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Abstract

Nitrogen (N) supply by atmospheric deposition, wastewater, and fertilizers controls estuarine
eutrophication. In New England, atmospheric N loads recently decreased by 50% and land-
derived contributions rose about 80%, owing to national-scale emission controls and local urban
development. The decrease in atmospheric deposition was large enough to balance increases in
land-derived N loads, so total N loads to Waquoit Bay estuaries in Cape Cod did not change
significantly between 1990 and 2014. Unchanged N regimes were corroborated by finding no
differences in estuarine nutrient concentrations and macrophyte biomass between pre-2010 and
in 2015. Coastal zones subject to reasonably rapid changes in global and local driver variables,
will require that assessment and management of eutrophication include adaptive strategies that
capture effects of changing baselines. Management initiatives will be constrained by spatial scale
of driver variables: local efforts may address wastewater and fertilizer N sources, but
atmospheric sources require national or international attention.

Keywords: atmospheric deposition, wastewater, Cape Cod, eutrophication, macroalgae, Zostera
marina
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1. Introduction

The degree of eutrophication of estuarine ecosystems is largely determined by the magnitude of
external nitrogen (N) loads (Howarth, 1988; Valiela, 2006). Atmospheric, fertilizer, and
wastewater sources contribute to loads of N, the main production-limiting nutrient in estuaries
(Valiela et al., 1997). These inputs are likely to change across decades. In the case of New
England watersheds, atmospheric deposition of N has decreased by approximately 50% since the
year 2000 (Fig. 1a, and Lajtha & Jones, 2013; Vet et al., 2014). Similar decreases in atmospheric
delivery of N have also taken place on Cape Cod (Fig. 1b), the region that is the locale of the
present study. The decreases in atmospheric deposition are linked to larger-scale national and
global influences [reductions of emissions from sometimes distant regions under large air-sheds,
and shifting directions of air mass transport, governed by global-scale phenomena, Lloret &
Valiela (under review)].

It turns out that the decadal trajectories of watershed land use in Cape Cod have also
changed during these same decades, owing to trends in urbanization: forest cover decreased,
impervious cover increased, and the number of buildings increased (Fig. 2a,b,c). On the whole,
for Cape Cod and similar regions, local-scale processes that occur during increased urbanization
increase delivery of wastewater and fertilizer N loads to estuaries and foster eutrophic
conditions, as we have reported in a series of papers (Valiela et al., 1992, 1997, 2000). More
detailed trajectories in the number of buildings on Cape Cod watersheds have been reported
(http://buzzardsbay.org/wastewater-timeline.html). Even though the number of newly
constructed structures has tapered off owing to recent economic constraints (Fig. 3 black points),

the number of septic tank wastewater plumes arriving at the edge of estuaries has continued to
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rise (Fig. 3 hollow points). This is a result of lag time involved in travel of wastewater within
aquifers, and distance from shore in the location of buildings, as wastewater plumes travel

approximately 100 meters per year in the soil types found on Cape Cod (Valiela et al. 1997).

There is considerable evidence that in Cape Cod, external N loads determine water
quality and level of eutrophication of estuaries, and that there has been a decadal transition in
recent years during which the two major sources of N loading, globally-driven atmospheric
deposition and local-scale-driven wastewater inputs (Valiela et al., 1997), have changed
significantly. To discern the consequences of the realignment of sources and rates of N loads
entering receiving estuaries, in this paper we carry out three lines of work. First, we model the
relative effects of lower atmospheric and increased wastewater N sources on the resulting N
loads discharged from watersheds to six estuaries within the Waquoit Bay estuarine system in
Cape Cod. Second, to assess existing level of eutrophic conditions, during 2015 we measured N
concentrations and biomass of macroalgae and seagrasses in three test estuaries subject to low,
intermediate, and high N loading rates. Third, to evaluate whether the changes in atmospheric
and wastewater N sources led to detectable long-term changes in water quality in the test
estuaries, we compare data obtained from the 2015 sampling to data on the same indicator
variables in previous studies conducted during the 1990s and early 2000s (McClelland et al.,
1997; Valiela et al., 2001; Deegan et al., 2002; Fox et al., 2008; Olsen, 2008; Tomasky Holmes,

2008).

