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ABSTRACT: Despite a recent  review concluding that there is little or n o  r e a s o n  to expect  that the product ion  of  f i sh  

and other  a n i m a l s  wi l l  increase with nutrient  enr ichment  or eutrophication~ there is a variety of  evidence that anthro- 
pogenic  nutrients can st imulate secondary  product ion  in marine  ecosystems. Unique  multiple-year ferti l ization experi- 
ments  were  carried out  over fifty years ago in Scottish sea lochs that sh o wed  dramatic increases in the abundance of  
benthic infauna and greatly enhanced  growth o f  f i sh  as  a result of  inorganic nitrogen (N) and p h o s p h o r u s  (P)  a d d i t i o n s .  

These  experiments  appear to have provided a g o o d  qualitative mode l  for  the responses  o f  the Baltic Sea to nutrient  
enr ichment  and resulting eutrophication.  Historical comparisons  by others have s h o w n  t h a t  the weight o f  benthic a n i m a l s  

per  unit  area above the halocl ine in t h e  Ba l t i c  is now up to 10 or 20 t imes greater than i twas  in the early 1920s and t h a t  

the t o t a l  f i sh  b i o m a s s  in  t h e  system may have increased 8 fo ld  between the early part  of  t h e  1 9 0 0 s  and the 1970s .  W h i l e  

there are no sinfilar data for  the highly enriched central and southern  North Sea~ there is convincing evidence that the 
growth rates o f  plaice~ sole~ and other species  have increased there since the 1960s or 1970s .  C r o s s - s y s t e m  comparisolts  
have a l so  s h o w n  that there are strong correlat ions between pr imary  product ion  and the product ion  and yield of  fish and 
the standing crop and product ion  o f  benthic macrofauna  in phytoplankton-donfinated marine ecosystenm. Concerns  over 
the growing nutrient  (especially N) enr ichment  of  coastal mar ine  waters are d e a f l y  valid and deserve t h e  a t t e n t i o n  of 
s c i e n t i s t s  and managers~ but  the recent  demoniz ing  of  N ignores the fact  that nutrients are a f u n d a m e n t a l  requirement  
for  producing  biomass.  Decis ions  regarding the a m o u n t  of  N or P that will  be a l lowed to enter marine  ecosystems sh o u l d  
be made  with the ful l  knowledge  that there may be tradeoffs  between increases in water clarity and dissolved oxygen 
and the abundance  o f  oysters, clams~ fish~ and other  animals we  desire.  

Introduct ion 

It  is possible that  a mee t ing  such as the one that  
s t imulated this special issue of Estuaries could have 
been  held  a century  ago, but  the a t t endance  would 
have been  m u c h  smaller  and  the focus would have 
been  quite different.  Ins tead of hypoxia,  toxic algal 
b looms,  and  fish kills, the emphasis  would almost  
certainly have been  on the positive impacts  of  nu- 
trients on mar ine  productivity. O u r  mee t ing  at the 
turn of the last century  would have been  held  in 
one of the Baltic or Nor th  Sea countries,  r a ther  
than in Washington,  D.C. A likely venue  would 
have been  Germany,  where  the Kiel Commiss ion  
for the Scientific Study of  the G e r m a n  Seas (a har- 
b inger  of  ICES) was trying to apply newly devel- 
oped  quanti tat ive sampl ing techniques  to the prob-  
lem of under s t and ing  variat ions in the yield of  fish 
f rom different  mar ine  areas (Nixon et al. 1986; 
Mills 1989). 

A critical step in developing such an unders tand-  
ing was the ext rapola t ion  to the sea of  recently ac- 
quired knowledge  abou t  the i m p o r t a n c e  of inor- 
ganic nutr ients ,  especially n i t rogen  (N) and phos-  
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phorus  (P), to agricultural  p roduc t ion  on land 
(Nixon et al. 1986). A keynote speaker  migh t  well 
have been  Karl Brandt ,  who would have concluded  
as he did in a 1901 pape r  that, 

" T h e  animals  which inhabi t  the sea are devel- 
oped  in p ropo r t i on  to the quantity of their  food. 
Now, since all this food comes  directly or indi- 
rectly f rom plants, it follows that we can just  as 
well estimate the real p roduc t i on  of an imal  life 
in the water by means  of the annua l  yield of  veg- 
etat ion as we can estimate the p r o d u c t  of a fa rm 
by the quantity of grass and fodde r  that it af- 
fords. (Brandt  1901, p. 500)."  

