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‘‘Capsule’’: Land cover mosaics on watersheds determine nitrogen loads and eutrophication in receiving estuaries.

Abstract

Across most of the World’s coastal zone there has been a geographic transition from naturally vegetated to human-altered land

covers, both agricultural and urban. This transition has increased the nitrogen loads to coastal watersheds, and from watersheds to
receiving estuaries. We modeled the nitrogen entering the watershed of Waquoit Bay, Massachusetts, and found that as the trans-
ition took place, nitrogen loads to watersheds increased from 1938 to 1990. The relative magnitude of the contribution by waste-
water, fertilizers, and atmospheric deposition depends on the land cover mosaics of a watershed. Atmospheric deposition was the

major input to the watershed surface during this period, but because of different rates of loss within the watershed, wastewater
became the major source of nitrogen flowing from the watershed to the receiving estuaries. Atmospheric deposition prevails in
watersheds dominated by natural vegetation such as forests, but wastewater may become a dominant source in watersheds where

urbanization increases. Increased nitrogen loads resulting from conversion of natural to human-altered watershed surfaces create
eutrophication of receiving waters, with attendant changes in water quality, and marked shifts in the flora and food webs of the
affected estuaries. Management efforts for restoration of eutrophied estuaries require maintenance of forested land, and control of

wastewater and fertilizer inputs, the major terms in most affected places subject to local management. Wastewater and fertilizer
nitrogen derive from within the watershed, which means local measures may effectively be used to control eutrophication of
receiving waters. # 2002 Published by Elsevier Science Ltd.
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1. Introduction

It has become evident in recent decades that most
terrestrial and aquatic environments are changing under
increasing pressure from human activities (Vitousek et
al., 1997). The effects of human domination of environ-
ments are felt through various mechanisms. Some of
these mechanisms involve increased transfer of nutrients
from one environment to another, and alterations in the
rates of transformations of nutrients within environ-
ments. In this paper we center attention on anthro-
pogenic effects on parts of the nitrogen cycle that are
critical to the function of the affected watershed and
adjoining estuarine systems.

Anthropogenic alterations to the nitrogen cycles of
terrestrial environments are important for a plethora of
reasons, including perturbation of the species composi-
tion of vegetation, alterations of mineralization rates in
soils, and changes in leaching rates through nitrogen
saturation of forests (Aber et al., 1989, 1995; Nadelhof-
fer et al., 1995). Similarly, changes in nitrogen cycles
lead to significant alterations in aquatic environments.
In coastal waters, increased nitrogen supplies stimulate
eutrophication in estuaries (Ryther and Dunstan, 1971;
Howarth, 1988; Nixon, 1995), lead to loss of valuable
seagrass and reef habitats (Bell, 1992; Short and Burdick,
1996; Hauxwell et al., 2001), and affect valuable shell-
and fin-fish stocks (Nixon et al., 1986; Heip, 1995). These
are by no means an exhaustive list of the consequences of
increased nitrogen loadings to natural environments; we
cite them merely to provide an idea of the substantive
ecological and biogeochemical effects that follow
anthropogenic alterations of the nitrogen cycle.
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In response to the recognized importance of nitrogen
supplies to natural environments, there has been much
effort to prepare budgets of the various nitrogen sources
and define transformations and transport in different
environments. Increased loading of anthropogenic
nitrogen enters specific environments principally
through atmospheric deposition, use of fertilizers, and
disposal of wastewater. This tri-partite scheme is useful
in studies of local sites or watersheds, but it should be
evident that in a larger geographical context, nitrogen is
ultimately derived from atmospheric sources. Fertilizer
nitrogen is fixed industrially from atmospheric nitrogen
gas; much of this fixed nitrogen becomes food that
people eat and convert to wastewater nitrogen. In prac-
tice, however, it has been convenient to separately eval-
uate the inputs from the three major sources when we
deal with specific watersheds. It is useful to know the
magnitude of the contributions from each major source
for management as well as basic science reasons. For
example, we can conceive of managing wastewater and
fertilizer use and release to natural environments at a
local, single watershed scale, while management of
atmospheric nitrogen deliveries has to have a much
larger geographical perspective because airsheds are
considerably larger in area than watersheds (Dennis,
1995). In this paper we are principally concerned with
the dynamics of increased nitrogen loads at the water-
shed scale, so we consider atmospheric deliveries as
the inevitable context in which to assess fertilizer and
wastewater inputs.

2. Sources and forms of nitrogen delivery

Atmospheric deposition contributes nitrogen via wet
precipitation, and by dry deposition, in approximately
equal parts (Voldner et al., 1986; Hinga et al., 1991;
Valigura et al., 1996, 1997). Wet deposition includes
nitrate, ammonium, dissolved organic, and particulate
nitrogen. Dry deposition takes place via direct uptake of
NOx, NH3, and by impact of particles bearing all forms
of nitrogen (Voldner et al., 1986; Russell, 2000).
Fertilizers containing nitrogen are varied, and their

use adds nitrate, ammonium, or various forms of
organic nitrogen, including urea, to watersheds. Once in
soil, microbial transformations convert much of the
fertilizer nitrogen to nitrate, which is the form of nitro-
gen that travels most freely through soils, vadose zones,
and aquifers, and is also most readily transported via
surface runoff and streams into coastal waters.
Wastewater nitrogen enters natural environments in