2. Methods

2.1 Study Sites
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The estuaries of the Waquoit Bay have long served as a ready-made, landscape-scale
experiment on effects of estuarine eutrophication, in which we have documented that different
mixes of land cover on watersheds lead to contrasting discharges of N into receiving estuaries
(Valiela et al., 1992; Brawley et al., 2000). For the present work, we modeled N loads in six
watershed-estuary units: Eel Pond, Childs River, Quashnet River, Hamblin Pond, Jehu Pond, and
Sage Lot Pond (Fig. 4 left). The watersheds contributing nutrients to each estuary differ in area
and in land use mosaic, which ranges from protected parkland in Sage Lot Pond to dense
suburban development in Childs River. We then selected three test watershed-estuary systems to
do the field sampling; the three were chosen so as to include low (Sage Lot), intermediate
(Quashnet River), and high (Childs River) N loading regimes (Valiela et al., 1997; Fig. 4 left and

right panels, and Table 1).

2.2 Modeling N loads: Updating the NLM

N loading models can provide a reasonable estimate of overall loads by calculating N
inputs and within-watershed losses. We used an updated version of the Waquoit Bay Land
Margin Ecosystems Research Project’s N loading model (NLM, Valiela et al., 1997a, 2000;
Collins et al., 2000), to estimate current N loads from each of six watersheds of Waquoit Bay
estuaries. NLM estimates watershed discharges of N into receiving estuaries, and can partition
the sources into atmospheric deposition, wastewater discharges, and fertilizer use. The
watersheds of Waquoit Bay were delineated using USGS MODFLOW, an iterative program that

models the paths of water parcels over known topography (Valiela et al., 1997a). Data needed to
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run NLM were obtained from the Cape Cod Commission (CCC), which furnished the most
recent available land cover data (2014) derived from MassGIS satellite imagery. Recent
estimates of atmospheric deposition rates were compiled from NADP and EPA CASTNET data
(Lloret & Valiela, under review).

In addition to these input categories, NLM uses numerical loss terms and transport
constants estimated from extensive survey data and literature reviews. The model estimates have
been validated and the associated uncertainties quantified (Valiela et al., 1997a, 2000; Collins et
al., 2000). NLM has been successfully applied in Barnegat Bay, New Jersey (Bowen et al.,
2007), 74 estuaries in New England (Latimer & Charpentier, 2010), 12 Maryland, Delaware, and
Virginia coastal lagoons (Giordano et al., 2011), Great Bay, New Hampshire (Trowbridge et al.,
2014) and elsewhere. Latimer and Charpentier (2010) concluded that NLM, with greater
simplicity and less demanding inputs, performed well in comparisons with other models,
including SPARROW, the “gold standard” model used by USGS.

We updated NLM, and added specific local information relevant for this study, using new
local data (CCC, 2012; Horsley Witten, 2014) to account for changes in current fertilizer use
practices and residential occupancy rates (Table 2). We also corrected the number of built
structures reported in the CCC data compilation to consider only buildings that contributed
wastewater. These updates to NLM were of modest magnitude. To obtain data layers that
accurately represented land use in the watersheds of Waquoit Bay as of 2014, we verified the
updated data by selected comparisons with remote-sensed data layers in the MassGIS 2014
orthoimagery, and modified the land cover data by digitizing any new features (cleared land,
structures, paved surfaces, etc.). Land use input data consisted of total land area in each

watershed, and area of each land cover category. The land use categories required for NLM in
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this study were forest and natural vegetation, impervious surfaces, turf, golf courses, agricultural
land, ponds, cranberry bogs, and wetlands. We estimated N loads for all six watersheds using the
updated NLM, 2014 land cover data, and the best recent estimate of N deposition, 7.5 kg N ha™!

yr'! (Lloret & Valiela, under review.).

2.3 Field sampling of eutrophic status within the test estuaries

To obtain an empirical assessment of eutrophication status of the three Waquoit Bay test
estuaries, we collected data on producer biomass (macroalgae and eelgrass) and nutrient
concentrations in Sage Lot Pond, Quashnet River, and Childs River; these variables were
selected because they can be sensitive indicators of N loading regimes (Valiela et al., 1992;
Pinckney et al., 2001; Cole et al., 2004; Cebrian et al., 2014). Benthic primary producers and
nutrients in each estuary were sampled on six dates at approximately even intervals between 2
Jun and 19 Oct, 2015 to obtain data across the entire growing season.

On each sampling date, water samples were collected at nine sites in each estuary (Fig. 4,
right panels). Surface water was collected in acid-washed 1 L polypropylene bottles; 60 mL of
each sample was immediately filtered through pre-ashed GF/F Whatman microfiber filters and
frozen for nutrient analysis. Nitrate concentrations were determined using standard colorimetric
assays in a Lachat QuikChem 8000 Auto Analyzer. Ammonium concentrations were determined
by spectrophotometry using a Varian Cary-50 UV-Visible Spectrophotometer.

