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Abstract West Falmouth Harbor, a shallow lagoon on Cape
Cod, has experienced a threefold increase in nitrogen load
since the mid- to late 1990s due to input from a groundwater
plume contaminated by a municipal wastewater treatment
plant. We measured the exchange of nitrogen and phosphorus
between the harbor and the coastal waters of Buzzards Bay
over several years when the harbor was experiencing this
elevated nitrogen load. During summer months, the harbor
not only retained the entire watershed nitrogen load but also
had a net import of nitrogen from Buzzards Bay. During the
spring and fall, the harbor had a net export of nitrogen to
Buzzards Bay. We did not measure the export in winter, but
assuming the winter net export was less than 112 % of the
load, the harbor exported less than half of the watershed
nitrogen load on an annual basis. For phosphorus, the harbor
had a net import from coastal waters in the spring and summer
months and a net export in the fall. Despite the large increase
in nitrogen load to the harbor, the summertime import of
phosphorus from Buzzards Bay was sufficient to maintain
nitrogen limitation of primary productivity during the sum-
mer. Our findings illustrate that shallow systems dominated by
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Introduction

Human activity has greatly increased nitrogen (N) pollution in
many coastal waters over the past several decades (NRC
2000; Rabalais 2002; Howarth 2008; Billen et al. 2011;
Howarth et al. 2011) causing the degradation of two thirds
of the estuaries in the USA (NRC 2000; Bricker et al. 2007).
Shallow estuaries are particularly sensitive (Valiela et al. 1997;
NRC 2000; Nixon et al. 2001) and have a more complicated
response to nutrient enrichment than deeper systems (Nixon
et al. 2001; McGlathery et al. 2007; Howarth et al. 2011). In
shallow systems, light penetrates to the sediment which results
in primary production dominated by benthic plants, algae, and
cyanobacteria rather than phytoplankton. Since these benthic
primary producers (particularly seagrasses and macroalgae)
can accumulate a large standing stock of biomass during the
growing season, seasonal retention of nutrients can be high
compared to phytoplankton-dominated systems, while nutri-
ent concentrations in the water column tend to be lower
(Duarte and Cebrian 1996; Nixon et al. 2001; McGlathery
et al. 2007).

Nitrogen (N), more than phosphorus (P), is the primary
driver of eutrophication in many coastal ecosystems, particu-
larly in the temperate zone (Vitousek and Howarth 1991;
Nixon 1995; Howarth and Marino 2006; Conley et al.
2009). One mechanism for maintaining N limitation despite
large terrestrial N inputs associated with anthropogenic
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activity is exchange with coastal waters that often have rela-
tively high phosphorus (P) concentrations and low N/P ratios
as a result of denitrification on the continental shelf (Howarth
et al. 2011). For example, both Chesapeake Bay (Boynton
etal. 1995) and the Yangtze River (Li et al. 2011) receive large
inputs of P compared to N from exchange with coastal waters.

The percentage of the N load to an estuary that is exported
downstream to coastal seas varies greatly across estuaries. The
N that is not exported is commonly referred to as being
retained within the estuary (Nixon et al. 1996; Billen et al.
2011), where “retention” includes the loss through denitrifi-
cation and burial as well as seasonal storage in primary pro-
ducer biomass. In this paper, we refer to the percentage net
export of the watershed N load, which is the inverse of
“retention” as used by Nixon et al. (1996) and Billen et al.
(2011). The percentage of the watershed N load that is
exported across a range of estuaries is well predicted as a
function of the ratio of depth to water residence time, with
less export in more shallow ecosystems and in systems with
longer water residence times (Nixon et al. 1996; Billen et al.
2011). The estuaries in these studies were predominately
deeper, plankton-dominated systems, and N retention was
largely ascribed to denitrification. However, there are fewer
studies of N export in shallow estuaries where benthic primary
producers such as seagrasses and macroalgae are dominant.
Assimilation of N by these benthic producers would be
expected to reduce N export, at least on a seasonal basis
(McGlathery et al. 2007).