effluent water from various kinds of disposal systems.
These range from the simplest outhouses, to septic sys-
tems, and to sewage treatment plants in urbanized
areas. Each disposal system has different consequences
in terms of interception of nitrogen, magnitude of actual

inputs, location of delivery of the wastewater nitrogen,
and the array of nitrogen compounds delivered. Waste-
water nitrogen is initially in an organic form. Organic
nitrogen from wastes can be mineralized to ammonium,
which in turn can be nitrified. The effectiveness of the
conversion of wastewater-derived organic nitrogen to
nitrate differs, depending on the lability of the organic
material, and the exposure in the environment into
which the organic nitrogen has been released. Assess-
ment of relative lability of DON in different environ-
ments is still poorly defined, but it appears that
wastewater-derived DON is somewhat more labile than
atmospheric- and soil-derived DON (Seitzinger and
Sanders, 1997). Duration of exposure in the environ-
ment also makes a difference; for example, the deeper
the vadose zone under soil that the nitrogen has to
traverse, the lower the concentration of dissolved
organic carbon (and nitrogen) that survives the passage
through the vadose zone (Pabich et al., 2001a; K.
Kroeger, unpublished data).

3. Effects of historical changes in land cover mosaics

The relative contribution of nitrogen by atmospheric
deposition, fertilizers, and wastewater depends on the
specific mosaic of land covers present on a watershed
surface. What has been happening world-wide, how-
ever, is that there has been a transition within watershed
mosaics from naturally vegetated tesserae to human
land uses, both agricultural and urbanized. In many
areas inland, there has been much transition to agri-
cultural land covers, and hence fertilizer inputs become
a major feature of the loading to watersheds and their
receiving waters (Correll and Ford, 1982; Jordan and
Weller, 1996; Jordan et al., 1997). In coastal areas it is
more common to have urban sprawl become increas-
ingly the dominant feature of the land cover mosaic,
and for wastewater to become a major nitrogen source.
Near the end of the twentieth century, as much as 37%
of the worlds population has come to reside within 100
km from shore (Cohen et al., 1997); human populations
have increased markedly in the near shore of every
estuary around the world (Nixon et al., 1986; Valiela et
al., 1992). It necessarily follows that the wastewater
released from these increasingly urbanized coastal zones
has and will increase. The net result of the geographic
land cover transitions, both toward agricultural or
urbanized landscapes, has been that, first, nitrogen
loads have increased, and that second, the relative con-
tributions from the three major sources—atmospheric
deposition, fertilizer use, and wastewater disposal—
have changed.
An example of such a geographic transition is evident

in work we have done on the historical time course of
nitrogen loading to the watershed of Waquoit Bay,
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Massachusetts, USA. The area of natural vegetation on
the watershed of Waquoit Bay diminished about four-
fold from 1938 to 1990 (Fig. 1, top). This change was
the result of conversion of vegetated land to human uses
(Fig. 1, top). In this case the geographic transition was
not just an urbanization of the watershed, but of more
complex rearrangements of land use categories (Fig. 1,
bottom). Turf associated with lawns, parks, and golf
courses increased as the number of inhabitants in the
area increased. Land devoted to agriculture decreased,
while land covered by impervious surfaces (roofs, drive-
ways, roads) associated with urbanization increased.
On the whole, the geographic transition that took

place between 1938 and 1990 reduced the land covered
by natural vegetation on the watershed of Waquoit Bay
from 84 to 68%. The changes in land cover were not
uniform: some decades witnessed larger rates of transi-
tion. For instance, the conversion of natural vegetation
to human used land was particularly marked in the
1940s to 1950s, and again in the 1980s; these were

periods when economic and historical trends fostered
urban expansion, and therefore increased the area of
lawns and other turf associated with additional houses.
The time course of agricultural parcels was quite differ-
ent, with a rise up to the early 1950s, and then a gradual
loss as the economy could not sustain the small-farm
crops of potatoes and strawberries characteristic of this
region. The point to be made about these land cover
changes is that land use mosaics show quite different
arrays of tesserae, and that, as will be seen below,
although no one land cover type was singly responsible,
the aggregate result is greater nitrogen loads to receiving
waters downgradient.
Knowing the changes in land use in the Waquoit Bay

watershed, we set about estimating nitrogen loads across
these decades. To calculate the nitrogen loads entering
the watershed, we used NLM, a nitrogen loading model
we developed (Valiela et al., 1997) and verified (Heberlig
et al., 1997; Kroeger et al., 1999; Valiela et al., 2000) to
estimate nitrogen contributions via atmospheric deposi-
tion, fertilizer use, and by disposal of wastewater by
septic systems. We applied the model to each year that
we had aerial photographs—and hence land cover
data—for the watershed of Waquoit Bay.
NLM (Fig. 2) considers nitrogen inputs from the