T h e  early work by Brandt  and  others  led to what 
the renowned  mar ine  fisheries biologist  J. D. H. 
Cushing (1975) later called the agricultural  mode l  
of  p roduc t ion  in the sea. The  essence of this mode l  
is nowhere  bet ter  cap tured  than in one of the mos t  
influential  mar ine  science texts of its time, J a m e s  
J o h n s t o n e ' s  (1908) Condi t ions  of  Life in the Sea, 
where  food chains were simple,  straight, and driv- 
en f rom the bo t tom up: diatoms-cockles-flounders-  
man,  diatoms-oysters-man, per id in ians-copepods-  
sprats-whiting-cod-man, and so on. 

But agricul ture is necessary precisely because na- 
ture is not  so simple, and  a h u n d r e d  years of  re- 
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search has not  surprisingly provided many other  
pictures of p roduc t ion  in the sea, including food 
webs, cog and gear machines,  system loop and flow 
diagrams of great complexity, and a diverse array 
of abstract theoretical  equat ions bor rowed largely 
f rom mathemat ics  and physics (Nixon 1992; Raf- 
faelli 2000). As a result, our  views of nu t r ien t  en- 
r i chment  in marine  ecosystems have been  chang- 
ing (Cloern 2001; Elmgren 2001) and ano the r  
dark side of mar ine  eut rophica t ion  or increasing 
organic p roduc t ion  has become  increasingly ap- 
paren t  (Nixon 1995). 

This is not  to say that the agricultural model  has 
been  completely abandoned.  Attempts to calculate 
the potential  regional or global yield of fish often 
begin with pr imary  p roduc t ion  (e.g., Ryther  1969; 
H o u d e  and Ruther ford  1993; Pauly and Christen- 
sen 1995) and cross-system comparisons have pro- 
vided evidence that there  is a good corre la t ion be- 
tween 14C uptake and fishery landings (Nixon 
1982, 1988) as well as between estimated new pro- 
duct ion by phytoplankton and mar ine  fish produc-  
tion (Iverson 1990). Similar cross-system compari- 
sons have also shown a strong linear correlat ion 
between pr imary  produc t ion  and the average bio- 
mass of benthic  macro in fauna  in coastal mar ine  
systems ( He r man  et al. 1999). A more  restricted 
comparison among  14 Danish estuaries found "A 
clear positive effect of nut r ien t  load . . . on benthic  
biomass . . .  The  relationship was curvilinear with 
a leveling off  or even depression of biomass at high 
total N load." (Josefson and Rasmussen 2000, p. 
205). It should be no ted  that the two Danish sys- 
tems showing declines were receiving well over 7 
tool N m eyr ~, a v e r y  high loading rate compared  
with a wide sample of o ther  estuarine systems (Nix- 
on and Pilson 1983; Nixon et al. 2001). 

Caddy (1993, 2000, 2001) has also emphasized 
the positive impact  of an th ropogen ic  nut r ient  en- 
r i chment  on fisheries yields f rom oligotrophic 
coastal areas, though his conceptual  model  sug- 
gests " . . .  drastic and negative changes as nu t r ien t  
input  passes beyond a state that may be called me- 
sot rophic"  (1993, p. 57). Trophic  states of the Cad- 
dy model  remain  undef ined  and it is no t  clear how 
they would align with the quantitative definit ions 
proposed  by Nixon (1995). The  Caddy model  is 
useful in emphasizing the probable  impor tance  of 
part icular  ecosystem features that may inf luence 
the response to nu t r ien t  en r i chment  (as does 
Cloern  [2001] in his excellent  review of the coastal 
eut rophicat ion problem) and in not ing that in- 
creasing the rate of pr imary  produc t ion  and in- 
creasing fishing pressure may have similar effects 
on the size and composi t ion of  fishery landings. 