West Falmouth Harbor (WFH) on Cape Cod, MA
(USA) provides an ideal location to study N retention and
the exchange of N and P with coastal waters in a shallow
system. The N load to this small, well-bounded lagoon
began increasing in the late 1990s, increasing dramatically
by 2004 or 2005, and has been stable since then. This
dramatic increase in N load resulted from the input of
nitrate from groundwater contaminated by a municipal
wastewater treatment facility (Howes et al. 2006) and
was accompanied by little or no increase in P load. As part
of a larger study of coupled element cycling and the bio-
geochemical feedbacks in WFH in response to the high
inorganic N input from this contamination, we here report
on our estimates of the total N load to WFH, the exchange
of N and P between WFH and Buzzards Bay, and the net
export of N from WFH.

Methods
Study Site
WFH is a shallow lagoon with an area of ~76 ha at mean

high tide in Falmouth, MA on Cape Cod (41.36° N,
70.38° W; Table 1). The system is tidally dominated
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Table 1 Some physical characteristics for West Falmouth Harbor

Surface area at mean high tide (ha) 76
Surface area at mean low tide (ha) 66
Average depth at mean high tide (m) 1.9
Average depth at mean low tide (m) 0.8

Tidal prism (mean and range, m) 1.1 (0.7-1.9)

Mean residence time (days) 1

and exchanges water with the adjacent coastal waters of
Buzzards Bay through a single 3-m deep narrow inlet.
Precipitation and groundwater are the only major inputs
of freshwater. Approximately half of the groundwater
enters WFH through Mashapaquit Creek (an intertidal
salt marsh) and directly into Snug Harbor, the northeast-
ern lobe of WFH (Fig. 1; Howes et al. 2006; Kroeger
et al. 2006). The mean water residence time is approxi-
mately 1 day (Howes et al. 2006; Howarth et al. 2013).
Seagrass beds (Zostera marina L.) cover approximately
60 % of the outer reaches of the harbor (the region all
water flows through on its way to and from Buzzards
Bay) and approximately 25 % of the harbor as a whole
(Hayn 2012).

WFH receives a large amount of nitrate from a contami-
nated groundwater plume that originates at a sewage treatment
facility approximately 1.5 km away. Construction of this
facility, which treats wastewaters that originate outside of the
WFH watershed, was completed in 1986. The facility
discharged secondarily treated wastewater into the groundwa-
ter from 1986 to 2005 (Howes et al. 2006; Town of Falmouth
2011). Total discharge was initially low, and increased for
several years, reaching a steady rate by the mid-1990s
(Howes et al. 2006). This groundwater takes an estimated at
7-10 years to travel to WFH (Kroeger et al. 2006), and nearly
all of the P is removed from the effluent by sorption on aquifer
minerals (Weiskel and Howes 1992). Although tertiary treat-
ment of the wastewater for N removal began in late 2005, the
high-nitrate groundwater plume has continued to flow into
WFH through at least February 2013 (unpublished data).
Thus, throughout the period of our study (2005 through
2009), WFH received a highly elevated N load. Virtually all
of this contaminated plume enters through Mashapaquit Creek
and Snug Harbor (Fig. 1; Howes et al. 2006; Hayn 2012).

Nitrogen Load Estimation

We estimated the average N load to WFH (N Load,,) be-
tween 2005 and 2009 by separately considering three compo-
nents; the elevated load from the contaminated groundwater
plume (N Loadpme), the background load coming from all
other sources in the watershed (both anthropogenic and natu-
ral, including septic tanks, lawn fertilizer, street runoff, and
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Fig. 1 Map of West Falmouth Harbor illustrating the single outlet to
Buzzards Bay, the location where the contaminated wastewater plume
enters the harbor and the location of the wastewater treatment facility in
relation to the harbor. The dotted lines represent the watershed divides for

atmospheric deposition onto the watershed; N Loady,, ), and a
term for the direct atmospheric deposition of N onto the water
surface of the harbor (N Loadgey):

N Load = N Loadpiume + N Loadpack + N Loadge, (1)

We used literature values for N Loadpacx and N Loadgep.
For N Loady,c, we used the estimates of Kroeger et al. (2006)
and Howes et al. (2006), which are estimates of total land-
scape nitrogen load obtained from empirically validated land
use models, not including inputs from the wastewater facility.
Kroeger et al. (2006) gave a value of 0.8 kmol N day ', and
Howes et al. (2006) estimated 1.0 kmol N day '. We used the
average of these two independent estimates for the back-
ground load from the watershed, or 0.9 kmol N day .
Approximately half of N Loady,c is composed of nitrate,
considering data from all parts of WFH except Snug Harbor
where we cannot separate background from wastewater load
(Kroeger et al. 2006). There has been very little land use
change or development in the watershed since these estimates
were made. We estimated N Loadge, as 0.2 kmol N day ! by
applying the average deposition rate of 15 kg N ha ' year ' on

1 1
70°38'W 70°37W

harbor sub-portions. The arrows represent the approximate relative mag-
nitudes of N entering Snug Harbor and Mashapaquit Creek from the
wastewater plume. The star illustrates the ISCO sampler deployment
location

Cape Cod from Bowen and Valiela (2001) to the mean surface
arca for WFH. This may be a slight overestimate, since N
deposition has decreased over the past two decades on average
in the northeastern USA, but the deposition term is in any case
small.