three major sources into each type of land use (natural
vegetation, impervious surfaces, turf, houses, and agri-
culture), and tracks the fate of the nitrogen from each
source as it traverses the various ecosystem components
(soil, vadose zone, aquifer). For instance, if in Fig. 2 we
follow the fate of fertilizer nitrogen applied to crops,
NLM says that 39% of that nitrogen is retained in soils.
Of course, atmospheric deposition also contributes to
nitrogen entering cropland; NLM says that soils retain
62% of the nitrogen delivered by deposition. NLM then
adds the surviving nitrogen from atmospheric deposi-
tion and from fertilizer use, and considers that 61% of
that sum is intercepted in the unsaturated vadose zone
undelying the soils. Then, of the nitrogen that managed
to traverse the vadose zone, an additional 35% may be
lost during travel through the aquifer. These loss coeffi-
cients were arrived at after extensive local research and
literature surveys. Valiela et al. (1997, 2000), Lajtha et
al. (1995), Seely and Lajtha (1997), Seely et al. (1998),
Pabich et al. (2001a, b) provide discussions of the data
on which NLM loss coefficients were based, and of the
ecological and biogeochemical processes that are
involved.
To use NLM to estimate nitrogen loads requires data

on atmospheric deposition, fertilizer use, and on land
use within the watershed. In previous papers (Valiela et
al., 1997, 2000), we used atmospheric deposition data
collected during the 1980s and 1990s, and land use
data from 1990. For our historical reconstruction of
nitrogen loading, however, we needed an estimate of the
changes in atmospheric deposition likely to have taken

Fig. 1. Changes in the human use of land relative to the changes in

natural vegetation (top). Breakdown of human land uses into three

major components (bottom): turf (including lawns, parks, and golf

courses), impervious surfaces (including roads, roofs, driveways, run-

ways, and parking lots), and agriculture (predominantly horticultural

crops and cranberries). We gathered the data for Fig. 1 from aerial

photos of the region (our unpublished data), plus a hydrogeological

delineation of the watershed (Valiela et al., 1997). The points in the

figure show the years for which we found available aerial photo-

graphy. More detailed descriptions of these data are included in

Bowen and Valiela (2001b).
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place, as well as the changes in land use within the
watershed, from 1938 to 1990.
To estimate atmospheric loads to the watershed

across the decades of interest we created a spliced record
of the deposition of nitrogen (wet and dry, and of
nitrate, ammonium, and organic nitrogen), making use
of data we collected during earlier studies as well as
many records of deposition to a variety of places in the
airshed of the Cape Cod region of Massachusetts,
including the Northeastern states of the USA, and the
Maritime provinces of Canada (Bowen and Valiela,
2001a). This furnished a best estimate of the time course
of atmospheric deposition between 1938 and 1990. The
literature compilation indicates that NO3-N in wet
deposition to the Massachusetts area increased from 0.9
kg N ha�1 year�1 in 1925 to approximately 4 kg N ha�1

year�1 today. During the same period of time NH4-N in
wet deposition decreased from more that 4 kg N ha�1

year�1 to less than 1.5 kg N ha�1 year�1. This shift in
nitrogen from reduced to oxidized forms could result
from a decrease in agriculturally derived NH3 emis-
sions, and an increase in NOx emissions from fossil fuel
combustion associated with urbanization (Bowen and
Valiela, 2001a). After adjusting the wet deposition trend
to include dry deposition, and deposition of organic N,
the secular trend in total N deposition increased at a
rate of 0.26 kg N ha�1 per decade over the course of the
twentieth century.
To define the changes in land use from 1938 to 1990,

we interpreted land covers in aerial photos of the
Waquoit Bay watershed taken at intervals during
the period of interest (unpublished data). Land covers

on watersheds are remarkably complicated; for our
purposes, we simplified the land cover classifications
into a few major ones (Fig. 2, right to left: natural
vegetation, agricultural parcels, turf, impervious sur-
faces, and also added number of houses). With the sim-
plified compilation of land cover data, plus the
atmospheric inputs, NLM could furnish back-estimates
of nitrogen loads (Bowen and Valiela, 2001b).
The total nitrogen loads to the watershed of Waquoit

Bay increased from the 1930s to recent years (Fig. 3,
top). The increase in load was particularly marked dur-
ing the 1960s. Throughout the 50-year period, atmos-
pheric deposition consistently contributed the largest
portion of the nitrogen load, with slight increases
between 1930 and 1970. The atmospheric supply of
nitrogen after 1970 appears to have stabilized, at least in
this region. Although the implementation of the Clean
Air Act by the US government early in the 1970s did
not directly address emissions of nitrogen, the indirect
effects of increased fuel efficiency in automobiles and
reductions in other pollutants emitted from industrial
processes may have prevented further increases in
atmospheric nitrogen delivered to the land surface in our
area (Fig. 3, top). Fertilizer- and wastewater-derived
nitrogen did clearly increase across the 50 years: these
sources are mostly responsible for the secular increase in
total nitrogen loads to this watershed. In 1938 virtually
all the nitrogen delivered to the watershed was by pre-
cipitation, but by 1990 (Table 1, first and second col-
umns of numbers), atmospheric sources had dwindled
to 56%. Wastewater nitrogen contributions reached
27% of inputs, larger than the 15% contributed by fer-

Fig. 2. Schematic of NLM, showing inputs of wastewater-, fertilizer- and atmospheric-derived nitrogen to the watershed, and % losses (shown as

numbers) as the nitrogen from each of the three sources is inserted by septic system, or falls on impervious surfaces, turf, agricultural parcels, or

vegetated parcels, and then traverses soils, vadose zone, aquifer, and seepage face on its way to receiving estuaries. Taken from Valiela et al. (2000).
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tilizer use (Table 1; Fig. 3, top), probably owing to
reduction of agricultural land, as well as construction of
more buildings (Fig. 1, bottom).