On each sampling date, benthic vegetation samples were collected using a 152x152 mm
Eckman grab at the same nine stations in each estuary where water samples were collected,

rinsed through 1 mm sieves or mesh to remove excess mud, and then stored on ice until further
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processing could be conducted in the lab. In the laboratory, samples were sorted by species, and
dead biomass was separated out. All plant matter was then dried at 60° C to constant weight for

at least 24 hours before being weighed.

2.4 Comparison of this study to previous results

From earlier studies in Waquoit Bay, we had previously published measurements of
modeled N loads (Valiela et al., 1997a) as well as measured nutrient concentrations and
macroalgal and eelgrass biomass during the growing season in the test estuaries (McClelland et
al., 1997; Valiela et al., 2001; Deegan et al., 2002; Fox et al., 2008; Olsen, 2008; Tomasky
Holmes, 2008). A model 2 major axis regression was used to compare 1990 and 2014 modeled
total loads and modeled loads from each source. To ascertain whether there were detectable
changes in eutrophic status of the test estuaries, we compared the older measured data with the
sampling results obtained during 2015. We compared nutrients and macroalgal biomass in Childs
River, Quashnet River, and Sage Lot Pond, through the span of years pre- and during 2015, with
a two-way ANOVA, followed by Tukey’s HSD post hoc tests to see whether there were

significant differences among estuaries and years.

3. Results

3.1 N loads during 2014 and comparisons with 1990

We used NLM to calculate total N loads to each of the six Waquoit Bay estuaries during

1990 and during 2014, and partitioned the contributions by wastewater, atmospheric deposition,
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and fertilizer use (Fig. 5). In the largely suburban landscapes of Cape Cod, fertilizer inputs are
relatively small and derived almost entirely from residential lawns (Table 3 and Valiela et al.,
1997a); we therefore summed fertilizer and wastewater inputs in our results.

1990 and 2014 modeled total loads did not differ significantly, while modeled loads from
each source showed strong and opposing changes over the course of the study period (Fig. 5,
Table 3). The N loads contributed by atmospheric sources to Waquoit Bay estuaries during 2014
(Table 3) were 23-48% lower compared to estimates based on deposition data from 1990 (Fig. 5,
Table 4). This is roughly consistent with the 50% decrease estimated by Lloret and Valiela
(under review), with some variation due to interception within the watershed. In contrast,
because of the increased urbanizing development that took place on the watersheds of Waquoit
Bay from 1990 to 2014, the contributions of wastewater and fertilizer delivered from watersheds
to the six estuaries increased by about 80% during 2014 compared to wastewater and fertilizer N

contributions during 1990 (Fig. 5, Table 4).

Total N loads estimated by NLM for 2014 ranged widely across the six Waquoit estuaries
(Table 3); in spite of the lower atmospheric inputs, and larger wastewater and fertilizer inputs,
there were no significant changes in the total N loads discharged from watersheds into the
receiving estuaries (Fig. 5, Table 4). Given the variation present in the estimated N loads to the
six estuaries, the regression fitted to points of 2014 total N loads vs. 1990 total N loads did not
differ statistically from the 1:1 line of perfect fit (Fig. 5 and Table 4). Quite fortuitously, in this
particular case, the changes in atmospheric deposition and in wastewater and fertilizer N loads

that took place over the period of the study approximately cancelled each other.



198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

3.2 Tests of the model results

The lack of change in total N loads across the decades anticipated by the model results
(Fig. 5) would suggest that indicators of water quality and eutrophication within the Waquoit
Bay estuaries should not have undergone detectable changes across the decades. We assessed

this conclusion by comparisons of the indicators known to be sensitive to shifts in N loads.

3.2.1 Concentrations of dissolved inorganic N—Nitrate made up the dominant portion of
DIN, with ammonium representing a small but consistent portion. A model 2 major axis
regression showed that nitrate concentrations increased significantly as modeled N loads
increased (P=0.015). Ammonium concentrations were not related to modeled N loads (P=0.58)
(Fig. 6). We summed concentrations of nitrate and ammonium to report DIN, a proxy of the
forms of N most likely to be of short-term biological significance as regulators of production and
hence of level of eutrophication (Nixon, 1992). Concentrations of DIN in the three test estuaries
paralleled modeled N loads (P=0.02) and showed significant variation among estuaries, with no

significant differences between data taken during 1994-2004 and in 2015 (Table 1).

3.2.2 Macroalgal and seagrass biomass—These longer-lived producers are, in general,
sensitive and reliable indicators of N supply regimes (Teichberg et al., 2010; Cebrian et al.
2014). First, there were no significant contrasts in macroalgal biomass between samples taken
during 1992-1998, and during 2015 (Table 1). This result is corroborated by the lack of slopes in

the multi-year trajectories in macroalgal biomass (Fig. 7a). A 2-way ANOV A showed significant

10
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differences in biomass among estuaries (P<0.07), but no significant differences among years

(P>0.82) (Table 5).