We expect N Loadpume to be composed primarily of nitrate
and calculate here only the plume load in this form, thus
providing a conservative estimate for N Loadpjyme. We sepa-
rately evaluated the two portions of WFH that receive water
from the plume, Snug Harbor and Mashapaquit Creek:

(2)
(3)

N Loadpumemc = (Oue X Cmc) — Brozmc

N Loadyumesst = (Osy X Csu) — Bnos:sH

where N Load,jyme:vc and N Load,jyme:s are the nitrate
loads in the groundwater plume from the treatment plant
that enter Mashapaquit Creek and Snug Harbor, respec-
tively. Omc and Qg are the mean groundwater flow rates
into Mashapaquit Creek and Snug Harbor, Cyc and Cgy
are the average concentrations of nitrate in groundwater
flowing into Mashapaquit Creek and Snug Harbor, and
Brnozmce and Bros.sy are the portion of the N background
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load to Mashapaquit Creek and Snug Harbor that is com-
posed of nitrate and that is not attributable to the contam-
ination from the sewage treatment plant.

Using the background total nitrogen load to each part of the
harbor and the fraction of groundwater N as nitrate from
Kroeger et al. (2006), we estimate 0.07 kmol N day ™' for
Broszmc and 0.12 kmol N day_l for Bnos.sp. We used the
estimate of Ganju (2011) of 1,700 m® day ' for Ouc. For
QOsph, We used an estimate for total freshwater input to WFH
from Ganju et al. (2012), 18,100 m® day ', apportioned by the
result of Kroeger et al. (2000) that 35 % of all freshwater
inputs to WFH enter through Snug Harbor. We therefore
calculated Qg as 6,350 m’ dayfl.

We estimated Cy;c and Cgy from a conservative mixing
model based on simultaneous measurements of salinity and
nitrate in 2011 and nitrate+nitrite in 2012 in Mashapaquit
Creek and Snug Harbor; the zero-salinity intercept gave an
estimate of the nitrate or nitrate+nitrite in the freshwater
entering the saline receiving waters. We collected detailed
data along spatially representative transects during the winter
just before and following low tide, when biological activity
was low and there would have been the smallest dilution of
groundwater by saline water. We used a Satlantic ISUS in situ
optical nitrate sensor in 2011 to measure nitrate, which utilizes
UV absorption technology (Johnson and Coletti 2002) to
provide real-time data, and verified the readings using stan-
dard colorimetric methods for nitrate+nitrite described in the
following section. We measured salinity using a calibrated
YSI datasonde. In 2012, we collected discrete samples and
analyzed nitrate+nitrite using standard colorimetric methods
and salinity using an Orion 140 benchtop conductivity meter.

Nutrient Sampling and Analysis

We collected water samples for nutrient analysis at the inlet
between WFH and Buzzards Bay using a Teledyne ISCO
6712 portable sampler. We sampled just to the south of the
main boat channel, approximately 45 m from shore (Fig. 1) in
water that was approximately 2.9 m deep at mean high tide.
This ISCO sampler was moored in an inflatable raft and
sampled water from a height of 0.7 m above the sediment
surface. This single location was representative of water
flowing between WFH and Buzzards Bay (Hayn 2012). The
waters at the inlet are not stratified, and estuarine return flow
there is minimal. Samples were taken hourly over 23-h pe-
riods on 24 days between July 2005 and August 2009. We
sampled throughout the year except in winter, with the highest
sampling intensity during the summer season when the re-
sponse to nutrient enrichment is of greatest interest. Samples
were stored on ice in the ISCO sampler during the sampling
period, and then brought back to the lab. For each sample, we
transferred one subsample to an acid-washed HDPE bottle and
froze it for later analysis of total N (TN) and total P (TP). Two
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additional sets of subsamples were filtered through 0.45-pum
Supor membrane filters and either stored frozen for later
analysis of nitrate+nitrite or refrigerated and run within 24 h
for ammonium or 48 h for soluble reactive P (SRP).

