strait
DON fluxes would accrue an even larger uncertainty than thefor agriculture compared with the relatively pristine drainage
DIN fluxes given the paucity of local data. Likewise, rivers basins of the other rivers.
contribute DON in amounts that could be comparable to, or Within the Strait of Georgia, anthropogenic N fluxes are
much greater than, DIN (Duan et al., 2010; Letscher et al. negligible for both PN and DIN compared to the natural cy-
2013; Guo et al.,, 2004; Dittmar et al., 2001). Even thoughcle, which is supported by nutrient-rich water from the Pa-
DON concentrations in aquatic media appear to be significific Ocean entrained into the strait through estuarine circula-
cant, it remains very uncertain whether the DON is reactivetion. It is likely, however, that local effects occur near outfalls
on the timescales involved in the exchange of water in theor at aquaculture sites, one clear example being at the core 3
SoG (weeks to months). Voss and Hietanen (2013) suggesiite where surface sediments record a chang®iN val-
that the DON may be relatively unreactive in surface wa-ues reflecting the installation of a nearby deep-water outfall
ters, but that its breakdown could fuel primary production, (Macdonald et al., 2008). If present circumstances favoring
especially in oligotrophic regions. The SoG would, accord- light limitation of phytoplankton in the strait were relieved by
ingly, not be a favorable location for DON to play a large role a change in stratification due to a change in the Fraser River
in supporting primary production. Given these observationsdischarge (Morrison et al., 2002; Masson and Pena, 2009),
we deem it premature to develop a DON budget at this time anthropogenic loadings of N might then contribute to higher
However, the major implications of the DIN budget — that productivities. Otherwise, there is little potential for human
(1) natural supply of DIN is sufficient to support the mea- activities to release sufficient nitrogen to lead to eutrophica-
sured primary production and consequent particle fluxes andon.
(2) natural sources of DIN (ocean and rivers) far exceed an-

thropogenic sources —would, if anything, be strengthened by . i o
the addition of reactive DON to the budget. Supplementary material related to this article is
available online athttp://www.biogeosciences.net/10/

7179/2013/bg-10-7179-2013-supplement.pdf
4 Conclusions
The nitrogen cycle in the Strait of Georgia is driven primarily

by the exchange of DIN with the Pacific Ocean through Haro
Strait (Fig. 4). A large proportion of the DIN cycles through
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