Second, there were quite marked and statistically significant differences in amount of
macroalgal biomass found in the three Waquoit estuaries (Table 5, Fig. 7): the biomass of
macroalgae was largest in Childs River, the estuary subject to the largest N loads per hectare of
estuary, and lowest in Sage Lot Pond, the estuary with the lowest N load per hectare (Table 1,
Fig. 7b). In spite of the recent shifts in deposition and land covers, the long-term differences in N
loads emerging from these three watersheds have been maintained across decades, owing to the
overwhelming influence of the rather contrasting land covers on the watersheds (Valiela et al.,

1992, 1997a).

Eelgrass (Zostera marina) was only present in Sage Lot Pond, the estuary subject to the
lowest N loads (Table 1); this has long been the case (Valiela et al. 1992). In the other estuaries
subject to larger N loads, growth of macroalgae is stimulated, and the macroalgae shade the
meristem of eelgrass and prevent its growth (Hauxwell et al., 1998, 2003; Fox et al., 2008,
2012). Consistent with the model results of Fig. 5, there were no significant changes in the

biomass of eelgrass within Sage Lot Pond between 1990 and 2015 (Table 1).

3.3 Biomass-loading regressions

To obtain an idea of the relative effect of the reduction in atmospheric deposition, we can

take advantage of the demonstrated sensitivity of macroalgal biomass to external N loads

11



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

(Teichberg et al., 2010; Cebrién et al., 2014). We calculated the increase in algal biomass that
would have been likely if there had been no lowered atmospheric deposition, so that the only
change in loading regimes would have been due to the increased wastewater additions evident in
Fig. 5. We used a relationship derived in Cebrién et al. (2014), enhanced by addition of points
from our own work, which showed that macroalgal biomass in many estuaries is variably but
significantly related to N loads (Fig. 8a). We used the equation for this relationship to estimate,
in approximate fashion, how much more macroalgal biomass would have likely have been
present in the three Waquoit Bay estuaries under the influence of the added wastewater N. The
macroalgal biomass would likely have increased by 2 to 99% in the test estuaries, depending on
the original relative importance of deposition and wastewater at each site. These estimates, albeit
rough, provide some notion of the significant water quality subsidy that the lowered atmospheric
N deposition has furnished.

We used the relationship derived in Cebridn ef al. (2014) in another way, to assess
whether the model results yielded N loads that were in any way reasonable in regard to the
growth of macroalgae within each of the three Waquoit Bay estuaries (Fig. 8b). The values of
macroalgal biomass that would be expected on the basis of the NLM predictions of N loads, and
the consequent biomass that could grow, based on the relationship of Fig. 8a, are remarkably
similar to the values we obtained through sampling in 2015 (Fig. 8b). This result simultaneously
suggests that the NLM estimates of N loads seemed reasonable, and that the response by N-

sensitive macroalgae was also reasonably described.

4. Discussion

12
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The finding that changes in N sources to the Waquoit estuaries have been of significant
magnitude argues that management of estuarine water quality needs to consider some measure of
time-dependency in the development of N loads, and derived measures such as TMDLs, rather
than fixing them to a single, unchanged time-explicit baseline. The importance of shifting
baselines in water quality indicator trajectories under changing conditions highlighted here
corroborates the importance of shifting baselines already pointed out by Duarte et al. (2009).
Given the magnitude of the shifts that we report here, and the conclusions by Duarte et al.
(2009), protocols assuring adaptive management measures and applications seem best suited to

guide actions in a time of rapid external changes.

In the case of the Waquoit estuaries, the balancing of lower deposition and higher
wastewater contributions occurred in part because of the ratio of open to developed land, which
alters the relative contributions of atmospheric deposition and wastewater loading. In estuaries
with differently sized or developed watersheds, similar shifts in external drivers may
significantly alter the magnitudes of N loads and of their effects. To maintain desired water
quality and ecosystem health, managers need to make use of loading estimators that account for

the influence of such external drivers.

It should also be mentioned that the scope and feasibility of potential management action
is constrained by the spatial scale of the process driving the changes. Management of the large-
scale drivers, such as climatic shifts affecting air mass tracks, could only be effected by
concerted global-scale international action. Regulation of emissions to the atmosphere would

need at least national-scale action. On the other hand, control of watershed-scale N loads is well-
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within the scope of action by more local managers, since land use, urbanization plans, and by-

laws can be designed to control wastewater and other land use-related variables.

