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ABSTRACT: Nut r ien t  over -enr ichment  has resul ted  in major  changes  in the  coastal ecosys tems of  deve loped  na t ions  
in Europe ,  Nor th  America,  Asia, and  Oceania ,  most ly  taking place over the  narrow pe r iod  of  1960 to 1980. Many estuar ies  
and  e lnbayments  are affected,  bu t  the  effects  of  this eut rophica t ion  have been also fel t  over large areas  o f  se lni -enclosed 
seas  including the  Baltic, North ,  Adriatic, a n d  Black Seas in Europe,  the  Gulf  o f  Mexico, and  the  Seto In land  Sea in 
Japan .  P r imary  product ion  increased,  water  clarity decreased,  f o o d  chains  were altered~ oxygen deplet ion of  bo t tom 
waters  deve loped  or expanded~ seagrass  beds  were lost~ and  ha rmfu l  algal b looms  occu r red  with increased  frequency.  
Th i s  pe r iod  of dramat ic  alteration of  coastal eeosystems~ most ly  for  the  worse  f r o m  a h u m a n  perspeetive~ eo ine idedwi th  
the  more  than doubl ing  o f  addi t ions  o f  f ixed  ni t rogen to the  b iosphere  f r o m  h u m a n  activities, dr iven part icularly by a 
more  than 5-fold increase in use  of  m a n u f a c t u r e d  fert i l izers dur ing  that  20-year per iod.  Nut r ien t  over -enr ichment  o f ten  
in terac ted  synergisdcMly with o ther  hun lan  activities, such  as overfishing, habi tat  dest ruct ion,  and  o ther  f o r m s  of  chemical  
pollut ion,  in cont r ibut ing  to the  widespread  degradat ion  o f  coastal ecosys tems  that  was obse rved  dur ing  the  last  half  of  
the  20th century.  Science was effective in d o c u m e n t i n g  the  consequences  and  root  causes  of  nut r ien t  over-enr ichlnent  
and  has  p rov ided  the  basis for  extensive  ef for ts  to abate  it, ranging f r o m  nat ional  s ta tu tes  a n d  regulat ions  to multi- 
jur isdict ional  compac t s  unde r  the  Helsinki  C ommis s ion  fo r  the  Baltic Sea~ the Oslo-Paris  Commiss ion  for  the  Nor th  Sea, 
and  the  Chesapeake  Bay Program,  fo r  example .  These  ef for ts  have usual ly been based  on a relatively arbi trary goal  of  
reduc ing  nut r ien t  inputs  by a certain pereentage~ wi thout  m u c h  unde r s t and ing  of  how and  when  this  wou ld  affect  the  
coastal ecosystem. While  s o m e  of these  ef for ts  have s u c c e e d e d  in achieving reduc t ions  o f  inputs  of  p h o s p h o r u s  a n d  
ni trogen,  principally th rough  t r ea tmen t  of  point -source  discharges~ relatively little p rogress  has been  made  in reduc ing  
di f fuse  sources  of  ni trogen.  Second-generat ion nlanagenlent goals t e n d  to be based  on des i red  ou t comes  fo r  the  coastal  
ecosystem and  detern l ina t ion  of  the  load  reduc t ions  n e e d e d  to attain tbenl, for  exanlp le  the  Total Daily Maxinlunl  Load  
approach  in the  U.S. and  the  Water  Franlework Directive in the  European  Union .  Science and  technology are now 
chal lenged no t  ju s t  to diagllose the  degree  of eut rophica t ion  and  its causes,  bu t  to cont r ibute  to its p rognos is  and  
t r ea tmen t  by de te rmin ing  the  relative susceptibi l i ty o f  coastal ecosys tems to nu t r ien t  over-enriehment~ def in ing  desi rable  
and  achievable ou tcomes  for  rehabil i tat ion efforts ,  r educ ing  nut r ien t  sources ,  enhanc ing  nut r ien t  sinks~ strategically 
target ing these  e f for t s  within watersheds ,  and  predic t ing  and  observ ing  r e sponses  in an adaptive m a n a g e m e n t  f ramework .  

In t roduc t ion  

T h e  infusion of nutr ients  (particularly n i t rogen  
[N] and  p h o s p h o r u s  [P]) f rom the land via r uno f f  
or the deep  ocean via upwelling is the reason  that  
coastal ecosystems are highly product ive  and  sup- 
por t  most  of the world 's  fisheries. Over  a shor t  pe- 
riod of t ime dur ing the 1970s and  1980s it was dis- 
covered that  large increases in loadings of nutri-  
ents fi-om land as a result  of h u m a n  activities were 
changing many  coastal ecosystems a round  the 
world, often for the worse. The  rapid growth of 
scientific investigation and publ icat ion on coastal 
over -enr ichment  (Nixon 1995) was not  only a re- 
sult of awakening and expans ion  of research,  but  
also of  the concomi t an t  rapid increase in the sup- 
ply of  organic ma t t e r  in the water  bodies  stimulat- 
ed by the increased nu t r i en t  loading (eut rophica-  
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tion by Nixon ' s  definition) that was taking place 
dur ing the last hal f  of the 20th century. 

Science has done  a c o m m e n d a b l e  j o b  of docu- 
men t ing  coastal eu t rophica t ion ,  identifying its root  
causes, and poin t ing  out  its actual and potent ia l  
consequences  (Rabalais 2009). As a result, ma jor  
social and  political c o m m i t m e n t s  have been  mar-  
shaled in many  parts  of the world to reduce  nutri-  
ent over-enr ichment .  T h e  increased supply of nu- 
trients f rom land is now recognized  as one of the 
most  pervasive causes of the degrada t ion  of coastal 
ecosystems (National Research Council  [NRC] 
2000). 

Al though  it was no t  necessarily easy for the sci- 
entists engaged in this transition, the pa th  and  rec- 
ogni t ion of the p r o b l e m  th rough  c o m m i t m e n t  to 
alleviate it h a p p e n e d  quite quickly in the course of  
h u m a n  events. When  I moved  f rom the Chesa- 
peake  Bay region in 1980, debates  were unresolved 
abou t  the effects of  nu t r i en t  over -enr ichment  on 
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the bay as a whole and whether  N was at all a factor. 
When  I r e tu rned  to the region in 1990, I found  a 
large in te rgovernmenta l  es tabl ishment  pursu ing  a 
nearly s ingle-minded goal of  reduc ing  bo th  N and 
P inputs  by 40% by the year  9000. While working 
on the Gulf  of Mexico coast I he lped  initiate a re- 
search p r o g r a m  with Nancy Rabalais and Gene  
T u r n e r  in 1985 on the scope and causes of  hypoxia  
on the Louis iana inner  cont inenta l  shelf. To say 
that our hypothesis  that hypoxia  was linked to in- 
creased loadings of nutr ients  f rom the Mississippi 
River was greeted  with skepticism by agencies  and  
regional  scientists alike is put t ing  it mildly. It  is jus t  
a natural  p h e n o m e n o n  we were told and,  besides, 
it would never  be  politically possible to reduce  nu- 
trient inputs  in the hear t l and  of Amer ican  agricul- 
tural p roduc t ion ,  so far away f rom the Guls Fifteen 
years later, eight  federal  agencies,  n ine  states, and  
two tribal gove rnmen t s  agreed  to a plan to reduce  
the extent  of hypoxia  to a level that  would proba-  
bly require  reduc t ion  of ups t ream N inputs  by 30% 
(Rabalais et al. 9002). 

So what is next  for  science? T h e  ha rd  part ,  really. 
Scientists had  observations,  recons t ruc t ions  f rom 
the sed iment  record,  and genera l  theories  g round-  
ed on exper iences  elsewhere to develop a convinc- 
ing pic ture  of  the course of  coastal eut rophicat ion .  
As we move into the less traveled terr i tory  of de- 
f ining achievable states in the rehabil i ta t ion of 
over-enriched ecosystems, forecast ing the trajecto- 
ry of rehabi l i ta t ion,  developing the most  effective 
means  to reduce  nu t r i en t  inputs,  and observing 
progress  in a highly variable world, scientists will 
have to be even m o r e  resourceful  and holistic in 
their  approaches .  

This  p a p e r  addresses challenges and oppor tu -  
nities for  science as society moves forward to re- 
ducing nu t r i en t  over -enr ichment  of coastal ecosys- 
tems. I review the nature ,  scope, and history of 
coastal eut rophica t ion ,  p r o g r a m m a t i c  efforts un- 
derway to m a n a g e  the alleviation of nu t r i en t  over- 
enr ichment ,  and app roaches  for its aba tement .  
This  review sets the stage for the challenges that  
remain .  

Eutrophication of Coastal Ecosystems 

~ANIFESTATIONS 

In his review of evolving concepts  of coastal eu- 
t rophicat ion,  Cloern  (2001, p. 226) used the t e rm 
eut rophica t ion  in the sense of " the  myriad biogeo- 
chemical  and  ecological responses,  e i ther  direct  or 
indirect,  to an th ropogen ic  fertilization of ecosys- 
tems at the land-sea in ter face ."  These  responses  
can be direct  or indirect,  acute or chronic,  subtle 
or p ro found ,  and beneficial  or de t r imenta l  to hu- 
m a n  interests d e p e n d i n g  on the circumstances.  
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Subject to light l imitation, the grea ter  availability 
of N and P increases p r ima ry  p roduc t ion  of phy- 
top lankton  and,  in some cases, benthic  macroa lgae  
or macrophytes .  T h e  result ing increase in phyto- 
p l ank ton  biomass  common ly  reduces  water clarity 
and  results in grea ter  delivery of organic ma t t e r  to 
bo t tom waters and  the seabed. Nut r ien t  enrich- 
m e n t  also results in qualitative changes  in the dom- 
inant  p r ima ry  producers ,  bo th  in the water co lumn 
and phot ic  zone  benth ic  environments .  This  may 
cause intense blooms,  including ha rmfu l  algal 
b looms  that  p roduce  toxins or nuisance condi- 
tions. Increased  organic  p roduc t ion  and  nu t r i en t  
supply also st imulate microbial  popula t ions  and  
processes,  mak ing  the microbial  loop a m o r e  
p r o m i n e n t  t rophic  pathway. 