4. Losses within watersheds and exports to receiving

waters

Nitrogen loads to estuaries differ markedly from
nitrogen loads to watersheds, owing to significant inter-
ception of nitrogen within watersheds. Within-watershed
losses of nitrogen delivered by the major sources, and

during passage through the various land cover types
were considerable (Table 1, third column of numbers).
Almost 90% of atmospheric nitrogen was intercepted
within estuaries, 79% of fertilizer nitrogen, but only
65% of wastewater nitrogen. This differential through-
put means that as nitrogen in groundwater is about to
seep into receiving estuarine waters, the relative pro-
portions of nitrogen from the different sources and land
cover types differ markedly from the proportions that
entered the watershed. Contributions to the receiving
estuaries by wastewater were a minor part of the nitro-
gen loads early on, but became the main source of
nitrogen to the estuary by the 1990s (Fig. 2, bottom;
Table 1, fourth and fifth columns of numbers), surpass-
ing both fertilizer and atmospheric deposition as con-
tributors to the load.
Our estimate that in the 1990s there was interception

of almost 90% of the atmospheric-derived nitrogen
delivered to forests and other natural vegetation high-
lights the importance of maintaining green open space
within watersheds. Reduction of the area of natural
vegetation, by conversion to residential sprawl, will
necessarily increase nitrogen loads to receiving waters,
for at least two reasons: insertion of more wastewater,
and loss of the retentive subsidy of atmospheric nitro-
gen furnished by natural vegetation. We should note
that although the relative contribution by atmospheric
nitrogen has diminished to some degree across recent
decades, the magnitude of current atmospheric nitrogen
loads, which we estimate reach 10–15 kg N ha�1 year�1

for the Cape Cod area, are at the lower range of loads
that are thought to reduce the nitrogen-retentive capa-
city of forests (Emmett et al., 1993; Dise and Wright,
1995). Thus, even though atmospheric nitrogen inputs
are currently largely intercepted within the watershed,
atmospheric loads to forests of Cape Cod are poised at
rates which, if exceeded, may considerably increase
delivery of nitrogen to estuaries in the future.
We have so far discussed atmospheric contributions

to land-derived nitrogen loads. Additional atmospheric
nitrogen falls directly on the water surface of the estu-
aries (Table 2). Taken together, through-watershed and
direct atmospheric nitrogen can add up to considerable

Fig. 3. Modeled historical nitrogen loads to the watershed (top) and

estuary (bottom) of Waquoit Bay. The loads are broken down into the

three major sources of nitrogen: atmospheric deposition, wastewater,

and fertilizer application. Data from Bowen and Valiela (2001b). Note

the order of magnitude difference between N inputs to the watershed

(top) and to the estuary (bottom). Data are plotted with the 14%

standard error that is associated with NLM (Valiela et al., 1997).

Table 1

Contributions to nitrogen loads to watersheds and to estuaries of Waquoit Bay, MA from atmospheric deposition, use of fertilizers, and wastewater

disposala

N load to watershed N loss within

watershed (%)

N load to estuaries

kg year�1 % kg year�1 %

Atmospheric deposition 64,400 56 89 6900 30

Wastewater disposal 16,600 14 79 3400 15

Fertilizer use 31,700 27 65 11,000 48

Total 115,400 100 80 23,100 100

a Land use is based on 1990 aerial photographs. Adapted from Valiela et al. (1997).
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fractions (31–79%) of total nitrogen loads (Paerl et al.,
1990). The relative importance of through-watershed
versus direct deposition of atmospheric nitrogen
depends on areas of watersheds relative to estuaries, but
in any case, atmospheric deposition is important. We
have focused on land-derived loads in our work because
of the large changes across decades, but assessments of
total loads merit consideration of direct deposition on
water. Unfortunately, measurements of direct deposi-
tion to seawater are not straight-forward (Valigura et
al., 1996). Surface areas for impaction and active uptake
of dry deposition are quite different in land versus
water bodies, and the dynamics of air movements at the
interfaces differ in these two environments. Nonetheless,
we made the simplifying assumption that dry deposition
on water resembled dry deposition on land, and hence
probably overestimated direct deposition to water sur-
faces.
The multi-decadal pattern of development in the

Waquoit estuaries is one of residential land use re-
placing forests and agricultural uses; ‘‘number of houses
per watershed’’ is therefore a reasonable indicator of the
geographic transition these watersheds have undergone
(Fig. 4). Basically, the trend has been to convert the
landscape to more residential land covers, and this
transition is associated with increased nitrogen loads to
estuaries (Fig. 4, top). In addition, as number of houses
increase, the composition of the nitrogen transported by
groundwater towards receiving waters differs: more
houses are associated with large increases in the nitrate
in groundwater (Fig. 4, bottom). In contrast, con-
centrations of dissolved organic nitrogen decrease as the
landscape becomes more urbanized (Fig. 4, bottom); we
presume that the relative leaching of atmospherically
derived organic nitrogen from forest soils becomes pro-
gressively smaller as forest area diminishes. Ammonium
concentrations in groundwater seem unaffected by dif-
ferent land use patterns (Fig. 4, bottom).
We know that estuaries receiving the nitrate-dominated