We analyzed ammonium and SRP using standard colori-
metric methods on a Cary Model 50 spectrophotometer based
on reactions with phenolhypochlorite and phosphomolybdate
reagents, respectively (Solorzano 1969; Koroleff 1983). Our
limits of detection, defined as the concentration of analyte that
is significantly different from the blank to 97.5 % confidence,
were 0.1 uM for both ammonium and SRP (Hayn 2012). We
analyzed nitrate+nitrite on an Astoria Analyzer using a mod-
ification of the Astoria Pacific standard methodology for cad-
mium reduction in saline samples (A177), with an artificial
seawater carrier matched to the salinity of the samples and an
increased sample time to increase accuracy at concentrations
below 1 uM, an imidazole buffer to prolong cadmium column
life, and a decreased buffer/sample ratio to improve the detec-
tion limit. Our limit of detection for nitrate +nitrite was 0.1 uM
(Hayn 2012). Dissolved inorganic N (DIN) was calculated as
the sum of the ammonium and nitrate+nitrite concentrations.

We analyzed TN and TP using a dual digestion with
persulfate reagent, based on the methodology of Koroleff
(1983), adjusted to provide optimum recovery in estuarine
systems following Marino (2001). Phosphorus in the digested
samples was analyzed as SRP, again using the phospho-
molybdate colorimetric assay (Koroleff 1983). For N, ni-
trate+nitrite in digested samples was analyzed using a modi-
fication of the method described above for saline samples,
with a distilled water carrier to reduce salt load through the
column. Since concentrations of TN were never below 1 uM,
matrix matching the carrier to the salinity of the samples was
not necessary. Our limits of detection for TN and TP were
1.5 uM and 0.3 uM, respectively (Hayn 2012).

Water and Nutrient Exchange with Buzzards Bay

We estimated water exchange rates between WFH and
Buzzards Bay from changes in water volume (/') within
WFH at any given time after consideration of changes due
to input and loss of freshwater:

Vo =7,

Oy = —R—-G+E 4)
Hh—1n

where Q is the rate of water inflow to WFH from Buzzards
Bay (with negative values reflecting outflow from WFH), V,
and V', are the volumes of water in WFH at times #; and #,, R
is the direct input to WFH as rainfall, G is groundwater input,
and E is evaporation from the surface waters of WFH. We
used the estimates of Ganju etal. (2012) for G and £, 0.21 and
0.05 m® s7', respectively. Our estimates of water exchange
were made on days with no precipitation, so R was zero.
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We can calculate V at any given time from the water depth
at that time and from detailed bathymetric data for WFH
(Hayn 2012). We measured water depth at 5S-min intervals at
the Town of Falmouth dock on the eastern side of WFH using
a Global Water WL16 vented, pressure- and temperature-
compensated water level logger (accurate to 0.009 m). This
one location well represents all of WFH, as lags in depth with
the changing tide across WFH are very small (Howes et al.
2006; Ganju et al. 2012). We produced a new, detailed bathy-
metric map of WFH based on depth soundings with the
assistance of CR Environmental, Inc. using a Trimble
AgGPS Model 132 DGPS with submeter accuracy to collect
horizontal coordinates, and an ODEC BathyS00MF precision
survey fathometer to provide depth soundings. Data were
collected along parallel transects with extra resolution in the
intertidal zone, and perpendicular transects were run to assess
survey accuracy. Soundings were processed in Hypack-4.3A
Gold hydrographic survey software, which compensates for
water level changes during the survey, adjusts for sound
velocity, and computes accuracy statistics. We interpolated
the bathymetric map using ArcGIS 9.2 and the Geostatistical
Analyst extension to generate a grid with 5-m horizontal
resolution. Further details on field methods, statistical
methods used to generate the bathymetric map, and quality
control procedures can be found in Hayn (2012).