T h e  enhanced  organic p roduc t ion  may result in 
i n c r e a s e d  s e c o n d a r y  p r o d u c t i o n  tha t  e x t e n d s  
th rough  food chains to exploi ted f ishery popula-  
tions, part icularly of pelagic species (Caddy 1998, 
2000), but  this may not  always be the case (Micheli 
1998). O n  the o ther  hand,  decompos i t ion  of the 
grea ter  supplies of  organic ma t t e r  often results in 
deple t ion of dissolved oxygen (hypoxia) in strati- 
fied bo t t om waters to levels too low to sustain fishes 
and  invertebrates.  Diminished water clarity and  
s t imulated epiphytic growth may el iminate seagrass 
and  microalgal  meadows or coral reefs that provide 
i m p o r t a n t  habitats. Eu t rophica t ion  that p roceeds  
to the po in t  of p roduc ing  seasonally persis tent  hyp- 
oxia and  extensive loss of shallow vegeta ted  habi- 
tats p roduces  obvious negative effects on fishery 
resources.  

DISTRIBUTION AND SUSCEPTIBILITY 

These  various manifes ta t ions  of eu t rophica t ion  
are widely evident  in coastal ecosystems of devel- 
oped  nations,  including N o r t h  America ,  Europe ,  
Asia, and  Australia. They  are less well known in the 
developing world because of lack of study, lower 
loadings of nutr ients  at their  p resen t  stage of de- 
ve lopment ,  or different  sensitivities of tropical 
coastal ecosystems (Cor redo r  et al. 1999). Semi-en- 
closed seas and large estuaries are affected by hyp- 
oxia, seagrass losses, and  algal b looms  over sur- 
prisingly large areas (Fig. 1). This  includes deep-  
basin hypoxia  and algal b looms  ex tending  over the 
entire sou the rn  Baltic Sea (Jansson and  Dalhberg  
1999; E lmgren  2001; E lmgren  and  Larsson 2001), 
the virtual e l iminat ion of the 10,000 km ~ m e a d o w  
of the red alga Phyltophora on the nor thwes te rn  
shelf  of the Black Sea (Zaitsev 1999), algal b looms 
and anoxia  in the n o r t h e r n  Adriatic Sea (Malone 
et al. 1999), and a 20,000 km e area  of seasonal bot- 
tom-water hypoxia  off the Mississippi and Atchaf- 
alaya rivers in the n o r t h e r n  Gulf  of Mexico (Com- 
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Fig. 1. Locations of regions of large-scale nutrient over-en- 
rictm~ent. 

mit tee  on Env i ronmen t  and  Natura l  Resources  
2000; Rabalais et al. 2002). 

Many smaller  bays, estuaries and  lagoons in the 
Uni ted  States (Bricker et al. 1999), Europe  (Crouz- 
et et al. 1999; Conley et al. 2000), J a p a n  (Suzuki 
2001), and Australia (McComb 1995) have been  
significantly modif ied  by nu t r i en t  over-enr ichment .  
For example ,  44 of 1S8 bays and estuaries a long 
the coast of the U.S. were assessed as having high 
levels of  eu t roph ica t ion  and an addi t ional  40 have 
m o d e r a t e  symptoms (Bricker et al. 1999). Fully 
67% of the com bi ned  surface area  of  these bays 
and estuaries exhibit  m o d e r a t e  to high degrees  of  
increased phy top lank ton  growth, increased growth 
of macroa lgae  and  epiphytes,  low dissolved oxygen, 
ha rmfu l  algal b looms,  and loss of  seagrass. 

It  is i m p o r t a n t  to keep in mind  that  not  all coast- 
al ecosystems are equally susceptible to nu t r i en t  
over-enr ichment .  Cloern  (9001) contrasts Chesa- 
peake  gay, which is particularly sensitive to eutro- 
phicat ion,  with San Francisco gay, which is not.  San 
Francisco Bay receives h igher  N and P loading 
rates than Chesapeake  gay, but  has lower s tanding 
stocks of  phy top lank ton  and  little or no hypoxia  as 
a result of its v igorous  tidal mixing and light limi- 
tation caused by sed imen t  resuspension.  The  rela- 
tive susceptibility of coastal ecosystems depends  on 
dilution, water res idence t ime and flushing, strati- 
fication, suspended  mater ia l  load or light extinc- 
tion, a m o n g  o ther  factors (NRC 9000). This  sus- 
ceptibility can be classified according  to the dilu- 
tion and flushing by freshwater  inflow and tidal 
pr ism volumes  (De t tmann  9001) to yield indicators  
that  are useful for  p ro tec t ion  f rom nu t r i en t  over- 
enr ichment .  

Much  a t ten t ion  has been  focused on the anthro-  
pogenic  inputs  of  N as the principal  cause of eu- 
t rophica t ion  in coastal ecosystems in contrast  to 
freshwater  ecosystems, which tend to be P-limited. 
T h e  processes that  lead to the p r e p o n d e r a n c e  of 
N limitation in estuarine and coastal ecosystems 
are reviewed by NRC (2000). In  efforts to reduce  

nu t r i en t  over -enr ichment  it is i m p o r t a n t  to keep  in 
mind that loadings of  bo th  N and P are many-t imes 
elevated over background  levels for many  coastal 
ecosystems; nu t r i en t  l imitat ion varies based on the 
different  b iogeochemis t ry  within and  be tween eco- 
systems and, often, seasonally; and reduc ing  the 
inputs  of  one  nu t r i en t  has consequences  for the 
fate of  the other. 

Phy top lank ton  p roduc t i on  tends to be P-limited 
in tidal freshwater  reaches  of estuaries. Reducing  
P loading to these subsystems can result  in increas- 
ing the expor t  of N, not  taken up  by phytoplank-  
ton, to the lower estuarine reaches.  Reducing  N 
loading, without  reduc ing  P loading, may stimulate 
N fixation by ha rmfu l  or noxious  cyanobacteria.  
Nut r ien t  l imitat ion can also shift seasonally with P 
l imitation in spring and N l imitat ion in s u m m e r  
(Fisher et al. 1999; Conley 2000). Shallow tropical  
ecosystems character ized by carbona te  sediments  
tend to be P ra ther  than N limited (Cor redo r  et 
al. 1999). Finally, the type of phy top lank ton  pro- 
duct ion s t imulated is inf luenced by the ratios of  
available nutr ients  (Justie et al. 1995), not  only of 
N and P, but  also silicon (which h u m a n  activities 
tend to decrease)  and,  potentially, o ther  micro-  
nutr ients  or the chemical  fo rm of macronu t r i en t s  
(e.g., organic N). For all these reasons, it is im- 
por t an t  that  efforts to reduce  the deleter ious ef- 
fects of  nu t r i en t  over -enr ichment  in tegrate  N and 
P controls  ra ther  than just  focus on N. 

EXPLOSIVE INCREASE IN LATE 20TH CENTURY 

Al though  h u m a n  activities have al tered the de- 
livery of nutr ients  to coastal waters as long as the 
h u m a n  species has been  a round ,  these fluxes have 
been  successively increased as a result  of land clear- 
ing for  h u n t i n g  a n d  a g r i c u l t u r e ,  p o p u l a t i o n  
growth, industrial deve lopment ,  increasing com- 
bust ion of fossil fuels, h u m a n  interest  in cleanli- 
ness, and  the g reen  revolut ion in agricultural  pro- 
duct ion fueled by mined  and manufac tu r ed  fertil- 
izers. T h e  eu t roph ica t ion  of some coastal ecosys- 
tems had already advanced by the beg inn ing  of the 
20th century  (Conley 9000). The  effects of  in- 
creased delivery of nutr ients  and  sed iments  that  
resulted f rom agricultural  land clearing by Euro- 
pean  colonists are clearly evident  in the increased 
accumula t ion  of organic ca rbon  and biogenic  silica 
in Chesapeake  Bay sediments  (Cooper  1995). In- 
creased deposi t ion of biogenic  silica on the Loui- 
siana cont inenta l  shelf  occur red  dur ing the 19th 
century, also coincident  with conversion of land 
within the Mississippi River basin to agr icul ture  
(Rabalais et al. 1996). 

D u r i n g  the  ear ly  90 th  c e n t u r y  p o p u l a t i o n  
growth and  industrialization led to intense loading 
of organic wastes in many  coastal ecosystems. The  
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TABLE 1. Late 20fl: century manifestations of nutrient over-emictm~ent in major coastal ecosystems in Europe, North America, 
Japan, and Australia. Except where noted information from Cloern (2001). 

O0astal Eco system MAI? ifestgtl0 n Period 

Baltic Sea area 

North Sea and Wadden Sea 

Northern Adriatic Sea 

Northwestern Black Sea 

Chesapeake Bay 

Northern GuK of Mexico 

Tampa Bay 

Mikawa Bay 

Seto Inland Sea 

Nitrogen supply to Kattegat doubled (Amdersson and Rydberg 1988) 
Nitrogen supply to Lanholm Bay tripled (Rosenberg et al. 1990) 
Transparency in A_land archipelago decreased by 50% 
Primary production in the Kattegat doubled 
Area of "dead bottom" in deep Baltic tripled (Jansson and Dahlberg 1999) 
Bottom dissolved oxygen levels in Kattegat decreased by one-fourth 
Nanoplankton biomass at Helgdand tripled (Cdijn and Reise 2001) 
Phytoplankmn biomass and primary production in Wadden Sea doubled 
Duration of nondiatom blooms in Wadden Sea increased by tZactor of more than four 
Macrobenthos mean w-eight of individual in Wadden Sea decreased by 50% 
Macrobenfllos biomass in Wadden Sea doubled 
PO 4 and dissolved inorganic nitrogen concentrations in Po River more than dou- 

bled (Harding et al. 1999) 
Primary production doubled 
Average summer oxygen concentration in bottom layer declined by 37% (Justid et al. 