5. Conclusions

Since 1990 in the studied estuaries of Waquoit Bay, wastewater N loads have increased
about 80% while loads from atmospheric deposition decreased by about 41%, with the
net result that total loads have remained unchanged on a decadal scale.

The lack of decadal change in modeled N loads was corroborated by the lack of change in
measured N concentrations and macroalgal biomass, which are sensitive indicators of N
loads.

Under our current circumstances of rapid global and local changes in coastal zones,
assessment and management actions to address effects of nutrient loads will need to
include adaptive strategies that capture the effects of changing baselines.

Effective management actions also must reach across spatial scales: local agencies may
address wastewater and fertilizer sources, but action on atmospheric sources will need the

attention of national or international organizations.
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Tables

Table 1. Mean values + standard errors for nutrients and producers sampled from May-October in each of three
studied estuaries. Sage Lot Pond (SLP) experiences the lowest rates of N loading per hectare of estuary and
lowest proportion of N from wastewater, Quashnet River (QR) is intermediate in both categories, and Childs
River (CR) experiences high loading rates and high loads from wastewater. Lines across columns indicate no
significant difference between years or among estuaries. Pre-2015 nutrient data represents pooled means from

1994-2004; macroalgae data from 1992-1998; and eelgrass data from 1992-1998.

N loads (kg yr'! ha'!) DIN (uM) Macroalgae (g m?) Eelgrass (g m?)
SLp Pre-2015 37 1.61 £0.26 5229 +£5.85 73.44 £ 10.14
2015 20 1.51£0.14 56.55 +7.01 80.21 £ 13.89
R Pre-2015 303 4.21 £0.62 107.55 £21.95 0.0
Q 2015 303 4.02£0.46 104.83 £11.51 0.0
CR Pre-2015 371 4.87+£0.44 172.00 £ 14.64 0.0
2015 483 5.86 £0.61 147.60 £9.87 0.0

Table 2. New and original values of default variables used in the update for NLM. To ensure an accurate count
only of buildings with septic systems, we selected three random 16-hectare plots in each watershed (in areas not
served by sewage treatment plants), and counted the number of residences and of other kinds of structures on
each plot. The original NLM model also accounts for nitrogen in runoff in two separate categories: off roads
and commercial surfaces, which drain directly through grates, and off roofs and driveways, where water flows
over the edge and percolates through adjacent vegetation and soil. In our update we added areas designated as
driveways to the road category, since driveways often drain into streets, and because they were digitized in the
new land cover data as part of the roads data layer. 2014 data from CCC (2012) and Horsley Witten (2014).

Variable 1990 value 2014 value
Lawn fertilizer rate (kg ha™! yr!) 122.33 120.21
% lawns fertilized 34 57
Golf fertilizer rate (kg ha'! yr!) 171 99.2
Mean year-round occupancy rate (people/house) 1.79 1.76

Percent of structures with septic systems 100 81




Table 3. Results from updated NLM showing modeled nitrogen loads, partitioned by source, arriving to each
estuary. All loads in kg N yr!.

Nitrogen load Childs River Eel Pond  Sage Lot Pond Jehu Pond Hamblin Pond Quashnet River

from
1990 2014 1990 2014 1990 2014 1990 2014 1990 2014 1990 2014
ST(;’J?(I:C(:)“ 6253 8143 3512 5685 546 298 3172 4098 2615 3218 9717 9721
Deposition 1984 1195 1157 674 546 298 1148 884 1317 686 5496 3119
Wastewater 3531 5480 2020 4240 0 0 1458 2478 1062 2179 2015 4039
Fertilizer 619 1468 324 772 0 0 618 735 245 353 1586 2562

Table 4. Statistical analyses pertaining to Figure 5.

Total loads  Wastewater+Fertilizer Deposition

Model 2 major axis regression slope 1.06 1.68 0.560
P of regression 0.0013 1.74x10° 1.93x10°
P for comparison of regression slope to 1:1 line 0.919 0.04 9.90x10
P for comparison of data mean to 1:1 line 0.0637 0.001 0.01

Table 5. P values obtained from Tukey HSD post-hoc tests comparing nutrient and macroalgae data among
estuaries experiencing varied rates of N loading, and between 2015 and previous years within each estuary. DIN
concentration and macroalgal biomass vary significantly among estuaries but have not changed significantly
over time.

Among estuaries Among years
SLvsQR SLvsCR QRvsCR SLP QR CR
DIN (uM) 0.0003 <0.0001 0.0212 0.9999  0.9999  0.6453

Macroalgae (g m) 0.0255 <0.0001 0.0689 09943 09998  0.8199





