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Introduction

Many of us living on Cape Cod arc concerned about the degraded guality of our coastal waters and the
loss of associated fish and shellfish habital. We know that excessive nitrogen delivery to coustal waters 1s
a significant contributor to the water quality deterioration. -Reecnt papers in the scientific literature
identify coustal water degradation as but one effect of a much larger problem—that of large scale alter-
ation of the global nitrogen cycle by human activities. Whereas the scarcity of hiologically available
nitrogen limited the growth of living things Tor millions of years, recent techmological advances have
resulted in significant increases in the amdunt of nitrogen cycling on Earth and its atmosphere. Further-
more, the nitrogen is transperted over vast geographic distances. The Increase in available nitrogen and
the movement of that nitrogen from one region to another allect the functioning of terrestrial, freshwater
and marine ecosystems on Earth. ' '

The Local Connection: Eutrophication of Coastal Water

During the past decades, people on Cape Cod (and coastal arcas worldwide) haye witnessed deteriorating
water quality in esidarics, bays, and other nearshore waters. Reports of increasingly murky water, algae
blooms, and declining numbers of valued fish and shellfish come from scaside dwellers who supply
anecdotal evidence and scientisis whose research provides empirical evidence.

The poorer water quality is attributed in large part to an increase in the supply of nitrogen. the nutricnt
thal most often limits growth in coastal waters. Nitrogen from septic systems. fertilizers, and the atmao-
sphere travels via groundwatcr, rivers, and surface runoff to coastal waters where it stimulates the growth
of simple plant-like arganisms called algae (e.g., seaweed or macroalgae, and phytoplankton or
miicroalgae). Overgrowth of algae decreascs the amount of light that reaches the botwom, impeding the
growth of submerged aguatic vegetation such as celgrass. Felgrass beds are important because they
provide nurscry, spawning, and feeding grounds for many species. Scallops, blue crahs, and winter
floundcr are among the species 1hat frequent eelgrass. meadows. When too litlle Tight reaches the bottom,
eelgrass dies and thie hahitat for valued species 1s lost. Increased arnounts of aigae also tndirectly affect
the amount of oxygen dissolved in the water. Night-time respiration by the algae and consumption of the
large amounts of algae by decompasers can deplete the levels ol oxygen in the water column. Under
certain weather conditions, massive fish and shellfish kills occur. This cascading sequence of effects
resulting from an excessive supply of nutrients to water is called cutrophication.
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The Relationship Between Coastal Development und Eutrophication

The increased delivery of nitrogen to coastal waters is directly related to changes'in land use on coastal -
watersheds, because as coastal development increases so-do the niumber of septic systemns, fertilizer use,
and other activitics thal contribute nitrogen. The relationship between development and nitropen was
demeonstrated on Cape Cod where the concentration of nitrate-nitrogen in groundwater was positively
related to the density of houses (Fig. 1). As Cape towns continue to CXperience rapid growth rates (Fig.
2), we can Expt:u. the concentration of nitrogen in groundwaler to increasc.

Tn man:,f a_reas, rivers are the major conduits of nitrogen from watersheds to coastal walers, Several
studies show that concentrations of nitrogen in rivers in the United States and Europe dre increasing. As
with the relationship between housing density and groundwater nitrogen concentrations, nitrate concen-
trations in the major rivers of the Earth are positively related o the density of hurmnan populations in their
walershedls,
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Figure 1. Nitrale concentration in groundwater below  Figure 2. Housing units in Barnstable Coungy, Cape Cod,

arcus of Cape Cod having diffcrent densities of build-  MA, 1990-1997. 1990 data from .S, conisus; all other

ings. (From Valiela ¢t al. 1992, data of Persky, 1986.)  from reports of Town Building Tnspectors. Data courtesy
_ ot Marilyn Fifield of the Cape Cod Commidsion,

Cape Cod is not the unly coastal community experiencing rapid population growih. Coastal counties are
growing [agter than inland counties throughout the United States (Fig. 3). On a global scale, coastal areas
also are the most densely pupulatﬁd approxirhately 50% of the people in the world now live within 125
miles ol a coast.
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The Nitrogen Cycle

Eutrophication of water is not the only effect of excess available nitrogen. Too much nitrogen also in-
creascs acidity of soils and water, adds to the greenhouse cffect, and contributes to photochemical smog.
Why are we seeing these deleterions effects now? Recent papers in the scientific literature reveal that
humans have increased the amount of usable nitrogen cycling on Earth. To understand why the increased
supply of nitrogen can ercate problems, it is uselul to know something about the nitrogen cycle. '