1987) 
Hypoxia first developed (Justid et al. 1987) 
Inorganic phosphate discharges from Danube River increased 50%, inorganic nitro- 

gen discharges increased by factor of 4 (Mee 2001) 
Transparency decreased by >50% (Zaltsev 1999) 
Phytoplankton biomass increased 40-fold along Romanian coast (Mee 2001) 
PhTllopAora algal meadow- decreased by 70% (Zaitsev 1999) 
Large-scale hypoxia first observed (Zaitsev 1999) 
NOa in Potomac River inflow- increased 2.5 times (Zimmerman and Canuel 2000) 
Phytoplankmn biomass tripled 
Centric:pennate diatom ratio in sediment record doubled (Cooper 1995) 
Organic carbon incorporation into sedknents increased by 50% (Cornwell et al. 1996) 
Organic enrichment sediment biomarkers increased by factor of three (Zimmerman 

and Canuel 2000) 
Volume of hypoxic bottom water doubled (Hagy 2002) 
Hypoxia-tolerant benthic Foraminifera doubled in dominance (Karlsen et al. 2000) 
Seagrass extent reduced by 80% (Orth and Moore 1983) 
Flux of nitrate from Mississippi River Basin tripled 
Incorporation of organic carbon in sediments doubled (Rabalais et al. 1996) 
Incorporation of biogenic silica in sediments doubled (Rabalais et al. 1996) 
Hypoxia-tolerant benthic Foraminifera increased in dominance (Rabalais et al. 1996) 
Phytoplankmn biomass doubled (Johansson and Greening 2000) 
Seagrass extent reduced by 50% (Johansson and Greening 2000) 
Transparency decreased by more than one third (Suzuki 2001) 
Days red tides observed tripled (Sukuki 2001) 
Number of red tides increased by factor of >4 

1950-1980 
1960-1980 
1984-1994 
1960-1980s 

1950s--1980s 
1960s--1980s 
1970s--1980s 
1970-1980 
1975-1985 
1970-1980 
1980-1990 

1970s--1980s 

1960-1970 
1945-1984 

1975 
1960-1980s 

1960s-1970s 
1963-1985 

1950s--1980s 
1975 

1960s--1980s 
1960s--1970s 
1950s--1980s 
1960s--1980s 
1970s--1980s 

1970s--1980s 
1960s-1980s 
1970-1980 

1960s-1980s 
1950s--1980s 
1960s--1980s 
1950s--1980s 
1950s--1970s 
1950s--1980s 
1960-1970 
1970-1983 
1960-1975 

e n r i c h m e n t  effects  of  o rgan ic  waste d isposal  were  
s o m e t i m e s  severe,  b u t  were  re la t ively local ized .  
Waste t r e a t m e n t  to d e g r a d e  o rgan i c  m a t t e r  h e l p e d  
to a l leviate  these  loca l ized  effects,  such  as dissolved 
oxygen  sags in es tuar ies  (e.g., in the T h a m e s  a n d  
De laware  Rivers) ,  b u t  did li t t le to r e d u c e  the  i n p u t s  
of  N a n d  P, wh ich  are  m i n e r a l i z e d  in the process .  
At  the  s a m e  t ime,  the  use o f  p h o s p h a t e - b a s e d  de- 
t e rgen t s  c o m p o u n d e d  the g r o w i n g  e u t r o p h i c a t i o n ,  
pa r t i cu la r ly  in f r e shwa te r  ecosystems,  i n c l u d i n g  the  
tidal f r e shwa te r  r e a c h e s  of  es tuar ies  such  as the  Po- 
t o m a c  River  (Jaworski 1990). It was n o t  un t i l  a f ter  
Wor ld  War II that  the  load ings  r e su l t i ng  f r o m  fossil 
fuel  c o m b u s t i o n  a n d  fer t i l izer  use g rew rap id ly  to 
o v e r w h e l m  the o t h e r  sources ,  caus ing  inc reases  in 
r iver  expor t s  o f  N of  2 to 20 t imes  tha t  o f  the  p re -  
h i s tor ic  levels  for  coastal  r e g i o n s  o f  ea s t e rn  N o r t h  

A m e r i c a n  and  W es t e rn  E u r o p e  ( H o w a r t h  et  al. 
1996). 

T h e  explos ive  and  s y n c h r o n o u s  in t ens i f i ca t ion  
of  e u t r o p h i c a t i o n  in suscep t ib le  coastal  ecosys tems 
in N o r t h  A m e r i c a ,  E u r o p e ,  and  J a p a n  is s t r ik ing 
(Table  1). W i t h i n  two d e c a d e s  ( rough ly  1960 to 
1980), l a rge  coastal  ecosys tems  were  substant ia l ly  
c h a n g e d ,  as areas  of  hypox i a  d e v e l o p e d  or  grea t ly  
in tens i f i ed ,  p h y t o p l a n k t o n  p r o d u c t i o n  or  b iomass  
d o u b l e d ,  and  b e n t h i c  m a c r o p h y t e  m e a d o w s  con-  
t rac ted .  T h e  c o i n c i d e n c e  of  this p e r i o d  with the  
r ap id  g r o w t h  of  wor ld  fe r t i l i ze r  c o n s u m p t i o n  a n d  
emis s ion  of  n i t r o g e n  ox ides  f r o m  fossil fuel  c o m -  
bus t i on  is c o m p e l l i n g  e v i d e n c e  of  the  p r i m a r y  driv- 
ing  fo rces  of  coastal  e u t r o p h i c a t i o n  (Fig. 2). T h e  
total  N f ixed by h u m a n  activi t ies m o r e  t h a n  dou-  
b led  b e t w e e n  1960 a n d  1980 and  n o w  p r o b a b l y  ex- 
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Fig. 9. Period of the explosive increase in coastal eutrophi- 
cation in relation to global additions of anthropogenically fixed 
nitrogen (fixation estimates provided by Galloway, personal 
communication). 

ceeds the total fixed by natura l  processes in the 
b iosphere  (Vitousek et al. 1997). The  increase in 
N fertilizer use slowed after 1980 in Nor th  Ameri-  
ca, Europe,  and  Japan.  Most of  the global increase 
in fertilizer use after 1980 took place in developing 
nat ions  (Ti lman et al. 2001). 

Al though  the nu t r i en t  inputs  into u rban ized  
coastal ecosystems such as Nar raganse t t  Bay (Nix- 
on 1997) and  Long  Island Sound  (Long Island 
Sound Study 1998) are domina t ed  by munic ipa l  
and  industrial  waste discharges and  a tmospher i c  
deposi t ion is a very i m p o r t a n t  source of  N in oth- 
ers, agr icul ture  is the mos t  i m p o r t a n t  an thropo-  
gelfiC source of  nutr ients  in inost coastal ecosys- 
tems (Howar th  et al. 1996). Control l ing agricul- 
tural inputs  of  nutr ients  has b e e n  and  will r ema in  
the mos t  difficult chal lenge as food  p roduc t i on  
grows to feed  Ear th ' s  b u r g e o n i n g  popula t ion ,  pro- 
j ec ted  to stabilize at m o r e  than 9 billion dur ing  this 
cen tury  (Nixon 1995; Ti lman et al. 2001). 

It  should  no t  be  forgot ten  that  h u m a n s  have al- 
tered coastal ecosystems in m a n y  o ther  ways in ad- 
dition to nu t r i en t  over-enr ichment .  These  include 
massive sed imenta t ion  f rom soil erosion; hydrolog- 
ical modif ica t ion  of bo th  ca tchments  and coastal 
environments ;  the direct  ( removal  of  consumers)  
and  indirect  (collateral habi ta t  modif icat ion)  ef- 
fects o f  fishing; in t roduct ions  of  non ind igenous  
species; e l iminat ion or modif ica t ion of  habitats, 
such as wetlands, tidal flats, and  oyster reefs, that 
serve no t  only as sites of  food  and  re fuge  but  also 
as natural  nu t r i en t  sinks; and  in t roduc t ion  of  tox- 
icants. Several or  all of  these maladies  have de- 
g raded  mos t  coastal ecosystems (Elmgren 2001). 
Fu r the rmore ,  m a n y  of  these impacts  interact,  of ten 
synergistically. 

The  in terac t ion  of fishing ( removing  biological 
productivity) and  eu t roph ica t ion  (st imulat ing it) 
deserves par t icular  at tention.  Caddy (2000) de- 

scribes instances where  nu t r i en t  e n r i c h m e n t  f rom 
h u m a n  activities has increased fisheries produc-  
tion, part icularly of  pelagic planktivores.  H e  also 
po in t ed  out  how removal  of  consumers  t h rough  
fishing may reduce  grazing rates and  exacerbate  
p rob l ems  re la ted to excess biomass  of  p r i m a r y  pro- 
ducers  (e.g., r educed  water  clarity, hypoxia) .  Jack- 
son et al. (2001) a rgued  for  the p r imacy  of  over- 
fishing as the cause of  the collapse of  coastal eco- 
systems, in the sense that  changes  re la ted  to fishing 
p r e c e d e d  o the r  impacts  and  p r econd i t i oned  the 
susceptibility of  ecosystems to these impacts.  This 
seems to be  clearly the case for  coral reefs and  kelp 
forests a m o n g  o ther  coastal ecosystems. H u m a n -  
e n h a n c e d  nu t r i en t  inputs  also began  m o r e  than  a 
century  ago. It  is Ulflikely that  the eut rophica t ion-  
re la ted collapses observed  in some ecosystems 
(nor thwes tern  shelf  of  the Black Sea and  Gulf  of  
Mexico, for  example)  were necessarily precondi -  
t ioned by removal  of  consumers  control l ing excess 
p roduc t ion  f rom the top down. 

Jackson et al. (2001) cited over-harvest ing of  fil- 
ter  feeding  oysters in the Chesapeake  Bay as setting 
the stage for  subsequent  changes  in that  ecosys- 
tem. It  is implausible  that  res tora t ion of  the oyster 
popula t ions  a lone could comple te ly  e l iminate  the 
adverse manifes ta t ions  of  nu t r i en t  over -enr ichment  
wi thout  nu t r i en t  source reduct ion.  Reducing  bot- 
tom-up nu t r i en t  s t imulat ion and  increasing top- 
down controls  t h rough  oyster res torat ion are, in 
fact, bo th  objectives of  the Chesapeake  restorat ion 
strategy (Boesch et al. 2001b). This exemplif ies  the 
fact that  with regard  to the m a n a g e m e n t  and  re- 
habil i tat ion of  coastal ecosystems, the concep t  of  
p r imacy  is no t  very useful. In tegra ted  goals and  
strategies are required.  

Managing Coastal Eutrophication 
INSTITUTIONAL ARRANGEMENTS 

Recogni t ion  of  the impacts  of  nu t r i en t  over-en- 
r i c h m e n t  has led to a variety of  c o m m i t m e n t s  and 
organized  efforts to reverse eu t roph ica t ion  and  re- 
habil i tate the env i ronmenta l  quality and  resources  
of  deg raded  coastal ecosystems. These  have run  
the gamut  f rom nat ional  statutes and  regulat ions  
to r educe  emissions; mul t ina t ional  directives im- 
p l e m e n t e d  at the nat ional  level; mult i jurisdict ional  
compac ts  involving several nat ions  or  states, prov- 
inces, or  prefectures;  coastal m a n a g e m e n t  pro- 
grams; and  advisory and  educat ional  efforts. 