loads are eutrophic, and the estuaries receiving the

DON-dominated loads are reasonably pristine (Valiela
et al., 1992, 2000). This is in spite of the nearly
similar total sums of concentrations of nitrate, ammo-
nium, and DON in groundwater delivered from water-
sheds with different land use (Fig. 4, bottom). This
discrepancy must be related to the relative low lability
of the land-derived DON supplied by groundwater.
Although soils furnish lots of DON to receiving waters,
the terrestrially derived DON seems relatively unim-
portant as a promoter of eutrophic conditions in
receiving estuaries.
The inorganic nitrogen derived from wastewater is the

major component that has changed with changing land
cover mosaics, and that has the potential to alter the
aquatic ecosystems receiving inputs from land. That
wastewater nitrate was unambiguously involved in the
increased loads of ecologically active nitrogen is clearly
demonstrated by studies based on stable isotopic data
(McClelland et al., 1997; McClelland and Valiela, 1998).
These studies showed that the isotopic signatures in
fresh groundwater about to enter the estuaries were
heavier in proportion to the relative presence of waste-
water-derived nitrate, and further, that the heavier sig-
natures could be found in all the producers within the
receiving estuaries, and propagated within the estuarine
food webs in each of the estuaries. The isotopic data
corroborate our conclusions that urbanization of
watersheds was associated with greater nitrogen loads,
and demonstrate that it was the very nitrogen atoms
inserted into the watershed that made their way through
the various trophic levels within estuarine ecosystems.

5. Comparison of sources in different systems

We have so far dwelled on the historical changes
within one coastal land/estuary system. Differences in
land cover on watersheds of different estuaries reveal
similar influences on nitrogen loads and contributions
from the major sources to the receiving estuaries (Fig. 5).

Table 2

The role of deposition in total nitrogen loading to several Waquoit Bay, MA estuariesa

Estuary Total nitrogen

load (kg N year�1)

Atmospheric deposition Total atmospheric contribution

Through the watershed To the estuary

kg N year�1 % kg N year�1 % kg N year�1 % of total load

Childs River 6200 1700 27 200 3 1900 31

Eel Pond 3700 600 16 800 22 1400 38

Quashnet River 10,200 5100 50 500 5 5600 55

Hamblin Pond 2700 400 15 1000 37 1400 52

Jehu Pond 4200 700 17 1600 38 2300 55

Sage Lot Pond 1900 300 2 1200 63 1500 79

a Deposition to the watershed is calculated as the total amount of atmospheric N that travels through the watershed and enters the estuary at the

seepage face. Deposition to the estuary is the total amount of atmospheric N deposited on the surface of the estuary. Total anthropogenic nitrogen

includes land-derived N from wastewater disposal and fertilizer application, as well as deposition to the watershed and the estuary.
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As a proxy for the changing geographic transition we
used the ratio of the percentage of watershed area cov-
ered by residential and natural land. We then plotted
the percentage of total nitrogen loads by wastewater,
fertilizers, and atmospheric deposition versus the proxy.
The data were compiled from published papers from
various locations.
On the left side of Fig. 5 lie values for estuaries with

less-developed, largely forested watersheds, and as we
move to the right we encounter estuaries with more
urbanized watersheds, up to about equal proportions of
residential and forested areas. There is quite some scat-
ter, but several trends are clear. Atmospheric sources
dominate on the extreme left, but their predominance
diminishes as soon as some degree of urbanization takes
place. By the time that the ratio of residential to forested
areas reaches 0.1, atmospheric sources contribute less
than half the nitrogen entering receiving estuaries.
Wastewater and fertilizers become dominant above 0.1–
0.3. Clearly, soon after humans become established in a
watershed, the sources of nitrogen associated with their
activities—fertilizers and wastewater—overwhelm the
importance of land-derived atmospheric sources. The
relative magnitude of nitrogen inputs, and of within-
watershed losses (Table 1), by atmospheric versus

wastewater nitrogen sources is such that nitrogen loads
to estuaries become uncoupled from atmospheric inputs
in any but the most pristine watersheds.
These results suggest at once the major role of

anthropogenic nitrogen contributions, as well as tell us
that potentially the added nitrogen that seems most
responsible for the increases is also subject to manage-
ment action at the specific watershed scale. Management
of wastewater and fertilizer inputs, although economic-
ally and politically challenging are certainly conceivable
at the scale of the watershed of the affected estuaries.

6. Effects of land-derived nitrogen loads on receiving

waters

Changes in land cover mosaics lead to altered nitro-
gen delivery to receiving waters, which in turn prompt
major alterations of the ecosystems receiving the
changing inputs. As already mentioned, increased
nitrogen loads stimulate primary production, and create
eutrophic waters, particularly in estuaries. The effect of
given loads on various producers within the receiving
estuaries, however, are not the same (Fig. 6).
The strong coupling between land use mosaics—

through the land-derived nitrogen loads delivered to
estuaries—and the function and structure of the ecosys-
tem in the receiving estuary can be made evident by
considering the relative production carried out by the
major types of producers (phytoplankton, macroalgae,
and seagrasses) in estuaries subject to different land-
derived nitrogen loads (Fig. 6). Here we are using a
space-for-time substitution (Pickett, 1989), assuming
that estuaries currently subject to different loads can be

Fig. 4. Changes in N load as the number of houses in the sub-

watersheds of Waquoit Bay changes (top). Each point represents a

different subwatershed. Change in the concentrations of the three

dominant nitrogen species in groundwater (NO3, NH4, and DON) as a

function of the number of houses in the watershed (bottom).