We estimated the instantaneous nutrient exchange between
WFH and Buzzards Bay at a given time by multiplying the
concentration of a nutrient at that time (C) by the rate of water
flux corresponding to that time (Q). The total nutrient ex-
change over a given time period (Ex) is then the integral of the
short-term exchanges over the period of interest:

Ex = {c X Opdt (5)

Since the water depths used to calculate changes in Q,
were collected at 5-min intervals and the nutrient concentra-
tions (C) hourly, we used linear interpolation between sample
points on both data sets. We then used Eq. 5 with a d¢ of 2 min
to calculate Ex for individual tidal cycles, obtaining multiple
estimates for tidal cycles within each day by using a 30-min
moving window for the start time. The number of estimates
evaluated on a given day ranged from 6 to 25, determined by
the daily tidal amplitude and differences between the eleva-
tions of consecutive high and low tides within the sample day.
To determine whether there were biases in the rate calculation
from the number of daylight hours within a tidal cycle, we
examined the individual tidal cycle calculations within each
day prior to averaging. We found no significant correlation
between number of daylight hours in a tidal cycle and the
calculated nutrient flux, and so have used a straight average of
nutrient exchange for all tidal cycle calculations for each
sampling day with error bars representing the 95 % confidence
interval of the estimates to obtain daily nutrient exchange

estimates. Further details on these calculations can be found
in Hayn (2012).

Results and Discussion
Nitrogen Load

Winter nitrate and nitrate+nitrite concentrations at low tide
were well correlated with salinity in both Snug Harbor and
Mashapaquit Creek (Fig. 2; P<0.00001). The zero-salinity
intercepts yielded estimates for concentrations in the freshwater
entering the harbor of 262+2 uM for Snug Harbor and 111+
2 uM for Mashapaquit Creek (95 % confidence intervals
indicated). There was no statistical difference in the nitrate
concentrations calculated from 2011 data and the nitrate+nitrite
concentrations from 2012 data, so the data were aggregated for
this analysis. For simplicity, we refer to this input as nitrate,
although a small portion may come from nitrite.

For Mashapaquit Creek, we used 111 uM as the average
concentration of groundwater nitrate (Cyc) and Eq. 2 to
calculate the load from the contaminated groundwater plume
(N Loadpyme:mc) as 0.12 kmol N dayfl. For Snug Harbor,
freshwater comes from two sources; groundwater flow direct-
ly into Snug Harbor and water flow from Mashapaquit Creek.
We therefore used a weighted average to calculate Cgy, the
concentration of nitrate directly entering Snug Harbor from
groundwater, as follows:

(Omc X Cwmc) + (Osy % Csn)
(Omc + Osn) ’

(6)

CsH—observed =

where Csp_observed 18 the intercept from the mixing curve for
Snug Harbor in Fig. 2 (262 uM). From Eq. 6, we estimated
Cgsp as 300 uM. This is most likely a conservative estimate,

300 ® Mashapaquit Creek

Snug Harbor

250

200

150

Nitrate (uM)

100

50

0 5 10 15 20 25
Salinity
Fig. 2 Nitrate or nitrate+nitrite concentrations as a function of salinity in
Snug Harbor and Mashapaquit Creek during low tide sampling in the
winters of 2011 and 2012. The zero salinity intercepts represent the
average nitrate or nitrate+nitrite concentration in fresh water entering
these basins
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since some of the freshwater present when we made our
measurements likely originated in areas of the harbor with
lower nitrate inputs and entered Snug Harbor on flooding
tides. Using 300 uM for Cgy and Eq. 3, we calculated the
load to Snug Harbor from the contaminated groundwater
plume (N Load,jyme:si) as 1.8 kmol day_]. Summing the
values of the plume loading to Mashapaquit Creek and to
Snug Harbor, we estimated the total mean N load to WFH
attributable to the sewage treatment facility plume (N
Loadyiyme) as 1.9 kmol N day . Details of temporal trends
in this pollutant N load are presented elsewhere; the inter-
annual variation is less than 10 % of the mean (Howarth et al.
2013). We also sampled shoreline wells and found that the
concentrations of nitrate+nitrite in groundwater near Snug
Harbor were high and relatively constant over our study
period (Foreman et al., manuscript in preparation).

Adding our values for N Load,iyme, N Loadyack, and N
Loadye, as in Eq. 1 resulted in an estimate for the entire load to
WFH of 3.0 kmol N day ', with almost two thirds of this
attributable to the groundwater contamination from the waste-
water facility. Since we believe that the other terms in the total
N load have not changed markedly since the mid-1990s, WFH
has experienced an approximately threefold increase in N
loading between then and the period we studied, 2005 through
2009. Because the N pollution entering the groundwater at the
sewage treatment facility has been largely reduced since the
implementation of tertiary treatment in late 2005, we antici-
pate that the N load to WFH will be significantly lower by
2016, since the groundwater transit time between the facility
and WFH is believed to be, at most, 10 years. Since N
Loadpume is made up entirely of nitrate, approximately 50 %
of N Loady,ck is composed of DIN, and N Loady, is a very
small term, we estimated that DIN makes up approximately
80 % of the total N load to WFH.