Dur ing  the 1970s m o u n t i n g  concerns  abou t  en- 
v i ronmenta l  degrada t ion  in the semi-enclosed seas 
su r round ing  Europe  led to mul t ina t ional  conven- 
tions that  have eventually i nco rpora t ed  commit-  
men t s  for  pol lu t ion reduct ion.  These  are r e fe r red  
to as the Barce lona  Convent ion  (1975) for  the 



Medi t e r r anean  Sea, the Oslo (1972) and Paris 
(1974) Convent ions  for the Nor th  Sea, the Helsin- 
ki Convent ion  (1974) for  the Baltic Sea, and  the 
Buchares t  Convent ion  (1994) for the Black Sea 
(Haas  1990; Crouzet  et al. 1999; Mee 2001). Sci- 
entific and technical  assessments are inc luded 
a m o n g  the activities pursuan t  to each of these con- 
ventions.  

T h e  Barce lona  Convent ion ,  or Med i t e r r anean  
Action Plan, includes a genera l  c o m m i t m e n t  to 
take all appropr ia t e  measures  to prevent ,  abate,  
and  comba t  pol lut ion of the Med i t e r r anean  Sea 
area, but  has not  advanced to include m a n y  spe- 
cific goals for a b a t e m e n t  of  nu t r i en t  pol lu t ion 
(Crouzet  et al. 1999). T h e  Oslo Convent ion ,  which 
deals with discharges f rom ships and aircraft, and  
the Paris Convent ion,  which addresses land-based 
sources of  pollut ion,  were combined  in 1992 unde r  
the Oslo and Paris Commiss ion  (OSPAR). In  1987 
ministers  of the OSPAR nat ions (except  for Grea t  
Britain) set the objective of reduc ing  inputs  of N 
and P by 50% by 1995 into areas where  these in- 
puts are likely, directly or indirectly, to cause pol- 
lution. In  1988 the parallel  Helsinki Commiss ion  
(HELCOM) adop ted  a very similar objective of 
halving the an th ropogen ic  discharges of N and P 
over a 10-year period.  

T h e  European  enclosed coastal sea convent ions  
include the littoral states as signatories, e.g., the 9 
nat ions a long the shores of the Baltic Sea and  the 
6 nat ions bo rde r ing  the Black Sea. Various efforts 
have also been  u n d e r t a k e n  to control  nu t r i en t  in- 
puts f rom other  non-li t toral  nat ions lying within 
the catchments .  T h e  ca t chmen t  area  for the Black 
Sea, for example ,  covers nearly 1.7 mill ion km ~ and  
includes some 17 nat ions and  160 mill ion inhabi- 
tants. These  efforts include mul t ina t ional  action 
plans to reduce  nu t r i en t  sources in several large 
river basins, i.e., those of  the Danube ,  Rhine and  
Elbe Rivers (Crouzet  et al. 1999). In 1999 the Is- 
tanbul  Commiss ion  for the Buchares t  Convent ion  
in coopera t ion  with the In te rna t iona l  Commiss ion  
for the Protect ion of the Danube  River recom-  
m e n d e d  that  all nat ions in the Black Sea basin 
should take measures  to r educe  the loads of  nutri- 
ents to such levels necessary to pe rm i t  Black Sea 
ecosysterns to recover  to condit ions similar to those 
observed in the 1960s. These  commissions  agreed  
to an in te rmedia te  goal that  control  measures  be 
taken by basin states to avoid discharges of nutri-  
ents into the Black Sea exceeding  those which ex- 
isted in 1997. Because of the collapse of  the cen- 
trally p l anned  econom y  in f o r m e r  C o m m u n i s t  
countr ies  and result ing dramat ic  reduc t ion  in fer- 
tilizer use, the 1997 nu t r i en t  loading levels were 
approx imate ly  half  of those in the late 1980s (Mee 
2001). 
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T h e  imp lemen ta t i on  of the c o m m i t m e n t s  unde r  
the enclosed seas convent ions  is left to the signa- 
tory nat ions and the level of imp lemen ta t i on  varies 
greatly, especially consider ing the wide range  in 
the economic  status and gove rnmen ta l  capacity of 
Eu ropean  nations. Directives adop ted  by the Eu- 
r o p e a n  Union  (EU) that  are to be  i m p l e m e n t e d  
by nat ions have b e c o m e  a major  force for reduc ing  
nu t r i en t  pol lut ion because they are backed by the 
threat  of  sanctions. This  is true even in Eastern  
Europe ,  where  nat ions aspiring to EU m e m b e r s h i p  
are unde r  pressure  to comply with the directives as 
a potent ia l  condi t ion for m e m b e r s h i p  (Mee 2001). 
These  include the Urban  Waste Water T r e a t m e n t  
Directive, which sets m i n i m u m  standards  for the 
collection, t rea tment ,  and disposal of  wastewater 
d e p e n d e n t  on the size of the discharge,  and the 
type and  sensitivity of  the receiving waters; the Ni- 
trate Directive, which aims to reduce  or p revent  
the pol lut ion of surface and g round  waters caused 
by the appl icat ion and  storage of inorganic  fertil- 
izer and m a n u r e  on farmland;  the Directive on In- 
tegrated Pollut ion Prevent ion  and Control ,  which 
is directed to major  industries; and the Water 
Framework  Directive, which calls for watershed- 
based approaches  to improve  water  quality, specific 
goal setting and mon i to r ing  and stresses stakehold- 
er involvement  (Crouzet  et al. 1999; Conley et al. 
2002). 

Driven by these mul t ina t ional  convent ions  and  
EU directives as well as their  own domest ic  con- 
cerns, some Eu ropean  nat ions have i m p l e m e n t e d  
aggressive p rograms  to reduce  nu t r i en t  pol lu t ion 
to coastal waters. Notab le  a m o n g  them is Den- 
mark ,  which has extensive nu t r ien t - impai red  estu- 
aries and coastal waters, intense agriculture,  and  is 
party to bo th  the OSPAR and H E L C O M  conven- 
tions. In 1986 the Danish Par l i ament  adop ted  an 
agenda  for  reduc ing  total loads of  N and P to the 
aquatic env i ronmen t  by 50% and 80%, respective- 
ly, and m a n d a t e d  act ion plans to achieve these ob- 
jectives (Conley et al. 2002). To direct  and  track 
progress  toward these objectives, the Danish gov- 
e rnrnent  opera tes  a substantial  Nat ional  Aquatic  
Moni tor ing  and  Assessment Program.  

In the U.8. efforts to curtail deleter ious nu t r i en t  
inputs  to coastal waters began as early as the 1960s 
with efforts to control  r u n o f f  f rom duck fa rms  into 
Moriches  Bay on Long  Island (Ryther  and  Dunstan  
1971). A b a t e m e n t  of P over -enr ichment  in fresh 
waters had been  underway  for  some t ime in bodies  
such as the Grea t  Lakes (U.S. Env i ronmenta l  Pro- 
tection Agency 1995) and P removal  f rom munic-  
ipal Washington,  D.C. wastewaters began  in the 
1970s in an effort  to improve  water  quality in the 
tidal Po tomac  River estuary (Jaworski 1990). Nu- 
trient removal  was incorpora ted  in t r ea tmen t  of 
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sewage discharges into Tampa  Bay beginning in 
1980 (Lewis et al. 1998) and eventually resulted in 
a 50% reduct ion  in N inputs from these sources. 

The  first ambitious effort  to effect major  reduc- 
tions of both  point  and diffuse sources of nutr ients  
over a large region began with the 1987 ag reemen t  
among Pennsylvania, Maryland, Virginia, the Dis- 
trict of Columbia,  and the federal gove rnmen t  to 
reduce  controllable inputs of both  N and P into 
the Chesapeake Bay by 40% by the year 2000 
(Boesch et al. 2001a). Controllable inputs were 
meant  to exclude a tmospher ic  sources, r uno f f  
from forests, and inputs f rom the three non-sig- 
natory states that occupy relatively small port ions 
of the watershed. The  Chesapeake Bay Program 
has developed and sustained extensive capabilities 
for assessment, including model ing  and monitor-  
ing programs,  and an expansive implementa t ion  
structure that have been  emulated for o ther  U.S. 
coastal waters included unde r  the National Estuary 
Program. 

Of  the 28 National Estuary Programs, 18 have 
identified the impacts of nu t r ien t  over-enr ichment  
as a high or med ium priority for  m a n a g e m e n t  
(Greening and Elfring 2002) and strategies to re- 
duce nu t r ien t  loading are being implemen ted  for 
10 of these coastal ecosystems. Managemen t  pro- 
grams for several heavily popula ted  bays and estu- 
aries with relatively small catchments  rely heavily 
on reduct ion  of point  sources of nutrients,  e i ther  
th rough  advanced waste t reatment ,  such as in Tam- 
pa and Sarasota Bays and Long Island Sound,  or 
th rough  redi rec t ion  of these discharges through 
deepwater  outfalls, such as in Boston Harbor-. A 
goal of reducing N loading by 58.5% has been  set 
for Long Island Sound (Long Island Sound Study 
1998). This is to be met  mainly through advanced 
t rea tment  of municipal  and industrial wastes. For 
Tampa  Bay because significant reduct ions  in nutri- 
ent loading from sewage discharges have already 
been achieved, the goal is to hold gains made  in 
nu t r ien t  load reduct ions  by making additional re- 
ductions in point  and diffuse sources to offset the 
effects of ant icipated high rate of popula t ion  
growth in the regron. 

On  a larger scale, in 2000 a task force, working 
unde r  the auspices of the National  Science and 
Technology Council  that represen ted  eight federal  
agencies, nine states, and two tribal governments ,  
adopted  a general  goal of reducing the area ex- 
per iencing hypoxia  in the n o r t h e r n  Gulf  of Mexico 
by two-thirds (Rabalais et al. 2002). The  task force 
recognized that this would probably require  the re- 
duct ion of N inputs f rom the Mississippi River Ba- 
sin by 30%. As in the case of the Black Sea, achieve- 
men t  of this goal will depend  heavily on actions 
taken within jurisdict ions beyond the littoral states 

that are party to the regional sea compact  which 
involves only five Gulf  coastal states. 