Fig. 5. Change in the % contribution of each of the three sources of

nitrogen (atmospheric deposition, fertilizer application, and waste-

water disposal) to the total nitrogen load to the estuary as the ratio

between the % of residential land and the % of naturally vegetated

land changes. Data are from the Waquoit watersheds, Green Pond,

MA (Kroeger et al., 1999), West Falmouth Harbor, MA, and Poppo-

nesset Bay, MA (unpublished data).
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taken to represent a time course during which loads
increased.
As nitrogen loads increase, there are major shifts in

the relative proportions of production in the ecosystems
that are carried out by seagrasses, macroalgae, and
phytoplankton. As nitrogen loads rise slightly, the con-
tribution to production by seagrasses decreases steeply,
and macroalgae become dominant (Fig. 6, top). The
production by phytoplankton rises but slowly in estu-
aries with short water residence times (Fig. 6, top); in
estuaries with longer water residence times, phyto-
plankton have sufficient time to divide (Tomasky and
Valiela, 2001), and they become by far the dominant
contributor to production, and respond to increased
loads by increasing proportionally. In such estuaries,

the relative contributions by seagrasses and macroalgae
are generally less prominent. In any case, increases in
nitrogen supplies have powerful consequences for the
producers in the receiving estuaries.

7. Management implications

The reconstruction of the historical nitrogen loading
to the Waquoit Bay watershed makes evident some
implications for management or restoration of such
loads to estuaries.
Even though atmospheric deposition was the major

contributor to loads to watersheds, the larger within-
watershed losses of this nitrogen meant that wastewater
became the most prominent contributor to loads to
estuaries toward the end of the century. One positive
aspect of this turnabout is that management practices to
lower or control nitrogen inputs to estuaries could be
made at the local watershed scale, a less daunting
endeavor than management of the emissions from the
huge airshed responsible for contributing atmospheric
nitrogen deposition. In particular, preservation of green
open space in which natural vegetation can be estab-
lished and maintained in perpetuity will ensure con-
tinuing high retention of atmospheric nitrogen.
There is one troubling feature of atmospheric deposi-

tion to Cape Cod forests; at the end of the twentieth
century, these forests are already exposed to delivery
rates that in other sites have begun to undermine the
ability of forests to retain nitrogen. Our calculations of
nitrogen retention within watersheds have been made
with retention coefficients that might not be appropriate
in the future. If atmospheric nitrogen deliveries increase,
much lower proportions of the largest source of nitro-
gen to the watersheds of Cape Cod might be retained in
the watersheds. Monitoring of atmospheric deposition
should be carried out in the long term to make sure that
the forests are continuing to provide the retentive sub-
sidy that they have during the past 50 years.
In spite of the importance of atmospheric deposition,

in the Waquoit area and elsewhere, it is inputs of
wastewater nitrogen (and to a lesser extent, of fertilizer
nitrogen) that have increased in past decades. As
demonstrated by the loading estimates and the stable
isotopic results, wastewater inputs are clearly respon-
sible for the marked environmental changes we have
documented. Increased loads were closely tied to com-
plex shifts in land use mosaics, but were particularly
linked to urbanization (and particularly to number of
buildings), and to the resulting wastewater disposal. If
management priorities for nitrogen loads are to be set, it
is apparent that the first target might be wastewater
inputs. These results also demonstrate that the root
cause of the ever-more prevalent eutrophication of such
waters is increasing urban sprawl, and that prevention

Fig. 6. Partition of total primary production into contributions by

phytoplankton, macroalgae, and seagrasses plotted versus measured

land-derived N load. Waquoit Bay estuaries: closed symbols, other

estuaries: open symbols. The dark shaded area represents the % of

production contributed by sea grasses, the light shaded area represents

the % of production contributed by macroalgae, and the white area

represents the % of production contributed by phytoplankton. Lines

are best-fit curves to either the circles (% of total production minus the

amount contributed by phytoplankton) or the triangles (% of total

production minus the amount contributed by seagrasses. Top panel

includes data for estuaries with Tr<3 days (Waquoit Bay estuaries,

Buttermilk Bay; Giblin, 1990; Bass Harbor: Kinney and Roman,

1998). Bottom panel includes estuaries with Tr>45 days (Biscayne

Bay: Kennish and Lutz, 1984; Corpus Christi Bay: Flint, 1985; Chin-

coteague Bay: Boynton et al., 1996; Tomales Bay: Smith et al., 1991).

Taken from Valiela et al. (2001).
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of continuing eutrophication ought to be aimed at con-
trol of urbanization of coastal watersheds.

Acknowledgements

We thank the National Center for Environmental
Assessment, Office of Research and Development, US
EPA for its support. The research on which this paper is
based was done under a Land Margin Ecosystems
Research grant with the support of the National Science
Foundation, the United States Environmental Protec-
tion Agency, and the National Oceanic and Atmospheric
Administration. The Woods Hole Oceanographic Insti-
tution’s Sea Grant Program and the Massachusetts
Institute of Technology’s Sea Grant program also
provided support for part of the work in Waquoit Bay.
We would like to thank J. Brawley and M. Geist for
providing the historical land use data.