The N load to WFH is moderately high, high enough for
the estuary to be classified as eutrophic (NRC 1993, 2000).
West Falmouth Harbor has experienced serious degradation
from this N load, including a die-off of seagrasses in Snug
Harbor in 2010 (Howarth et al. 2013).

Water Exchange

Over our study period, the observed tidal range varied be-
tween 0.7 and 1.9 m at neap and spring tide, respectively
(Table 1; Hayn 2012). The bottom topography of WFH is
characterized by a relatively flat, shallow plain ~1.3 m deep at
mean water level, with a deep channel running through the
center as a result of past dredging (Hayn 2012). By combining
the bathymetric data with the water level data, we calculated a
mean exchange of tidal waters with Buzzards Bay of 8.0x
10° m* on each tidal cycle, just over 50 % of the total volume
of water in the harbor at mean high water.
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The majority of our estimates for the instantaneous water
exchange rate between WFH and Buzzards Bay (Q,) ranged
from 95 to —95 m® s~ ' (positive rates indicate water entering
WEFH), with a median of 0. Water flux rates were normally
distributed during the sampling period. We independently
validated these instantaneous water exchange rates by com-
paring them over a 1-month period in 2010 with data obtained
using standard USGS acoustic methods at the inlet and an
index velocity method to estimate tidal water fluxes (Ruhl and
Simpson 2005; Ganju et al. 2012). These two independent
approaches were highly correlated (P <0.0001) and in excel-
lent agreement, showing only a 2 % deviation from the 1:1
line (Hayn 2012; Ganju et al. 2012).

Nutrient Concentrations

Figure 3 illustrates patterns of DIN, SRP, TN, and TP over a
24-h period of sampling, in this case for a typical date in late
September. Note that on this day, SRP made up a substantial
percentage of TP, while TN was much greater than DIN,
reflecting a dominance by organic N forms as was often the
case during the times we sampled. On this date, both DIN and
TN tended to be higher during periods when water level was
falling within WFH, reflecting the falling tide and indicating
an export of N from WFH. Both SRP and TP were less
dynamic over the tidal cycle, probably reflecting less net
exchange of P between WFH and Buzzards Bay on this
particular day. Data for other representative days are presented
in Hayn (2012).

Overall, DIN concentrations at the inlet to WFH tended to
be low during all seasons, with a mean of 0.7 uM and a
median of 0.5 uM (Fig. 4). TN concentrations were always
much higher, averaging 13.3 M. On the majority of sampling
dates, at least 85 % of TN was composed of organic forms,
and during the summer months TN was composed almost
entirely of organic forms. There was no statistical difference
in DIN concentrations among seasons sampled; however,
mean TN was significantly (if slightly) higher in the summer
than either spring or fall. SRP concentrations varied the least
of all measured nutrient parameters (Fig. 4), with a mean and
median of 0.6 uM. Unlike the relationship between DIN and
TN, SRP made up 50 % on average of the TP. TP showed a
mean concentration of 1.2 uM and ranged from 0.1 to 2.3 uM.
Seasonally, both SRP and TP were lower in the spring than
either the summer or fall (Fig. 4).

It is noteworthy that the minimum observed SRP concen-
tration was 0.1 uM and that no samples were below the
detection limit (0.1 uM). Conversely, 39 samples were below
the limit of detection for both ammonium and nitrate+nitrite
(0.1 uM). These very low DIN values are consistent with
observations from other shallow systems, where rapid uptake
by benthic primary producers under N-limiting conditions can
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Fig. 3 Patterns of organic and 4 - —e—DIN o _ —e— SRP
inorganic nutrient concentrations | ==oo=e- water level | e water level
at the inlet on September 25,
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result in very low levels of water column DIN (Duarte and
Cebrian 1996; Nixon et al. 2001; McGlathery et al. 2004).
The very low molar ratio of inorganic N/P in WFH (aver-
aging ~1:1) is strongly indicative of N limitation of net pri-
mary productivity (NRC 2000; Howarth and Marino 2006;
Souchu et al. 2010). That WFH remained N limited despite