No specific nu t r ien t  source reduct ions  are man- 
dated u n d e r  U.S. federal laws but  two actions taken 
unde r  the existing Glean Water Act (CWA) are des- 
tined to have an inf luence  on nutr ient  inputs in 
U.S. coastal waters. O n e  is the deve lopment  of nu- 
tr ient water quality standards by the U.S. Environ- 
mental  Protect ion Agency (EPA). T h e  o ther  is the 
cour t -ordered implementa t ion  of a long-neglected 
provision of the CWA that requires that Total Max- 
imum Daily Loads (TMDLs) of wastes be deter- 
mined and allocated through regulatory action if 
technology-based standards do no t  succeed in 
achieving water quality standards for  designated 
uses in water bodies (U.S. EPA 1999; NRC 2000, 
2001). 

Eut rophica t ion  of the coastal waters of Japan  is 
a part icular  problem in the major  urbanized em- 
bayments  on the Pacific side of Honshu:  Tokyo 
Bay, Ise Bay (including Mikawa Bay), and the Seto 
Inland Sea (including the heavily pol luted Osaka 
Bay). In response to worsening water quality and 
red tides that in ter fered  with aquacul ture  activities, 
the Law Concern ing  Special Measures for Conser- 
vation of the Env i ronment  of the Seto Inland Sea 
was enacted in 1978. Under  the law, the 11 gov- 
ernors  of the prefectures  situated a round  the Seto 
Inland Sea established administrative guidelines 
for the reduct ion  of loading of  oxygen demanding  
materials and P by 1994. In 1994, N was added to 
this list. In 1998 the Japanese  Environmenta l  Agen- 
cy established Environmenta l  Quality Standards 
(EQS) and uni form national  eff luent  standards for 
N and P to reduce  marine  eutrophicat ion.  These  
eff luent  standards are effective in the watershed 
areas of the 88 designated coastal waters. EQS for 
N and P have been  applied to Tokyo, Ise, and Osa- 
ka bays and detailed target reduct ion  figures are 
being set for 9004. Point  sources in the form of 
domes t i c  was tewater  and  indus t r i a l  d i scharges  
dominate  nu t r ien t  loads in these bays, a l though ag- 
ricultural sources are also impor tan t  in Ise Bay (Su- 
zuki 9001) 

NUTRIENT REDUCTION GOALS 

In the local to regional programs for reduc ing  
nu t r ien t  over-enrichrnent  discussed here,  the ini- 
tial reduct ion  goals were guided by a combinat ion  
of professional j u d g m e n t  and political art. Literally 
within a few years (1986-1988) goals of 40% to 
50% reduct ion  in nu t r ien t  loadings were set for 
Denmark,  OSPAR, the Chesapeake Bay, and HEL- 
COM. Crude  scientific models  and nu t r ien t  budget  
reconstruct ions  in formed  these decisions, but  the 
narrow range of these initial goals suggests that po- 
litical de te rmina t ion  of targets that were signifi- 



cantly bold but  acceptable  by the publ ic  also 
played an impor t an t  role. These  goals were viewed 
as first steps that  would achieve significant im- 
provements .  It was simply i m p o r t a n t  to begin to 
reverse the trends. 

Once  the daun t ing  p ropor t ions  of  these reduc- 
tions were realized, it was d e e m e d  necessary to 
qualify what was inc luded in the base to be re- 
duced and what  was not. For the Chesapeake  Bay, 
the decision was made  to exclude background  
loadings f rom forested landscapes,  agricultural  de- 
posit ion, and  loads f rom the three nons igna to ry  
states falling partly in the watershed f rom the re- 
duct ion  targets. 40% reduct ion  of the r ema in ing  
control lable  sources translated to reduct ions  of 
91% for  total N loading and 36% for total P load- 
ing (Boesch et al. 2001a). Dur ing  deve lopmen t  of 
act ion plans based on the 1986 Danish legislation, 
overall reduct ion  targets changed  f rom be ing  tar- 
gets for the total loads to the aquatic  env i ronmen t  
to jus t  reduct ion  targets for the losses f rom agri- 
culture, munic ipa l  waste t r ea tment  plants, and sep- 
arate industrial  discharges (Conley et al. 9002). 
Emissions of N to the a tmosphe re ,  s to rm water 
overflows, and  P losses f rom agricultural  fields 
were not  inc luded in the targets as imp lemen ted .  

More  recen t  nu t r i en t  r educ t ion  goals have been  
set based on s imulat ion mode l s  or empirical  evi- 
dence.  The  goal of  reduc ing  N loading by 58.5% 
for Long  Island Sound was developed using hydro- 
dynamic-water quality mode l ing  to forecast  hyp- 
oxic conditions.  A level of reduced ,  but  not  elimi- 
nated,  hypoxia  was chosen as achieving an accept- 
able and  at tainable level of  i m p r o v e m e n t  (Long 
Island Sound  Study 1998). T h e  goal set for  the 
n o r t h e r n  Gulf  of Mexico is also based on reduct ion  
of the extent  of hypoxia,  with a rough  mode l  ap- 
p rox ima t ion  that this would require  a 30% reduc- 
tion of N loading (Rabalais et al. 2002). For the 
Black Sea and  T a m p a  Bay the goal is to cap load- 
ings at levels at which significant reduct ions  of  hyp- 
oxia, in the f o r m e r  case, and  chlorophyll  levels, in 
the lat ter  case, had  been  realized. 

ASSESSING PROGRESS 

Estimation of progress  in mee t ing  nut r ien t  re- 
duct ion  goals is a chal lenge for several reasons. 
While many  poin t  sources can be m o n i t o r e d  rea- 
sonably accurately, diffuse sources are ha rde r  to 
monitor .  Nut r ien t  delivery in s t ream flow may be 
highly variable on shor t  t ime frames, posing esti- 
ma t ion  problems.  Nut r i en t  load is itself strongly 
related to s t ream flow, which varies greatly a m o n g  
years. P rocedures  for calculation of flow-adjusted 
loadings may be employed  to normal ize  this vari- 
ability (Cohn et al. 1989). Even then,  there are 
t ime delays f rom when  a b a t e m e n t  actions are pu t  

Science and Reducing Over-enrichment 893  

in place to when  these affect delivery of nutr ients  
to coastal waters. These  lags may be several years 
or more ,  part icularly when significant g roundwate r  
flows are involved. Finally, it is difficult if not  im- 
possible to track these changes  back to the partic- 
ular a b a t e m e n t  action (e.g., agricultural  manage-  
m e n t  pract ice or r ipar ian buffer  p lacement )  in- 
volved. 

Efforts to reduce  nu t r i en t  loadings to coastal 
ecosystems are achieving some success. In Den- 
mark ,  N loads f rom poin t  sources were reduced  by 
66% and P loads by 81% dur ing the 1990s (Conley 
et al. 2002). Al though  there  were substantial  re- 
duct ions of  total N and P loadings to Danish coast- 
al waters, there was not  a significant reduct ion  of 
diffuse N loads, which mainly  come f rom agricul- 
ture. Similar t rends in inputs  are evident  elsewhere 
in Europe ,  with substantial  declines in P loading 
due to r educed  use of po lyphospha te  detergents  
and  t r ea tmen t  of  po in t  sources and declines in N 
loadings where  there has been  advanced waste 
t r ea tmen t  of  po in t  sources (Crouzet  et al. 1999). 
Diffuse sources of N, again mainly  f rom agricul- 
ture, seem to have been  little reduced.  A notable  
except ion is the decline in delivery of N and P to 
the Black Sea via the Danube  River (and probab ly  
Dniester  and Dn iepe r  Rivers) five to seven years 
after the dramat ic  reduct ion  in fertilizer use that  
occur red  as a result of  the economic  changes  of 
peres t ro ika  (Mee 9001). 

Model ing  p rocedures  are being used to simulate 
progress  as well as to forecast  future  consequences  
for reduct ions  in nu t r i en t  loadings on  watershed 
scales. A b a t e m e n t  act ions are credi ted for  certain 
reduct ions  in nu t r i en t  loadings, and the changes  
in the loads delivered to the coastal water  are es- 
t imated as a funct ion of their  locat ion on the land- 
scape and  losses dur ing delivery downstream. Such 
a hydrologic-watershed mode l  is used in the Ches- 
apeake  Bay Program for  bo th  status assessment  and  
forecast ing (Linker  et al. 1996). The  mode l  esti- 
ma ted  that  a b a t e m e n t  actions were in place by the 
end of the b e n c h m a r k  year  2000 to result  in effec- 
tive reduct ions  in control lable loadings of 34% for 
P and 28% for N (31% and 15% of the total loads, 
respectively; Boesch et al. 2001a). In  addi t ion to 
the assumpt ions  regarding  the credi ted loading re- 
duct ions for the various a b a t e m e n t  actions, this as- 
sessment  normal izes  flow condit ions to the 1985 
base year  and  includes no lag times for watershed 
delivery. 

A m o r e  effective way to track progress  in achiev- 
ing goals for reduct ion  of nu t r i en t  loading is to 
combine  observat ions with models ,  allowing bo th  
the assimilation of observat ional  data into the 
mode l s  and  the identif icat ion of sources contrib- 
ut ing to changes  in observed loadings. Using such 
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an approach ,  Beh rend t  (1999) found  that N emis- 
sions into the Nor th  Sea f rom both  the Rhine  and 
Elbe Rivers decl ined by 29% dur ing the 1990s, and 
that  this was mainly  due to substantial  reduct ions  
of  munic ipa l  and industrial po in t  sources (46%). 
T h e  decrease in diffuse inputs  was only 10%, again 
point ing  out  the difficulties in r educ ing  agricultur- 
al sources. 

Assessing improvemen t s  in the quality of the re- 
ceiving coastal waters provides the ul t imate  test of  
progress.  The re  have yet been  few u n a m b i g u o u s  
demons t ra t ions  of  mee t ing  objectives for coastal 
ecosys tem rehab i l i t a t ion  f rom ove r -en r i chmen t .  
T h e  stepwise reduct ion  of N loading to the Him-  
merf j~rden,  on the Baltic coast of Sweden, by 70% 
from 1976 to 1998 has resulted in decline in the 
concent ra t ions  of total N and chlorophyll  a that  
a p p r o x i m a t e d  fo recas t s  ( E l m g r e n  a n d  L a r s s o n  
9001). Reduct ions  in nuisance  growth of macroal-  
gae, increased water  clarity, and reduced  phyto- 
p lank ton  p roduc t ion  have also been  d o c u m e n t e d  
in Danish coastal waters (Conley et al. 9009). Chlo- 
rophyll  a levels in T a m p a  Bay have been  r educed  
to a level approx ima t ing  m a n a g e m e n t  goals, but  
seagrass recovery has been  slower than expec ted  
(NRC 2000). 