An unp lanned  test of Caddy's proposi t ion that 
an th ropogen ic  nu t r ien t  en r i chmen t  may start out  
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well but  end badly may now be well underway off 
the coast of Egypt (Caddy 2000). Until the Aswan 
high dam was closed in 1965, the annual  f lood of 
the Nile discharged large amounts  of inorganic nu- 
trients onto  the Egyptian shelf and stimulated a 
dramatic Nile b loom of diatoms (Halim 1960; Hal- 
im et al. 1967). With the loss of the flood, the 
b l o o m  d i s a p p e a r e d  and  the  f i shery  co l lapsed  
(Dowidar 1984; Halim et al. 1995). Th e  fishery re- 
mained  unproduct ive  for over 15 years, but  began 
a dramatic recovery in the early-mid 1980s that has 
cont inued  to the present.  The  recovery of the fish- 
ery has coincided with equally dramatic increases 
in the probable  release of an th ropogen ic  nutr ients  
f rom Egyptian cities and agriculture that may have 
replaced the N and P (but not  silica) once  provid- 
ed by the Nile f lood (Nixon in press). Since the 
an th ropogen ic  sources will almost certainly contin- 
ue to increase, we may have the chance to follow 
an ol igotrophic system and its fishery as they pass 
relatively quickly th rough  the trophic gradient  as 
discussed by Caddy (199S, 2000). 

These  except ions aside, the agricultural model  
linking nu t r ien t  availability to increased pr imary  
product ion ,  phytoplankton  blooms, and increased 
p roduc t ion  of mar ine  animals now seems out of 
favor  a m o n g  ecologis ts  and  e n v i r o n m e n t a l i s t s  
alike. T h e r e  are at least four reasons. First, the last 
100 years of marine  research revealed a much  rich- 
er and more  complex  mar ine  env i ronment  than 
anyone working in 1900 could have imagined.  Sec- 
ond,  once  it was shown that large-scale differences 
in fisheries yields were related to nu t r ien t  supply 
and pr imary  produc t ion  (i.e., open  ocean g-yres 
compared  with Georges Bank or the Peru  upwell- 
ing), the a t tent ion of fishery ecologists shifted to 
o ther  problems. As Caddy (1993) poin ted  out, 
m o d e r n  fisheries ecologists have t ended  to relate 
landings to rec ru i tment  as inf luenced by stock and 
climate or to fishing effort. Food supply may be 
studied at the finer scale of prey behavior, distri- 
bution,  or nutri t ional  quality, but  seldom at the ba- 
sic level of  carbon fixation. Third,  m u ch  of the ex- 
c i tement  in biological oceanography  during recen t  
decades has involved a growing appreciat ion for 
the abundance  of very small and very rapidly me- 
tabolizing plankton and for microbial  loop pro- 
cesses and pathways. Both emphasize nu t r ien t  cy- 
cling ra ther  than the traditional dia tom-copepod-  
fish food chains described by grandt ,  Johns tone ,  
and others. Fourth,  the am o u n t  of reactive N (and 
P) moving th rough  the a tmosphere  and the land- 
scape toward the coastal ocean has approximately  
doubled  on a global basis since the turn of the last 
century  (Smil 1990; Vitousek et al. 1997). The  in- 
crease has been  m u ch  greater  in many bays and 
estuaries, as well as in such large systems as the 
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Black Sea, Baltic Sea, and Nor th  Sea (e.g., Nixon 
1995; Rabalais et al. 1996; Caddy 2000; E lmgren  
and Larsson 2001). As a result, many  coastal waters 
and enclosed seas have developed sTmptoms asso- 
ciated with over -enr ichment  by nutrients,  includ- 
ing hypoxia,  nuisance or toxic algal b looms,  loss of  
seagrasses or corals, and fish kills. The  title of this 
special issue of Esrua~'ies and the sympos ium that  
gave rise to it reflects the level of conce rn  in the 
scientific communi ty  with these issues, as does the 
recent  publ ica t ion of an increasing n u m b e r  of  
books  and scientific symposia dedicated to prob-  
lems associated with defining, diagnosing, describ- 
ing, document ing ,  and control l ing nu t r i en t  (es- 
pecially N) over -enr ichment  (e.g., Vollenweider et 
al. 1992; M c C o m b  1995; Ophelia 1995; J~ rgensen  
and Richardson 1996; Vidal et al. 1999; Nat ional  
Research Counci l  2000; C o m m i t t e e  on the Envi- 
r o n m e n t  and Natura l  Resources  2000). The  Eco- 
logical Society of Amer ica  (2000) and the H u b b a r d  
Brook Research Founda t ion  (2002), a m o n g  others,  
have p roduce d  pamph le t s  to educate  policy mak- 
ers and the public abou t  the dangers  of  nu t r i en t  
e n r i c h m e n t  and eutrophicat ion.  