The element nitrogen is cssential to all life; it 1s a fandamental component ol proteins, genes, and chloro-
phyll. After hydrogen, carbon and oxygen. nitrogen is the most plentiful clement in'our bodies. Nitrogen
also is abundant in the Barth's atmosphere. About 78% of the atmosphere is dinitrogen gas (N,) which is
two nitrogen atums bound together with three strong covalent bands. However, most living things can nat
make use of N_; most organisms can only use nitrogen when it is bound to other elemcnts like hydrogen
(e.g., in ammonium, NH,) or oxygen (e.g. in nitrate, NO,). '

A fow kinds of bacteria possess special gazymes that allow them to break the bonds of N and to combine .
nitrogen with other elements to make compounds that can be used by other organisms. These bactena
inclide some that Hve in the-toots of leguminous plants and others that live in surface water. Lightning

also can break apart N,. The process of making nitrogen biologically available is called nitrogen lixation.
Once fixed, nitrogen-containing compounds recycle through plants, animals, soils, and water. Some kinds
of bacteria change fixed nitrogen back to dinirogen gas in a process called denitrification.
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Nitrogen: as a Limiting Nutrienf

Tf an element is essential to all life and in short supply, its availability can limit the growth of living
things. For millennia, the scarcity of fixed mitrogen was a najor factor that constrained the growth rates
and structured the distribution and abundance of hving things on Earth (Liig. 4). 1n coastal waters {owr
example, scientists belicve the historic scarce supply of available nitrogen limited the growth of plauts
and algae. Today, as more nitrogen is released to coastal waters, there is more growth of plants and algae.

Human Alteration of the Nitrogen Cycle

Seientists estimate that before this century, bacteria and lightning were responsible for the fixation of
about 90-140 million metric tons of new nitrogen per year {1 metric ton = about 2200 pounds); of that
amount, only 5-10 million metric tons were fixed by lightning, the rest was rom bacterial action.

During the past few decades we have found the keys to unlock the vast reservoir of nirogen in the atmo-
sphere and of pitrogen that was long buried in coul and oil deposits within the Earth, The result, scientists
cstimate. is thal humans have more than doubled the amount of fixed nitrogen cycling on the planet {(1'ig.
5). How have we accomplished this? ‘Historically. crops were fertilized using manuee and other
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composted organic matter. This type of soil amendment recycles already available nitrogen. In 1913, the
German, Fritz Haber, discovered how to synthesize ammonia (N1L,) by combining hydrogen gas and
nitrogen gas at high temperature and pressure. Initially. this discovery helped the Germans Lo make
explosives during World War I. Later, the technology, known as the Haber or Haber-Bosch process, gave
birth to the artificial fertilizer industry and set the stage for the Green Revolution. TFoday, industrizl
fixation of nitrogen adds about 80 million metnic tons of new nitrogen each year. which is then nsed as
fertilizer and released o the caovironment,

Agricultural cultivation of legumes, such as peas, alfalfa, ahd soybeans. has increased with the availability
of artificial fertilizers. Becausc legumes harbor nitrogen-fixing bacteria, their cultivation has incirectly
led to an increase in nifrogen fixation, Cullivation of some other crops, including rice, also results in-
additional fixation of nitrogen. Scientists cstimate that 40 miflion metric tons of nitrogen are fixed cach
year through cultivation of such crops.

Burning fossil fuels liberates the fixed nitrogen within coal and oil from what was cssentially permanent
storage within the Farth, making it available again. A small amount ol atmospheric N, also js iixed
during high-temperature combustion ol fossil fuels. More than 20 million metric tons of fixed nitrogen is
released into the atmosphere.gach year from burning fossi! tuels in auwomobiles, power plants, tactories,
homes, and in other equipment and machinery.

Buming foresis, clearing land, and draining wetlands mobilize fixed nitrogen that had been bound up in
plant matter. About 70 million metric tons of nitrogen arc miohilized each year through these activities.

Figure 5. In addition to the nitregen fixed by
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Transport of Bioavailable Nitrogen

The consequences of the increased delivery of nitrogen to our coastal waters are Imost visible to us on-
Cape Cod in the Torm of degraded water quality. What is perhaps not understood 1s the connection be-
tween the local problem of eutrophication and the agricultural food chain. The largest source of nitrogen
(0> the nertheastern United States is agricultural products imperted from areas such as the Midwest. There,
fenilizers arc applied to crops; sorne of the craps are fed to animals; eventually, the crops and animals are
shipped 1o coastal areas where the majority of people live. Poised at the edge of the sea, we are at the end
of the line of a sequence of evenits that originated hundreds or thousands of miles away.