In most other areas where nutr ient  inputs have 
been  reduced ,  the t rends are mixed  or responses  
are delayed. In the Chesapeake  Bay, statistically sig- 
nificant reduct ions  in am b i en t  nu t r i en t  concentra-  
tions have been  observed in some regions where  
point  source  inputs  have been  r educed  but  not  in 
the open  bay or in areas receiving pr imari ly  diffuse 
source inputs  (Boesch et al. 9001a). T rends  in ex- 
pans ion of seagrasses or reduct ion  of hypoxia  are 
difficult to dec ipher  f rom the effects of interan-  
nual variability of  freshwater  flows. Delayed re- 
sponses due to nu t r i en t  storage in the watershed 
or coastal system and inherent ly  non l inea r  ecosys- 
tem responses  should be expected.  Positive feed- 
backs characterize some of these responses,  po ten-  
tially result ing in m o r e  dramat ic  i m p r o v e m e n t s  
once thresholds  are reached.  For example ,  the 
gradual  i m p r o v e m e n t  in dissolved oxygen condi- 
tions should result in increased denitr if icat ion and 
P burial  in bo t tom sediments  (Boesch et al. 2001a). 
As the Black Sea expe r imen t  indicates, responses  
in the coastal ecos2estem, in this case alleviation of 
hypoxia,  may lag even dramat ic  reduct ions  in nu- 
tr ient  inputs  by as m u c h  as a decade  (Mee 9001). 

SECOND-GENERATION GOALS 

While load reduct ion  goals based on some prac- 
tical app rox im a t i on  of ou tcome  served a useful 
purpose  of mobil izing efforts to reduce  nu t r i en t  
o v e r - e n r i c h m e n t ,  new goals  a re  b e i n g  set  to 
achieve m o r e  specific ecological condit ions in the 

affected coastal waters. T h e  objectives for Danish 
mar ine  waters are that the fauna  and f lora may be 
affected only insignificantly or slightly by anthro-  
pogenic  pol lut ion,  nu t r i en t  concent ra t ions  have to 
be at a natural  level, the clarity of  the water  has to 
be normal ,  unna tura l  b looms  of toxic p lanktonic  
algae or po l lu t ion -dependen t  macroa lgae  must  not  
occur, and  oxygen deficiency may only occur  in 
areas where  it is natural  (Conley et al. 2009). The  
2000 Chesapeake  Bay Program A g r e e m e n t  does 
not  set a specific load reduc t ion  goal, but  specifies 
the objective of correct ing nutr ient- re la ted prob-  
lems needed  to r emove  the bay and its tidal trib- 
utaries f rom the list of impa i red  waters u n d e r  the 
CWA (Boesch et al. 2001a). Essentially this means  
de te rmin ing  TMDLs to m e e t  water quality stan- 
dards for designated uses. The  process  of deter- 
min ing  designated uses and  standards,  est imating 
the m a x i m u m  nut r i en t  loads at which those stan- 
dards can be met ,  and allocating the m a x i m u m  ac- 
ceptable  loads a m o n g  sources is unde rway  not  only 
for various segments  of  the Chesapeake  Bay but  
also for many  o ther  rivers and  coastal waters on 
the impa i red  list. Al though  not  formally based on 
a TMDL, the a g r e e m e n t  for N reduc t ion  in the 
Mississippi River basin also is based on an environ- 
menta l  e n d p o i n t - - r e d u c i n g  the extent  of hypoxia  
(Rabalais et al. 2002). 

T h e  EU's  new Water  Framework  Directive sets 
up a remarkably  parallel  process to reconci le  the 
inadequacies  of the technology-based emission lim- 
its in achieving env i ronmenta l  quality standards.  
T h e  Directive requires  river basin scale app roaches  
to defining good  ecological status and the stan- 
dards n e e d e d  to achieve it, evaluation of the effec- 
tiveness of  i m p l e m e n t a t i o n  of existing regulat ions 
to achieve these standards,  and  identif icat ion of ad- 
ditional measures  n e e d e d  to satisfy the objectives 
established. New Japanese  policies require  addi- 
tional actions when  eff luent  s tandards  are insuffi- 
cient to achieve env i ronmenta l  quality standards.  

Such outcome-based  approaches  as U.S. TMDLs 
and the EU Water  Framework  Directive presen t  
major  new chal lenges to science and the use of  
science (NRC 2001). Because re tu rn ing  to a pris- 
tine state, especially with respect  to a n t h r o p o g e n i c  
nu t r i en t  inputs,  is se ldom if ever a realistic option,  
ou tcome-based  app roaches  involve the practical in- 
tegrat ion of what is desirable with what is achiev- 
able. Al though in the end  these are policy and not  
scientific de te rmina t ions ,  science can and should 
play an integral  role in in fo rming  the policymak- 
ing process bo th  on desirability and  achievability. 

A b a t e m e n t  

MULTIPRONCED APPROACHES TYPICALLY REQUIRED 
Some coastal waters (bay, estuary, or cont inenta l  

shelf region) receive nutr ients  p redominan t ly  f rom 



one source type (e.g., sewage discharges into Long  
Island Sound) ,  such that a concen t ra ted  focus on 
a b a t e m e n t  of  nu t r i en t  loadings f rom that source 
(e.g., imp lemen t ing  advanced waste t rea tment )  
would be a sufficient strategy for reduc ing  over- 
enr ichment .  Because most  over-enriched coastal 
ecosystems receive loadings f rom n u m e r o u s  sourc- 
es, an in tegra ted  strategy for effective a b a t e m e n t  is 
r e q u i r e d .  T h e  s t r a t egy  s h o u l d  e n c o m p a s s  the  
ca tchment  basin, or watershed,  draining into the 
coastal waters because of the widespread impor-  
tance of diffuse sources. It may have to consider  
nutr ients  originating outside the ca tchment ,  but  
t ranspor ted  into it th rough  the a tmosphere .  These  
are non-convent iona l  units for ocean and coastal 
resource  m a n a g e m e n t  and  pose n u m e r o u s  chal- 
lenges. 

T h r o u g h  an in tegra ted  strategy substantial  re- 
duct ion  in nu t r ien t  loadings to coastal waters may 
be achieved by app roaches  that  r educe  the use of 
the nutr ients  in the first place; control  losses to the 
env i ronmen t  at the po in t  of  release (e.g., f a rm 
field, an imal  feeding opera t ion ,  lava1 or subdivi- 
sion, vehicle, power  plant,  or industrial or sewage 
t r ea tmen t  works) ; and  sequester  or r emove  pollut- 
ants ( enhance  sinks) as they are t ranspor ted  to the 
sea. In  o rder  to achieve m a x i m u m  effectiveness of 
these in tervent ions  at acceptable  costs to society 
geograph ic  target ing of source  controls  and sinks 
~s impor tan t .  

SOURCES 

Significant reduct ions  in P loading in Europe ,  
Nor th  America ,  and J a p a n  have resulted f rom dis- 
cont inuing the use of  po lyphospha te  detergents .  P 
can be a lmost  complete ly  r emoved  f rom wastewa- 
ters by addi t ional  chemical  and biological treat- 
m e n t  (NRC 2000). P removal  f rom wastewater in 
the Washington,  D.C. me t ropo l i t an  area  p roduced  
substantial  i m p r o v e m e n t s  in water quality and liv- 
ing resources  in the tidal freshwater  por t ions  of the 
Po tomac  estuary, which tend to be P-limited (Ja- 
worski 1990). Advanced wastewater t r ea tmen t  for 
N removal  has reduced  point-source N loadings in 
D e n m a r k  and  Sweden. Advanced t r ea tmen t  is be- 
ing appl ied in Chesapeake ,  Tampa ,  and Sarasota 
Bays and  Long  Island Sound employing biological 
nu t r i en t  removal ,  a process  that  couples  microbial  
nitrif ication unde r  aerobic  condi t ions  with denitri- 
fication u n d e r  anaerobic  condi t ions (NRC 2000). 

Reduct ions  in n i t rogen  oxide (NO~) emissions 
to the a t m o s p h e r e  have been  driven by air quality 
considerat ions general ly outside the inf luence of 
water  quality or coastal ecosystem managers .  In the 
U.S. NO x emissions f rom power  plants and vehicles 
are regulated u n d e r  the Clean Air Act (CA&); a 
key goal of  the 1990 A m e n d m e n t s  to the act is to 

Science and Reducing Over-enrichment 895 

r e d u c e  g r o u n d - l e v e l  o z o n e  tha t  pose s  h u m a n  
heal th  risks and stresses forests and  crops. Signifi- 
cant reduct ions  in N O  X emissions f rom stat ionary 
and  mobi le  sources are being m a n d a t e d  to mee t  
C_&A requ i r emen t s  (U.S. EPA 2000). A 40% reduc- 
tion in NOx emissions may ult imately be achieved 
as a result  of  new standards,  technologies,  and  ef- 
ficiencies be ing pursued  unde r  the C_&A. In Eu- 
rope  it is es t imated that  a 15% reduct ion  in N O  x 
emissions was achieved between 1990 and 1995, al- 
though  this was largely due to declines in industrial 
activity in Eastern Europe  (Crouzet  et al. 1999). 
EU directives for reduc ing  industrial emissions and  
exhaust  emissions f rom on-road vehicles are ex- 
pec ted  to result  in lowering NOx releases by nearly 
one-third by 2010. 

A b a t e m e n t  of agricultural  sources of  nu t r i en t  
pol lut ion is proving to be m o r e  difficult. To be 
practical,  a b a t e m e n t  of  agricultural  sources of nu- 
trients mus t  focus not  only on reduc ing  fertilizer 
use but  also on plugging the many  leaks in agri- 
cultural nu t r ien t  cycles. Al though efficiencies in 
fertilizer use in U.S. agricul ture have been  slowly 
increasing since the mid-1970s, abou t  one-third of 
the N appl ied  is not  recovered  in harvested crops 
(NRC 2000). No t  all of  the missing N contr ibutes  
to eu t rophica t ion  of coastal waters. Much  is deni- 
trifled in soils or aquatic systems en route  to the 
sea or is s tored in soils or groundwater .  In addi t ion 
to increasing the efficiency of N up take  by crops, 
the r e tu rn  of N 2 gas to the a tmosphe re  can be en- 
hanced  th rough  land m a n a g e m e n t  practices. 