O u r  conce rn  is that all of  these f ac to r s - - t he  
great  taxonomic,  spatial, and t empora l  complexi ty  
of  mar ine  ecosystems, the recen t  t rends in plank- 
ton and fisheries research,  and the various unde-  
sirable deve lopments  seen in m a n y  coastal areas 
(not all of which are necessarily l inked to nu t r i en t  
enr ichment )  have led to an emerg ing  view that  
there  is little or no t ru th  to the basic tenet  of  the 
"agricul tural  mode l . "  So far have we come  f rom 
the earlier view that  a recent  p a p e r  in the presti- 
gious journa l ,  ,Sdence (Mieheli 1999, p. 1397), con- 
cluded that  there was virtually no link between nu- 
tr ient  delivery or availability and  secondary  pro- 
duct ion in coastal mar ine  waters: 

" . . .  the general i ty of  a weak coupl ing of N 
loading and phy top lank ton  productivi ty with 
h igher  t rophic  levels . . .  implies  that  an th ropo-  
genic nu t r i en t  loading to coastal waters ~s un- 
likely to result  in increased fish biomass,  regard-  
less of  local physical and  biological condi t ions  
and  of the magn i tude  of nut r ien t  en r i chmen t . "  

O u r  pu rpose  in this p a p e r  is to provide some 
historical ba lance  to such conclusions abou t  nutri-  
ent e n r i c h m e n t  and its potent ia l  impac t  on sec- 
onda ry  p roduc t i on  of coastal mar ine  ecosystems. 
As emphas ized  elsewhere (e.g., Nixon 1993) nutri-  
ents are no t  like many  other  pollutants.  While es- 
tuaries would doubtless thrive with no inputs  of  
an th ropogen ic  metals  or pe t ro l eum hydrocarbons ,  
nu t r i en t  e n r i c h m e n t  may well cont r ibute  in a pos- 
itive way to the cur ren t  levels of  secondary  pro-  
duct ion in many  coastal systems. If  so, then  reduc-  

t ions  in a n t h r o p o g e n i c  n u t r i e n t  d i s c h a r g e s  to 
some systems may be accompan ied  by lower fish 
yields and reduced  potent ia l  for aquacul ture.  To 
the extent  that  they occur, such tradeoffs  need  to 
be recognized and  inc luded in regula tory  decision 
making.  

An earlier review of nutr ients  and secondary  
p roduc t ion  in mar ine  systems (Nixon et al. 1986, 
p. 43) concluded  that, " I t  is surprisingly difficult 
. . .  to find quanti tat ive evidence showing that es- 
tuaries, lagoons,  or coastal waters r e spond  to eu- 
t rophica t ion  by p roduc ing  a larger biomass of  an- 
imals." One  reason it is so difficult to find such 
evidence is that  mar ine  ecologists have general ly 
not  been  able to carry out  the comparat ive  or the 
long- term control led  nu t r i en t  e n r i c h m e n t  experi- 
ments  that  proved so effective in the study of  this 
quest ion in lakes (e.g., Oglesby 1977; H a n s o n  and 
Legget t  1989; Lee and  Jones  1991). Marine ecol- 
ogists have been  forced to rely for the most  par t  
on t ime series mon i to r ing  f rom individual ecosys- 
tems, on relatively shor t - term and small-scale me-  
socosm exper iments ,  or on numer ica l  models  of  
various types. All of these app roaches  can be in- 
structive, but  each also suffers f rom severe limita- 
tions. The  moni to r ing  of natural  systems is usually 
c o n f o u n d e d  by large t empora l  and spatial variabil- 
ity, the lack of a reliable nu t r i en t  input  history, 
changing m e t h o d s  of sampl ing and  analyses, lack 
of repl icat ion,  and the fact that  nu t r ien t  inputs  sel- 
dom,  if ever, change  in isolation. As nu t r i en t  inputs  
change,  so do freshwater  inputs,  o ther  po l lu tan t  
inputs, and fishing pressure.  Mesocosm experi-  
ments  inevitably exclude larger  and m o r e  mobi le  
organisms,  spatial heterogenei ty ,  and  large>scale 
physical processes (Nixon 2001). Numer ica l  mod-  
els are forever hobb led  by their  inventor ' s  knowl- 
edge, imaginat ion,  and assumptions.  