Tn contrast to the Northeast, the Mississippi Basin is a major exporter of nitrogen. The Mississippi Basin
exports nitrogen in agricultural products tor distribution worldwide, and as a side effect of agricultural
practices, the Basin cxports nitrogen in riverine discharge to the Gulf of Mexico. As different areas ol the
United States and the world import and/or export agricultural products, large quantities of fixed nitrogen
are transported around the globe. : ' '




The atmosphere is another pathway of nitrogen transport. Fossil fuel combustion emits nitrogen com-
pounds that travel hundreds of miles or more before returning to Earth in acid rain or dry deposition.
Some ol the nitrogen compounds in the atmospliere originate in the agricultaral foed chain, because some
of Lhe nitrogen in fertilizers and in livestock manure vaporizes. Taken together, the increase, transport and
redistribution of fixed nitrogen have the capability 10 alter many ccosystems worldwide.

Ecological E_;j‘k?crs of Human Influence on the Nitrogen Cycle

Although on Cape Cod, eutrophication is the most obyious efiect of an cxcess supply of nitrogen, there
are other deleterions cffects of 100 much mtmgen that affect the functioning of tcrrcstual and aquatic
ecosysteins, the atmosphere, and cveles of other essential nutrents.

Changes in Terresiriaf Ervosystems

Scientists use the term nitrogen saluration to describe forcst ecosystems where the planis can no longer
nse the exeessive amounts of available nitrogen. Several effects ensue, including acidification of soils
and leaching ol important soil mincrals such as calcium, magnesium and potassium. Such changes can
affect metabolic processes, and ullimalely, plant and forest growth, Detrimental effects of nitrogen satura-
tion om irees (yellowed leaves and needles, decreased growth) are more pronounced in many parts of
Europe where rates of atmospheric deposition of nitrogen are niuch higher than in the US.

Changes in Freshwater Lakes and Streams .

Lrirect deposition of atmospheric nitrogen in the form of nitric acid (HNC,} or ammonium (NH o} CAUSES
acidification of lakes and streams. Atmospheric nitrogen that falls on nitrogen-saturated vegetated lands
also can leach through to surface water bodies. Many erganisms cannol wolerate a change in the chemical
balance of the water and die when the walers become (oo acidie. Unfortunately, legislation targeting acid
depesition has focused on reducing sulfur dioxide emissions and has not addressed reducing nitrogen
ermissions.

Changes in Ammospheric Chemistry

The amount of nitrous oxide {N_ () in the atmmphcm is increasing {] 2-0.3% each year. Likc CQ,, nitrous
oxide s a greenhouse gas that traps the Earth's heat, N, 0 1% not reactive in the lower atmosphere; there-
fore its effects ure long lasting. 111t rises into the upper stratosphere, it enters into chemical reactions that
result in the thinning of the ozone luyer. N_O also is an intermediate product of reactions of the nitrogen
cycle. Thus, as buman actions have mcreaaed the amount of nitrogen cycling through the living and non-
living components of the Earth, the intermediate products, such as N,O, bave increased as well.

Nitric oxide (NO) concentrations in the atmosphere are increasing. NO is a highly reactive compound
that contributes to the formation of photochemical smog. NO also Is oxidized to nitric acid, a major
component of acid rain. Burning of fossil fuely 1s the major source of human-derived nitric oxides.

Atmospheric ammonia (NH.} concentrations are also 1 increasing. \.folatlllzatmn of ammoenia rom fertiliz-
ers and from livestock manure adds approximately 10 and 32 million metric tons, respectively, of nitrogen
to the atmosphere each year. Tn the atmosphere, ammonia is the primary neutralizer ol acids. Volatilized
amunonia from livestock operations is considered a major coniributor to coastal water eutrophication in
SOTIE Areis.



Effecis on Biodiversity

Different kinds of plants have different requirements for sun, shade, water, and fertilizer. Changes in

these environmental variables lead to changes in plant community structure, as species adapted to the new
conditions outcompete others, In the Netherlands. where rates of atmospheric depesition of nitrogen are

the highest on Earth, scientists have documented the cumemnn of heathlands. habitats that support a
diverse number of species that are acclimated o the- nutrient-poor sandy soils, to grassland habitats similar .
1o some in Lurasia. where a few nitrogen-loving species dominate the plant community. Experiments

" have validated what scientists have observed in the natural world. Tn England, when scientists experimen-
tally added nitrogen to some plant communities, a lew nitrogen-loving species took over, leading to
declines in nambers of other species.

Options: Think Globally, Act Locally

Although there is still much work 1o be done to understand and quantity some components of the global
nitrogen cvcle and human alterations to it (e.g., background rates of nitrogen deposition, rates of mitrogen
fixation in the oceans. rates of denilrification), there are several arcas where prompl action is needed.