Various agricultural  practices affect N and P run-  
off and  losses to g roundwate r  (which ult imately 
seeps into surface waters) or a tmosphere .  Practices 
employed  to reduce  soil erosion, such as con tour  
plowing, t iming of cultivation, conservat ion  tillage 
(little or no tilling), s t ream bank  protec t ion ,  graz- 
ing m a n a g e m e n t ,  and  grassed waterways also re- 
duce nu t r i en t  pollut ion.  O t h e r  pract ices are m o r e  
specifically targeted to the efficient use and  re ten-  
tion of nutrients;  including soil testing to precisely 
ma tch  fertilizer appl icat ions to crop nutr i t ional  
needs  (many farmers  still overapply to insure max-  
i m u m  crop yields); applying fertilizer jus t  at the 
t ime the crop needs  it; crop rotat ion;  p lant ing  cov- 
er crops in the fall; using soil and  m a n u r e  amen d -  
ments ,  and specialized me thods  of applicat ion,  
such as injection (NRC 2000). Reducing  the inef- 
ficiencies that general ly lead to the appl icat ion of 
fertilizers in excess of  crop r equ i r emen t s  can have 
significant benefi ts  in te rms of reduc ing  nu t r i en t  
loadings downstream. For example ,  using a hind- 
cast, statistical mode l  that  adjusted for the effects 
of the annua l  water budge t  on ni trate  flux in the 
lower Mississippi River, Mclsaac et al. (2001) esti- 
ma ted  that  a 12% reduct ion  in the appl icat ion of 
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fertilizers within the river basin could result in a 
reduct ion of S3% in nitrate flux to the Gulf of 
Mexico. 

Landscape practices, such as maintaining buffer 
strips between cultivated fields and nearby streams, 
modera t ing  excessive drainage by ditches and tile 
lines, and maintaining wooded riparian areas can 
fur ther  reduce the leakage of agricultural nutrients 
to surface waters. By combining these approaches  
a significant por t ion of the edge-of-field N losses 
can be reduced (Boesch and Brinsfield 2000; 
Mitsch et al. 2001). 

Animal wastes are a significant source of nutri- 
ent pollut ion from agriculture. Al though the total 
p roduct ion  of livestock has not  dramatically in- 
creased in recent  years, the number  and size of 
concentra ted animal feeding operat ions have. Vol- 
atilization of amm on ia  and its subsequent  deposi- 
tion on water bodies or their watersheds is an im- 
por tant  source of N loading near areas of intense 
animal product ion  (Paerl et al. 2002). Enclosures 
or trapping devices may eventually be required to 
stem ammon ia  emissions from animal wastes. Ma- 
nure m a n a g e m e n t  also presents a risk of pollut ion 
if holding facilities fail or do no t  funct ion properly. 
Because of the intensification of animal produc-  
tion, too much  manure  can be p roduced  within a 
geographic  area for it to be applied to nearby land 
without overloading soils with nutrients (NRC 
2000; Sharpley 2000). 

Urban  runof f  can also be an impor tant  diffuse 
source of nutrients. Reduct ion and control  of ur- 
ban and suburban diffuse sources can be achieved 
th rough  reduct ions  in fertilizer use; effective and 
well-maintained stormwater collection systems (re- 
tention ponds  can remove 30-40% of the total N 
and 50-60% of the total P); and improved septic 
systems that p romote  denitrification (NRC 2000). 
Preservation and restoration of riparian zones and 
streams within urban  and suburban areas is also an 
impor tant  aspect of effective nutr ient  control. The 
ability of streams to funct ion effectively in nutr ient  
removal is compromised  when a significant por- 
tion of their watersheds is covered by impervious 
sur faces  and  the ampl i f ied  r u n o f f  scours  the 
stream beds (Booth and Jackson 1997). 

SINKS 

Removing or sequestering pollutants as they are 
transported downstream can also abate nutr ient  
pollution. Many American and European  water- 
sheds were once spongeqike,  containing extensive 
flood plains and wetlands that slowed the flow of 
water and served as sinks for dissolved and sus- 
pended  nutrients th rough  sedimentation,  long- 
term storage in plant  biomass or denitrification. 
Well over half  of the wetlands present  in the con- 

terminous U.S. at the time of European  sett lement 
have now been converted to other  land uses and 
the percentage  of inland swamps and riparian wet- 
lands lost is even greater (Mitsch and Gosselink 
2000). Many floodplains have been disconnected 
from their rivers by flood control  projects or agri- 
cultural conversion and no longer  serve as nutr ient  
sinks. 

Reducing and controll ing diffuse sources of land 
runof f  must  involve large-scale landscape manage-  
merit, including restoration of riparian zones and 
wetlands and managemen t  of lakes and reservoirs 
that serve as nutr ient  sinks. Mitsch et al. (2001) 
estimated that restoring 5 million acres of wetlands 
in the Mississippi River Basin would reduce N load- 
ing to the Gulf of Mexico by 90%. The Chesapeake 
Bay Program is striving to reforest 3,200 km of ri- 
parian zones and restore 10,000 ha  of wetlands by 
2010 in order  to achieve nutr ient  reduct ion goals 
(Boesch et al. 2001a). The Danish Action Plan on 
the Aquatic Envi ronment  calls for re-establishment 
of 16,000 ha of wet meadows as nutr ient  sinks 
(Conley et al. 9002). 

Nutr ient  sinks can also be enhanced  within 
coastal ecosystems. Tidal wetlands serve as nutr ient  
sinks, and facilitating the development  of deltaic 
wetlands could remove a por t ion  of the r ive>borne 
nutrients discharged to coastal waters in regions 
such as the Mississippi delta (Mitsch et al. 2001). 
The  Chesapeake Bay Program has a goal of a 10- 
fold increase in oyster biomass in order  to recover 
the natural biofiltration capacity (Boesch et al. 
2001a). Biodeposits associated with oyster reefs ex- 
hibit very high rates of denitrification (Newell et 
al. In press). Rebuilding tidal flats that have been 
lost and degraded as a result of the extensive coast- 
al development  within Japanese  bays is estimated 
to be an impor tan t  purifying mechanism to reverse 
eutrophicat ion of those ecosystems (Susuki 2001) 

TARGETING 

Geographically targeting source controls and n- 
parian and wetland restoration is critical to the ef- 
fectiveness of these efforts in controll ing nutr ient  
loadings downstream. Statistical models  based on 
water quality measurements  th roughou t  the Missis- 
sippi River Basin show that the percentage  of N 
leached from a field that reaches the Gulf of Mex- 
ico depends  greatly on its proximity to larger 
streams and rivers (Alexander et al. 2000). Biolog- 
ical uptake and denitrification are already effective 
in small watercourses, particularly if they are in 
healthy condit ion (Peterson et al. 2001). Agricul- 
tural source controls should be directed in partic- 
ular to those lands that are disproport ionately re- 
sponsible for loads delivered to coastal waters. Res- 
toration of riparian and wetland habitats along 



modera te  to large streams should also be more  
cost-effective. Because of equity considerations, 
however, both  incentives (subsidies and cost shar- 
ing, technical assistance, and insurance) and dis- 
incentives (regulatory controls,  taxes, and fees) for 
aba tement  tend to be applied relatively uniformly. 

Challenges and Opportunities for Science 
With the turn of the century, the science of eu- 

t rophicat ion faces very different  challenges and 
opportunit ies .  The  emphasis during the late 90th 
century  was documen ta t ion  of the degradat ion  of 
coastal ecosystems and diagnosis of its roo t  causes. 
With the scope, consequences,  and causes of coast- 
al eu t rophica t ion  now largely well documen ted  (al- 
though this is clearly less the case in the develop- 
ing world),  science must transition to a preventa- 
tive and rehabilitative stage, with an emphasis on 
prognosis and treatment.  Difficult challenges as 
well as exciting oppor tuni t ies  face the scientific 
communi ty  and envi ronmenta l  managers  in deter- 
mining susceptibility, defining outcomes that are 
both  achievable and desirable, reducing sources, 
enhancing  sinks, targeting efforts for op t imum ef- 
fect, and forecasting and observing responses. 

DETERMINE SUSCEPTIBILITY 

Improved unders tanding  of the degree and na- 
ture of susceptibility of coastal ecosystems to nutri- 
ent over-enr ichment  is required  no t  only for tar- 
geting efforts to pro tec t  threa tened systems (NRG 
2000; Greening  and Elfring 2002), but  also for 
managing the rehabil i tat ion of ecosystems degrad- 
ed by multiple stresses. T h r e e  of the five questions 
posed in Gloern 's  (2001) review of the science of 
coastal eu t rophica t ion  are directly relevant to the 
objective of de te rmin ing  susceptibility: How does 
the coastal ecosystem filter work? How does nutri- 
ent en r i chmen t  interact  with other  stressors? How 
are responses to multiple stressors linked? These  
multiple stressors include translocation of species, 
habitat  loss, fishing, inputs of toxic contaminants,  
manipula t ion  of freshwater flows, aquaculture,  and 
climate change. 

Comparative analyses of the responses of coastal 
ecosystems to nu t r ien t  en r i chment  are emerging,  
but  have not  yet developed a comprehensive  un- 
derstanding of these responses on a global scale 
(Gloern 2001). Massive amounts  of informat ion  
are accruing from moni tor ing  and research pro- 
grams that should make such a grand synthesis 
possible. From a practical s tandpoint ,  this is nec- 
essary to guide protec t ion  and rehabil i tat ion ef- 
forts to where they are most needed  and to avoid 
costs of controls where they have little result. Ap- 
proaches  described in the NRG (2000) assessment 
for classifying estuaries and bays according the di- 
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lut ion and flushing by freshwater inflow and tidal 
prism volumes to yield susceptibility indicators of- 
fer a good first step. 