Given this situation, it is surprising that  the only 
two long- te rm control led fertil ization expe r imen t s  
yet carr ied out  with natural ,  intact coastal mar ine  
systems have been  largely ignored  in the li terature.  
Because of this neglect  and  because of their  rele- 
vance to our  p resen t  concerns ,  it seems useful to 
examine  this work and  the results in some detail. 

The  Scott ish Sea Loch  Exper iments  

While there were a t tempts  as early as 1910 to 
increase the yields of  shellfish f rom Norweg ian  oys- 
ter polls or ponds  by adding  fertilizer (reviewed by 
Or r  1947), the first (and pe rhaps  only) ex tended  
exper imenta l  tests of the agricultural  mode l  in ma- 
rine systems were carr ied out  on the west coast of  
Scotland beg inn ing  in 1942. T h e  work took place 
dur ing the depths  of  the World War II and was 
motivated,  at least in part ,  by a hope  that  the fer- 
tilization of coastal waters might  increase the Brit- 
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TABLE 1. Comparison of the two Scottish sea lochs fertilized 
during 1942-1946 in hopes  of increasing the product ion  offish. 
Data from Orr (1947) and Nutman (1950) for Loch Craiglin 
and Kyle Scomish, respectively. 

Loch Craiglin Kyle Scotnish 

Area (ha) 7.3 61.4 
Mean depth (m) 1.0 4.9 
Max. depth (m) 6 21 
Volume (10 ~ m ~) 70 3,000 
Temperature range (~ 4-18 5-20 
Salinity 20-30 28-33 
Tide (m) intermittent ~1-1.8 
Macrophytes Zostera Traces 

Ruppia 
Macroalgae 

Fertilizer Input 5 times (1942) 16 times (1944) 
6 times (1943) 14 times (1945) 

6 times (1946) 
Fertilizer DIN/DIP 5.5 (1942) 16.9 

7.6 (1943) 
Mean Fertilizer Dose 

DIN (mmol m 2yr 1) 38.7 (1942) 380 (1944) 
40.8 (1943) 268 (1945) 

390 (1946) 
88.7 (1942) 78 (1944) 
40.3 (1943) 54 (1945) 
79 (1946) 

DIN (nmaol m -~ yr -1) 

ish food supply. The  first effort was directed to 
Loch Craiglin, a very shallow (mean depth - 1 m) 
system with macroalgae and rooted macrophytes  
where inorganic fertilizer was added on 12 occa- 
sions between late 1942 and early 1944 (Table 1). 
In 1944, at tention shifted to a nearby, but  m u c h  
larger and deeper  (mean depth - 4.9 m) loch, 
Kyle Scotnish, which was fertilized at a higher  rate 
during 1944-1946 (Table 1). The  wartime condi- 
tions were obviously far from ideal for experimen- 
tal ecology, and the measurements  of system re- 
sponse suffered somewhat from undersampling.  It 
must also be admit ted that by present  standards, 
there was a lack of statistical rigor in analyzing 
some of the data. In spite of these limitations ex- 
tensive presentations of the results from both ex- 
per iments  in special issues of the Proceedings of the 
Royal Society of Edinbu'rgh (1947, 1950) as well as in 
articles in Nature (Cooper  and Steven 1948), the 
Journal of Marine Research (Raymont 1948), and the 
Journal of the Marine Biological Association, U.K. 
(Marshall and Orr  1948; Raymont  1949) seem 
compell ing in their overall conclusion that the fer- 
tilized lochs became "a  strikingly rich zone"  (Ray- 
m o n t  1947, p. 54). 

Loch Craiglin proved to be a problematic  site 
for study in a n u m b e r  of respects�9 It had very little 
and only intermit tent  connect ion  with the sea, so 
that there was essentially only wind mixing. Com- 
bined with high rainfall ( -  2 m yr-:)  and solar 
heat ing of the surface water during summer,  the 