0
10:00

10:00 22:00 10:00

the large increase in the N load from the wastewater contam-
inated plume, with no concomitant increase in the P load, is
perhaps surprising. Importation of water with a low availabil-
ity of N relative to P (as indicated by an N/P ratio well below
that needed by the primary producers) into estuaries is one
mechanism that can lead to N limitation even when the N/P
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ratio of watershed loads is high (Howarth and Marino 2006;
Howarth et al. 2011). As presented below, this mechanism is
consistent with our data, as WFH in fact imports a substantial
quantity of P from Buzzards Bay during summer months.

Nutrient Exchanges with Buzzards Bay

Variation in the net exchanges of TN and TP among sampling
days during the same season was high (Fig. 5). This should
not be surprising, given the inherent error in teasing out the
small signal of a net flux in the face of massive back-and-forth
flows of nutrients with tidal waters exchanging half the vol-
ume of WFH on average with each tide, in addition to factors
such as day-to-day variation in net nutrient uptake by primary
producers resulting from variations in weather (Howarth et al.
2013). The variability was greatest in summer, again perhaps
not surprisingly given variation in uptake by primary pro-
ducers during that time.

In Fig. 6, we illustrate the seasonally averaged exchange of
DIN, TN, SRP, and TP between WFH and Buzzards Bay.
WFH was on average a net importer of TN from Buzzards
Bay in the summer and a net exporter of TN during the spring
and fall. The fluxes of DIN tended to parallel those of TN.
DIN made up a majority of the TN export in the fall, but the N
fluxes in the other seasons were dominated by organic N
rather than DIN. Since approximately 80 % of the total N load
to WFH was DIN, the dominance of organic N in the ex-
change terms with Buzzards Bay indicates substantial biolog-
ical processing of the N coming into the harbor. WFH

imported TP from Buzzards Bay both during the summer
and fall, with a much larger import during the summer, and
exported TP in the spring. As with N, the P fluxes were
dominated by inorganic forms (SRP) in the fall and by organic
forms in the spring and summer.

During summer months, the net imports of TN and TP into
WFH from Buzzards Bay were 0.5 and 0.08 kmol day ',
respectively (Fig. 6). The N/P ratio of this import was approx-
imately 6:1, well below the Redfield ratio of 16:1 for phyto-
plankton, and even lower than the N/P ratio commonly ob-
served in seagrasses and macro-algae (which is highly vari-
able but averages 30:1; Atkinson and Smith 1983; Duarte
1995). As discussed previously, an import of nutrients with a
low N/P ratio from coastal ocean waters into estuaries is one
mechanism that can help maintain N limitation (Howarth and
Marino 2006; Howarth et al. 2011). This rate of P import
during the summer, 0.08 kmol P day ', was sufficient to
support a rate of N assimilation in net primary productivity
by seagrasses and macro-algae of 2.4 kmol N day ' (assuming
an N/P ratio of 30:1 in seagrasses and macro-algae; Duarte
1995). Thus, the potential rate of N uptake in macrophyte
primary production was 1.9 kmol N day ' more than the N
imported as TN into WFH from Buzzards Bay, or the equiv-
alent of the increased N load to WFH from the wastewater-
contaminated groundwater plume (Loadpiyme). This plume
contained virtually no P due to removal during the long transit
from the sewage facility to WFH. Unfortunately, we lack
reliable information on the watershed load of P to WFH that
would correspond to the background N load (N Loady,y), and

Fig. 5 Daily estimates of net TN
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so we cannot provide a complete analysis of the balance of the
N and P budgets for WFH from all sources. Nonetheless, the
import of P from Buzzards Bay was clearly an important
driving factor in maintaining N limitation. Faster recycling
of P compared to N in the water column as well as preferential
release of P compared to N from sediments are other mecha-
nisms demonstrated to help maintain N limitation in some
estuaries (Nixon 1995; Boynton et al. 1995; Howarth and
Marino 2006).