{(rlobal Issucs

As the human population continues to grow, so will demand for agricultural products, By the year 2000,
the global production of fertilizer is expected to increase from Loday's rate of 80 million metric tons
annually to more than 130 million metric tons, Although feftilizer use will ncrease, there are some ways
to slow the rate of increase, and to decrease the amount of nitrogen leached to surface waters. Herc are
some options for citizens, policy-makers. and legislators to consider: .
= Ne hnolo :
Presently much of the fertilizer applied to crops is lost to mlarﬂlmlum and leaching. There are some
promising new technologies for increasing the efTicient delivery of fertilizers to plants. These in-
clude "precision agriculture” techniques that link application of fertilizers to the requirements of the
. growing plants. Information about such technologies should be transferred o farmers worldwide.

"+ Qrganic Fertilizers _
The use of organic fertilizers (composted manure and plant materials) recycles previously fixed
pitrogen and does not introduce new nitrogen o the Earth,

»  Soil Nutrient Thresholds
Research is needed 10 establish threshold levels of soil nutrients that put aquatic systems at nisk.
Establishment of threshold levels will provide a foundation for regulations to protect water resources.

+  Weilands
Wetlands are sinks for nitrogen. - Wetlands restoration and construction are new technigues that could
be applied more widely as a means to reduce nitrogen inputs to surface walers.

=  Bulfer Zones
Vegetated buffer zones along dver and siream banks reduce the amount of nutrients entering water,

* New Plant Vareties
Tndustry shonld be encouraged to continue working to find plant varictics that require less fortilizer.




Fossil fuel combustion is the other major contributor (o the increased supply of nitrogen.

»  Efficient Combustion

More efficient combustion techniques and reductions in emissions are critical Lo reduce the amuunt
of nitrogen oxides that enter the atmnbphere

«  Altepative Ene:_*g}g ,
Encouragement of the develnpmcnt of altermative encrgy sources is dnother action thal Lnuld lead to a
reduction in fossil luel usc.

© Local Issues. : : -

It is imponant w remember that decisions we make about land use io our watersheds affect the quality of
aur ha}rm ponds, and terrestrial ecosystems. Suggestions to teduce nitrogen inputs on Cape Cod nclude:

= Preserve Open Space
Naturally vepetated lands do not add nitrogen to coastal waters. In faet, studics on Cape Cod by
Valiela et al. (1997} show that Torests, meadows, and grasslands take up more than a% of the hxed
nitrogen coming Irom the atmosphere, thereby reducing the amount that enters surface waters,

= Watershed Managenient Districls :
Watcrshed management districts arc a tool communitics can use to mplement wastewaler manage-
ment options across 4 watershed. Development of such districts includes siting different kinds of
disposal systems in different areus. depending on density of development, planned future growth
areus, and the need to protect resources. 1t alsa includes developing regulations and regulatory
authority for the maintenance of wastewater facilities, including advanced denitrifying en-sie
systems that often have pumps and other devices that require maintenance.

*  EBveryday Use of Fossil Fuels
Consider reducing your use of fossil fuels—for cxaniple, ride a bicycle; vse a people-power mower, .
mrn d:}wn the thermosial; usce fans instead of air conditioners. :

L L@d;&@_g esign :
Landscape to conserve heat in winter and cool your home in summer. L;md'-':cape with plants accli-
mated to this climate as they will require no fertilizer. Leave part of your yard in natural vegetation.

« Local Comprehensive Plans ’ -
Cape Cod communities are developing and implementing Local Comprehensive Plans (1.CPs) to
guide decisions about future growth. LCPs provide an excellent opportunity to examine and imple-
ment optmm Loy preserve or restore good coastal water quality.

*  Emission Standards

Support cfforts to implement strictcr cimission standards for autumuhﬂes power boats, lawn mow-
crs. and other machines that usc internal combustion engines.

+  Wetlands and Vegetated Buﬁer Zones C L -
Strong support should be given to local efforts to preserve wctlands and riparian habltats



Recommended Reading:

[ssues in Ecology is u scrics of repotts written for the lay person and prodoced by The Ecological Society of America. The
scicnee writer, Yvonne Baskin, does an excellent job of providing sciéntific inlirmalion in a very readable lorm.

Tssue Number 1, "Human Alteration of the Global Nitrogen Cycle: Canses and Conscyuences”

Izsue Number 3, "Nonpoint Pollution of Sarface Waters with Phasphorus and Nitregen"
These ure available (rom the Public Affairs Office, Eeological Society of America, 2010 Massachusetts Avenue, N¥. Buite 4000,
Washingoom, T 20036, Phone: 202-833-8773, email: esahg @exa org, or from b fese sdse cdu/,
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