References

Aber, J.D., Nadelhoffer, K.J., Steudler, P., Melillo, J.M., 1989.

Nitrogen saturation in northern forest ecosystems. BioScience 39,

378–386.

Aber, J.D., Magill, A., Boone, S., Nadelhoffer, K.J., Downs, M.,

Hallett, R., 1995. Forest biogeochemistry and primary production

altered by nitrogen saturation. Water, Air, and Soil Pollution 85,

1665–1670.

Bell, P.R.F., 1992. Eutrophication and coral reefs—some examples in

the Great Barrier Reef Lagoon. Water Research 5, 553–568.

Bowen, J.L., Valiela I., 2001a. Historical changes in atmospheric

nitrogen deposition to Massachusetts, USA. Atmospheric Environ-

ment 35, 1039–1051.

Bowen, J.L., Valiela, I., 2001b. The ecological effects of urbanization

of coastal watersheds: Historical increases in nitrogen loads and

eutrophication of Waquoit Bay estuaries. Canadian Journal of

Fisheries and Aquatic Sciences 58, 1489–1500.

Boynton, W.R., Hagy, J.D., Murray, L., Stokes, C., Kemp, J., 1996. A

comparative analysis of eutrophication patterns in a temperate

coastal lagoon. Estuaries 19, 408–421.

Cohen, J.E., Small, C., Mellinger, A., Gallup, J., Sachs, J.D., 1997.

Estimates of coastal populations. Science 278, 1211.

Correll, D.L., Ford, D., 1982. Comparison of precipitation and land

runoff as sources of estuarine nitrogen. Estuarine, Coastal and Shelf

Science 15, 45–56.

Dennis, R.L., 1995. Using the Regional Acid Deposition Model to

determine the nitrogen deposition airshed of the Chesapeake Bay

watershed. In: Baker, J.E. (Ed.), Atmospheric Deposition of Con-

taminants to the Great Lakes and Coastal Waters. SETAC Press,

Pensacola, FL, pp. 393–413.

Dise, N.B., Wright, R.F., 1995. Nitrogen leaching in European forests

in relation to nitrogen deposition. Forest Ecology and Management

71, 153–161.

Emmett, B.A., Reynolds, B., Stevens, P.A., Norris, D.A., Hughes, S.,

Gorres, J., Lubrecht, I., 1993. Nitrate leaching from afforested

Welsh catchments—interactions between stand age and nitrogen

deposition. Ambio 22, 386–394.

Flint, R.W., 1985. Long-term estuarine variability and associated bio-

logical response. Estuaries 8, 158–169.

Giblin A.E., 1990. New England Salt Marsh Pond Data (Technical

Report CRC-90-2). Coastal Research Center (WHOI-90-21).

Hauxwell, J., Cebrian, J., Furlong, C., Valiela, I., 2001. Macroalgal

canopies contribute to eelgrass (Zostera marina) decline in tempe-

rate estuaries. Ecology 82, 1007–1022.

Heberlig, L., Valiela, I., Roberts, B.J., Soucy, L.A., 1997. Field verifi-

cation of predictions of the Waquoit Bay Nitrogen Loading Model.

Biological Bulletin 193, 294–295.

Heip, C., 1995. Eutrophication and zoobenthos dynamics. Ophelia 41,

113–136.

Hinga, K.R., Keller, A.A., Oviatt, C.A., 1991. Atmospheric deposi-

tion and nitrogen inputs to coastal waters. Ambio 20, 256–260.

Howarth, R.W., 1988. Nutrient limitation and net primary production

in marine ecosystems. Annual Review of Ecology and Systematics

19, 89–110.

Kennish, M.J., Lutz, R.A., 1984. Ecology of Barnegat Bay, New Jer-

sey. Springer-Verlag, New York, USA.

Kinney, E.H., Roman, C.T., 1998. Response of primary producers to

nutrient enrichment in a shallow estuary. Marine Ecology Progress

Series 163, 89–98.

Kroeger, K.D., Bowen, J.L., Corcoran, D., Moorman, J., Micha-

lowski, J., Rose, C., Valiela, I., 1999. Nitrogen loading to Green

Pond, Massachusetts: sources and evaluation of management

options. Environment Cape Cod 2, 15–26.

Lajtha, K., Seely, B., Valiela, I., 1995. Retention and leaching losses of

atmospherically derived nitrogen in the aggrading coastal watershed

of Waquoit Bay. Biogeochemistry 28, 33–54.

Jordan, T.E., Weller, D.E., 1996. Human contributions to terrestrial

nitrogen flux. BioScience 46, 655–664.

Jordan, T.E., Correll, D.L., Weller, D.E., 1997. Relating nutrient dis-

charges from watersheds to land use and streamflow variability.

Water Resources Research 33, 2579–2590.

McClelland, J.W., Valiela, I., Michener, R.H., 1997. Nitrogen stable

isotope signatures in estuarine food webs: a record of increasing

urbanization in coastal watersheds. Limnology and Oceanography

42, 930–937.

McClelland, J.W., Valiela, I., 1998. Changes in food web structure

under the influence of increased anthropogenic nitrogen inputs to

estuaries. Marine Ecology Progress Series 168, 259–271.