Net Nitrogen Export

During the summer months, WFH not only retained the entire
watershed N load and inputs of N from direct atmospheric
deposition onto the harbor (N Load;a, or 3.0 kmol dayfl), the
ecosystem also had a net import of 0.5 kmol N day ' from
Buzzards Bay (Fig. 6), and retained an additional amount of N
added to the ecosystem through N fixation by epiphytic
cyanobacteria (estimated as negligible in some years but as
much as 0.4 kmol day ' in 2008 during summer months, and
highly variable across years; Marino et al., ms. in prep.). That
is, WFH had a net N retention rate during the summer of at
least 3.5 kmol day '. Assimilation by seagrasses and algae
probably was responsible for much of this retention, as well as
denitrification (McGlathery et al., ms. in prep).

During the spring and fall, WFH was a net exporter of N to
Buzzards Bay (Fig. 6), although the net export was substan-
tially less than the total load (N Load,y,). An estimated 40 %
of'the load was exported in the fall and 60 % in the spring. We
do not have reliable data on the N exchange with Buzzards

Bay during the winter due to logistical difficulties with
deploying the ISCO sampler. We would expect winter export
to be high due to low biological activity, certainly no less than
the 60 % observed in the spring and perhaps approaching
100 %. Using a range of export from 60 % to 100 % for the
winter, we calculated an annual rate of N export from WFH of
37 % to 47 %, or a mean of 42 % (Fig. 7). The annual estimate
for net export of the N load remains below 50 % so long as the
assumed wintertime export is less than 112 % of the load.

100 4

80 -

60 -

40 -

20 -

Percent of Load Exported

annual

summer fall winter

spring

Fig. 7 The percentage of watershed N load exported across seasons.
Measurements in the spring, summer, and fall are shown with 95 %
confidence intervals. During the winter, we assume that between 60 %
and 100 % of the load to the harbor is exported to Buzzards Bay,
represented by the hashed bar with error bars representing the range
of this estimate. Annually, this results in an estimated total export 0of 42 %
of the watershed N load to coastal waters, with the variation in this
estimate from the assumption of winter export shown in the hashed
region
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We can compare annual N export from WFH with other
estuaries using the relationship developed by Nixon et al.
(1996) and updated by Billen et al. (2011), where export is a
function of the ratio of estuary depth to water residence time
(Fig. 8). Here we show the N that was not exported, which is
equivalent to “retention” in the language of these previous
studies, on an annual basis. Most of the N that was not
exported on this annual time scale was probably denitrified
with a lesser amount “permanently” buried in the sediment.
On an annual scale, net accumulation in living biomass or in
recently produced detritus must be small, although it could be
quite large and provide an important N sink during the sum-
mer. The percentage of the N load not exported on an annual
basis increases with longer water residence times and in-
creases with shallower water depths, reflecting greater inter-
action between N in the water and sediments, which favors
greater rates of denitrification (Nixon et al. 1996; Billen et al.
2011). Most of the estuaries in Fig. 8 are relatively deep,
phytoplankton-based ecosystems. The percentage of the N
load exported from WFH on an annual basis was far less than
for these deeper ecosystems.

Conclusions

West Falmouth Harbor has provided a unique opportunity to
study the effects of a dramatically increased N load without an
accompanying increase in P load on a shallow lagoonal eco-
system. Through the time of our study (2005 to 2009), WFH
was able to retain the entire terrestrial N load during the
summer, as well as additional N imported from the coastal
waters of Buzzards Bay.

In the spring and fall, WFH exported N to Buzzards Bay,
but the net export was less than the N load from the watershed.

@ Springer
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If we assume that the net export during winter is less than
112 % of the load, then on an annual timescale WFH exported
less than half of the total N load. This is a small export
compared to other estuaries, given the short water residence
time of WFH, and suggests that even more so than deeper
planktonic-based systems, shallow, benthic producer-
dominated systems have the potential to retain significant
amounts of terrestrially derived nitrogen, thus reducing its
impact on nearshore waters.

Although nutrient limitation in estuaries can switch from N
to P under conditions of high N loading (EPA/SAB 2008;
Conley et al. 2009; Howarth et al. 2011), such a switch did not
occur in WFH. Primary productivity in WFH remained N
limited throughout our study, as indicated by low concentra-
tions of DIN and low DIN/SRP ratios. Despite the high N/P
ratio in watershed inputs to the harbor, N limitation was
maintained in part by the net import of coastal water with a
low N/P ratio (6:1) during the summer when primary produc-
tivity was highest. This suggests that P import from nearshore
waters could be an important factor toward maintaining N
limitation in other shallow lagoons with short residence times,
contributing to higher productivity and degradation of water
quality within these systems as a result of increased terrestrial
N loading from human activities.
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