DEFINE DESIRABLE AND ACHIEVABLE OUTGOMES 

Goals or standards for ecosystem pro tec t ion  or 
rehabil i tat ion represent  compromises  based on 
what is desirable and what is achievable. Gloern 's  
(2001) four th  quest ion is ge rmane  to de termining  
desirable states for the ecosystem: How does coast- 
al eu t rophica t ion  impact  the Earth system as hab- 
itat for  humanity? Answering this quest ion requires 
knowledge of the consequences  at h igher  t rophic 
levels (e.g., fisheries) of direct  impor tance  to hu- 
marls, but  also the consequences  to ecosystem ser- 
vices, the global climate system, and h u m a n  heal th  
and culture. Science should also add realism in the 
definit ion of achievable outcomes and the con- 
straints, costs, and choices implicitly embedded  
therein.  Science needs to remind  m a n a g e m e n t  
and policymaking that ecosystems are dynamic and 
variable and are subject to long-term changes such 
as estuarine infilling, deltaic senescence,  and cli- 
mate change. Th e  potential  consequences  of 21st 
century  climate change on eut rophica t ion  and out- 
come goals (Justi~ et al. 1996; Naijar et al. 2000) 
should be b rough t  into consideration.  Ou tcome  
goals need to take into account  the variability and 
secular changes that may take place within and be- 
yond environmenta l  m an ag em en t  horizons. 

REDUCE SOURCES 

Grappling with the challenges of reducing dif- 
fuse nu t r ien t  sources, tracking the downstream fate 
of nutrients,  and unders tanding  coastal ecosystem 
responses presents an exciting oppor tuni ty  for the 
deve lopment  of holistic environmenta l  science that 
transcends atmospheric ,  terrestrial, aquatic, estua- 
rine, and marine  environments .  Except  for biogeo- 
chemists and engineers  who develop t ransmedia 
budgets  and models,  few scientists seem prepared  
to delve beyond the boundar ies  of their  medium-  
centric disciplines. This is unfor tuna te  because im- 
por tan t  insights can be developed and contribu- 
tions made  by those p repared  to make the trip. 
This is particularly the case for the deve lopment  
of effective and efficient source controls,  where  the 
agricultural scientist may develop new ideas for 
source controls by unders tanding  downstream fate 
and coastal responses or the coastal ecologist may 
contr ibute  impor tan t  insights on the effectiveness 
of various nu t r ien t  controls or interactions among  
N, P, and silica. Science and technology to improve 
the effectiveness of nut r ient  source controls, both  
f rom diffuse sources and in advanced waste treat- 
ment ,  must be a high priority in the preventative 
and rehabilitative stage of eu t rophica t ion  assess- 
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m e r i t  a n d  m a n a g e m e n t .  Th i s  r e q u i r e s  n o t  only  in- 
tens ive  a g r o n o m i c  r e s e a r c h ,  for  e x a m p l e ,  b u t  also 
p l a c i n g  this r e s e a r c h  in to  a b r o a d e r  l a n d s c a p e  a n d  
w a t e r s h e d  con tex t .  

ENHANCE SINKS 

Sc i ence  a n d  e c o t e c h n o l o g y  r e l a t e d  to e n h a n c i n g  
n u t r i e n t  s inks m u s t  also be  a h i g h  p r i o r i t y  in the  
p r o g n o s i s  a n d  t r e a t m e n t  of  e u t r o p h i c a t i o n .  As with 
sou rce  con t ro l s ,  t hey  s h o u l d  also be  c o n d u c t e d  
wi th in  a l a n d s c a p e  a n d  sea scape  con tex t .  Key issues  
i n c l u d e  the  s t r a teg ic  s i t ing  of  p o n d s ,  we t l ands ,  a n d  
r i p a r i a n  bu f f e r s  wi th in  t he  l a n d s c a p e  a n d  a l o n g  wa- 
ter  cou r se s  (Mitsch  et  al. 2001);  t he i r  o p e r a t i o n  
a n d  m a i n t e n a n c e ;  a n d  effect ive  de s ign  o f  coas ta l  
a n d  e s t u a r i n e  h a b i t a t  r e s t o r a t i o n  to e n h a n c e  coast-  
al n u t r i e n t  s inks  such  as salt  m a r s h e s ,  t ida l  flats, 
seagrass  beds ,  a n d  oys te r  reefs.  

TA~CET EVVORTS 

G e o g r a p h i c  i n f o r m a t i o n  sys tems a n d  spa t ia l ly  ex- 
p l ic i t  m o d e l s  e n h a n c e  the  abi l i ty  fo r  t a r g e t i n g  o f  
sou rce  r e d u c t i o n  a n d  s ink  e n h a n c e m e n t  efforts .  
S P A R R O W  (Spa t ia l ly  R e f e r e n c e d  R e g r e s s i o n s  on  
W a t e r s h e d s )  m o d e l i n g  b a s e d  on  o b s e r v e d  wa te r  
qua l i ty  d a t a  p r o v i d e s  a n  e m p i r i c a l ,  s t r a teg ic  tool  
for  th is  on  r e g i o n a l  scales  ( S m i t h  et  al. 1997).  
M e c h a n i s t i c  w a t e r s h e d  m o d e l s  o f  p r o c e s s  ra tes  a n d  
states  a l low o n e  to e s t ima te  d e l i v e r e d  n u t r i e n t  
l oads  r e s u l t i n g  f r o m  s o u r c e  r e d u c t i o n s  on  p r o g r e s -  
sively f ine r  spec ia l  scales,  but ,  of  course ,  a r e  sen-  
sitive to m o d e l  a s s u m p t i o n s  (NRC 2000) .  Spa t ia l ly  
exp l i c i t  p r o c e s s  m o d e l s  can  even i n c o r p o r a t e  eco-  
n o m i c  dr ivers  a n d  costs  ( C o s t a n z a  et  al. 2002) .  Re- 
s e a r c h  on  sou rce  c o n t r o l s  a n d  s ink  e n h a n c e m e n t  
s h o u l d  be  m o r e  effect ively l i n k e d  with such  m o d -  
e l ing  a p p r o a c h e s .  M a n a g e m e n t  i n t e r v e n t i o n ,  for  
e x a m p l e  in t he  p l a c e m e n t  of  c r o p p i n g  sys tems in- 
c l u d i n g  cover  c rops ,  m a n u r e  a p p l i c a t i o n s ,  a n d  re- 
c o n s t r u c t e d  w e t l a n d s  a n d  r i p a r i a n  buffers ,  c o u l d  
be  m a d e  m u c h  m o r e  effect ive  a n d  less costly. Con-  
ce rns  r e g a r d i n g  equ i ty  a n d  r e g u l a t o r y  u n i f o r m i t y  
t e n d  to work  aga in s t  such  g e o g r a p h i c  t a rge t ing ;  
these  t e c h n i c a l  ana lyses  c o n t r i b u t e  to a s se s smen t s  
o f  o p t i m u m  social  b e n e f i t s  a n d  costs. 

PREDICT AND OBSERVE RESPONSES 

Effor t s  to r e d u c e  n u t r i e n t  o v e r - e n r i c h m e n t  o f  
coas ta l  ecosys tems  m u s t  p l a c e  a p r e m i u m  on  en- 
v i r o n m e n t a l  m o d e l i n g  a n d  m o n i t o r i n g  ( N R C  
2000) ,  p a r t i c u l a r l y  if  they  involve c o n t r o l l i n g  mul -  
t ip le  sou rces  wi th in  a w a t e r s h e d  (NRC 1999).  Fo re -  
cast m o d e l s  a r e  n e e d e d  n o t  on ly  to t a rge t  aba te -  
m e n t ,  b u t  also to t rack  the  c o n s e q u e n c e s  of  sou rce  
c o n t r o l  a n d  s ink  e n h a n c e m e n t  tha t  p r o p a g a t e  
t h r o u g h o u t  t he  w a t e r s h e d  a n d  to p r o j e c t  coas ta l  
ecosys tem re sponses .  M o n i t o r i n g  o b s e r v a t i o n s  a re  

cr i t ica l  to d e t e r m i n i n g  the  e f fec t iveness  of  aba te -  
m e n t  s t ra teg ies ,  eva lua t i ng  o u t c o m e s  with r e s p e c t  
to goals ,  a n d  p l a c i n g  the  r e s p o n s e s  in to  the  con-  
tex t  of  ecosys t em variabi l i ty ,  

To be  effect ive  in  an  a d a p t i v e  m a n a g e m e n t  
f r a m e w o r k ,  m o d e l i n g  a n d  m o n i t o r i n g  s h o u l d  be  
i n t i m a t e l y  c o u p l e d  b u t  s e l d o m  are .  M o d e l s  of  en- 
v i r o n m e n t a l  p r o c e s s e s  as c o m p l e x  as w a t e r s h e d  
t r a n s p o r t  a n d  n u t r i e n t  a n d  c o m m u n i t y  d y n a m i c s  
wi th in  coas ta l  ecosys t ems  can  be  s i m u l a t e d  on ly  
wi th  s ign i f i can t  u n c e r t a i n t y  ( C l o e r n  2001) ,  Over-  
r e l i a n c e  on  s ingle ,  cross-scale m o d e l s  of  b iophys i -  
cal p r o c e s s e s  was i d e n t i f i e d  by Wal t e r s  (1997) as 
o n e  o f  t he  p r i n c i p a l  i m p e d i m e n t s  to t he  i m p l e -  
m e n t a t i o n  o f  a d a p t i v e  m a n a g e m e n t ,  F o c u s i n g  ex- 
clusively on  m o n i t o r i n g  resu l t s  w i t h o u t  i n c o r p o r a t -  
ing  p r e d i c t i v e  m o d e l i n g  has  b e e n  a c r i t ic i sm lev- 
e l ed  at  the  D a n i s h  m o n i t o r i n g  a n d  a s s e s s m e n t  p r o -  
g r a m  ( C o n l e y  e t  al ,  2 0 0 2 ) ,  T h e  p u r s u i t  o f  
o u t c o m e - b a s e d ,  T M D L - l i k e  s t r a t eg ies  for  r e d u c i n g  
n u t r i e n t  o v e r - e n r i c h m e n t  to de s i r ab l e  a n d  achiev-  
ab le  levels  r e q u i r e s  a v a r i e t y  of  m o d e l i n g  a p p r o a c h -  
es----simple a n d  c o m p l e x ,  s ta t is t ical  a n d  m e c h a n i s -  
t i c - i n t e g r a t e d  with m o n i t o r i n g  o b s e r v a t i o n s  in 
the  a d a p t i v e  i m p l e m e n t a t i o n  of  m a n a g e m e n t  p ro -  
g r a m s  ( N R C  2001) .  
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