Nadelhoffer, K.J., Downs, M.R., Fry, B., Aber, J.D., Magill, A.H.,

Mellilo, J.M., 1995. The fate of 15-N labelled nitrate additions to a

northern hardwood forest in eastern Maine. Oecologia 103, 292–301.

Nixon, S.W., 1995. Coastal marine eutrophication: a definition, social

causes, and future concerns. Ophelia 41, 199–219.

Nixon, S.W., Oviatt, C.A., Frithsen, J., Sullivan, B., 1986. Nutrients

and the productivity of estuarine and coastal marine ecosystems.

Journal of the Limnological Society of South Africa 12, 43–71.

Pabich W.J., Valiela. I., Hemond, H.F., 2001a. The effect of vadose

zone thickness and depth below the water table on DOC con-

centrations in groundwater on Cape Cod, USA. Biogeochemistry

55, 247–268.

Pabich, W.J., Hemond, H.F., Valiela I., 2001b. Variation in deni-

trification rates as a function of DOC concentrations in ground-

water, Cape Cod, USA. Cosmochimica and Geochimica Acta

(submitted for publication).

Paerl, H.W., Rudek, J., Mallin, M.A., 1990. Stimulation of phyto-

plankton production in coastal waters by natural rainfall inputs:

nutritional and trophic implications. Marine Biology 107, 247–254.

Pickett, S.T.A., 1989. Space-for-time substitutions as an alternative to

long-term studies. In: Likens, G.E. (Ed.), Long-term Studies in

Ecology—Approaches and Alternatives. Springer-Verlag, New

York, pp. 110–136.

Russell, K.M., 2000. A review of the current state of knowledge of

atmospheric organic nitrogen. The Chemist 76, 12–17.

Ryther, J.H., Dunstan, W.M., 1971. Nitrogen, phosphorus, and

eutrophication in the coastal marine environment. Science 171,

1008–1013.

Seely, B., Lajtha, K., 1997. Application of a 15N tracer to simulate and

track the fate of atmospherically deposited N in the coastal forests

I. Valiela, J.L. Bowen / Environmental Pollution 118 (2002) 239–248 247



of the Waquoit Bay watershed, Cape Cod, Massachusetts. Oecolo-

gia 112, 393–402.

Seely, B., Lajtha, K., Salvucci, G.D., 1998. The fluxes of nitrogen

species from canopy to groundwater in a coastal forest ecosystem.

Biogeochemistry 42, 325–343.

Short, F.T., Burdick, D.M., 1996. Quantifying eelgrass habitat loss in

relation to housing development and nitrogen loading in Waquoit

Bay, Massachusetts. Estuaries 19, 730–739.

Seitzinger, S.P., Sanders, R.W., 1997. Contribution of dissolved

organic nitrogen from rivers to estuarine eutrophication. Marine

Ecology Progress Series 159, 1–12.

Smith, S.V., Hollibaugh, J.T., Dollar, S.J., Vink, S., 1991. Tomales

Bay metabolism: C-N-P stoichiometry and ecosystem heterotrophy

at the land-sea interface. Estuarine, Coastal and Shelf Science 33,

223–257.

Tomasky, G., Valiela I., 2001 Residence time-mediated response of

estuarine phytoplankton to land-derived nitrogen loads. Aquatic

Ecology.

Valiela, I., Geist,M.,McClelland, J., Tomasky,G., 2000.Nitrogen loading

from watersheds to estuaries: verification of the Waquoit Bay nitrogen

loading model. Biogeochemistry 49, 277–293.

Valiela, I., Tomasky, G., Hauxwell, J., Cole, M.L., Cebrian, J.,

Kroeger, K.D., 2001. Operationalizing sustainability: Management

and risk assessment of land–derived nitrogen loads to estuaries.

Ecological Applications 10, 1006–1023.

Valiela, I., Collins, G., Lajtha, K., Geist, M., Seely, B., Brawley, J.,

Sham, C-H., 1997. Nitrogen loading from coastal watersheds to

receiving estuaries: new method and application. Ecological Appli-

cations 7, 358–380.

Valiela, I., Foreman, K., LaMontagne, M., Hersh, D., Costa, J.,

Peckol, P., Demeo-Anderson, B., D’Avanzo, C., Babione, M.,

Sham, C-H., Lajtha, K., 1992. Couplings of watersheds and coastal

waters: sources and consequences of nutrient enrichment in

Waquoit Bay, Massachusetts. Estuaries 15, 443–457.

Valigura, R.A., Luke, W.T., Artz, R.S., Hicks, B.B., 1996. Atmos-

pheric Nutrient Inputs to Coastal Areas—Reducing the Uncertain-

ties. NOAA Coastal Ocean Program, Decision Analysis Series #9.

NOAA Coastal Ocean Office, Silver Spring, MD.

Voldner, E.C., Barrie, L.A., Sirois, A., 1986. A literature review of dry

deposition of oxides of sulfur and nitrogen with emphasis on long-

range transport modeling in North America. Atmospheric Envi-

ronment 21, 1107–1113.

Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E., Matson,

P.A., Schindler, D.W., Schlesinger, W.H., Tilman, D.G., 1997.

Human alteration of the global nitrogen cycle: sources and con-

sequences. Ecological Applications 7, 737–750.

248 I. Valiela, J.L. Bowen / Environmental Pollution 118 (2002) 239–248