lack of tidal mixing resulted in strong vertical den- 
sity stratification and periods of anoxia in the deep- 
er port ions of the system (Orr  1947)�9 The  macroal- 
gae, Enteromo~pha and Cladophora became abundan t  
during spring and apparently ou tcompeted  the 
phytoplankton  for fertilizer nutrients. The bloom 
of macroalgae was followed by luxurious growths 
of eelgrass, Zostera, and wigeon grass, Ruppia (Mar- 
shall 1947), which made  sampling for benthic  in- 
vertebrates and fish difficult�9 Lastly, the shallow- 
ness of  the system made  fish especially vulnerable 
to heavy predat ion by cormorants  and herons  
(Gross 1947). In spite of these problems, Raymont  
(1947, p. 90, 92) repor ted  an impressive enhance-  
ment  of the benthos  due to fertilization and Gross 
(1947) concluded that " . . .  by the application of 
fertilizers the loch has been rapidly converted into 
a feeding g round  for fish a p p r o a c h i n g - - o n  a small 
sca le- - the  richest feeding grounds  known . . .  the 
vast improvement  in growth rate observed may be 
taken as an indication of a very rapid ultimate con- 
version of inorganic plant nutrients into fish flesh 

Encouraged  by such dramatic results even from 
a difficult site, the team switched their efforts to 
nearby Kyle Scotnish, a much  larger and deeper  
phytoplankton-dominated  loch. In this system, fer- 
tilization usually, but  not  always, " . . .  p roduced  an 
immediate  but  usually short-lived increase of the 
phytoplankton  . . .  and a very dense zooplankton  
popula t ion was maintained for two s e a s o n s . . ,  the 
productivity of Kyle Scotnish, in terms of plankton 
[was] doubled by the distribution of fertilizers" 
(Gaud 1950, p. 41, 51, 63). In this loch, there was 
also a dramatic increase in the numbers  of benthic 
infauna (Fig. 1). This increase was in spite of graz- 
ing by large numbers  of in t roduced fish, so that 
Raymont  (1950, p. 105) concluded that, "The  rises 
�9 . . are therefore all the more  convincing p roof  of 
the efficacy of fertilization in stimulating the bot- 
tom fauna."  The  response of the fish was repor ted  
to be equally dramatic. According to Gross (1950a, 
p. 119), " . . .  the addit ion of fer t i l izers �9  b rought  
about  an increase of almost four to five times the 
weight of Group  0 and about  three times the 
weight of Group I plaice. The  growth of f lounders  
. . .  also represents a remarkable acceleration . . .  
in weight three times faster than normal  during 
the first year and between three and four times 
faster during the second year." 

Despite these dramatic and impor tan t  ecological 
results several circumstances converged to create 
an impression that the experiments were a failure. 
In the first experiment,  anoxia and natural pre- 
dation exerted a heavy mortality on in t roduced 
fish. In the second, large numbers  of ha tchery  
reared fry were introduced,  but these also suffered 
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Fig. 1. Mean a b u n d a n c e  of  bend l i c  m a c r o i n f a u n a  larger 
than  1 m m  at e ight  regularly s ampled  stat ions in Kyle Scotnish,  
Loch Sween, Scotland. M easu remen t s  were m a d e  f rom winter  
1944 (W 44) t h r o u g h  s u m m e r  1947 (S 47) excep t  for  spr ing  
1947. Tile loch was fertilized repeatedly  in 1944, 1945, and  1946 
(Table 1). Line 1 is for  total polychaetes,  l ine 2 is for  amphi-  
pods,  line 5 is for bivalves, a n d  file top line is for the  total o f  
all g roups  (data f rom R a y m o n t  1950). 

a very high mortality. As the fish grew larger they 
also tended to migrate out of the open  m o u t h  of 
Kyle Scotnish. For these reasons, it was concluded 
that the economic  re turn  from enhanced  fish yield 
would not  justify the cost of fertilization. This prac- 
tical failure seems to have over-shadowed the sci- 
entific value of the ecological results. This problem 
was noted  early by Cooper  and Steven (1948, p. 
631), scientists no t  involved with the research, who 
wrote in strong appreciat ion of the Loch Craiglin 
work: 

" T h e  exper iment  suffered from many shortcom- 
ings which this group of able workers are the 
first to admit. The  aim was set very high and the 
time that could be devoted to the pro jec t - -main-  
ly weekends----under the severe stress of war con- 
ditions was inadequate.  The  exper iment  failed in 
its pr imary objective of demonstra t ing that ma- 
rine fish cultivation can be made  to pay. In the 
series of papers embodying the results, one sens- 
es that this fa i lure--a  failure on the heroic 
scale--has  infected the authors  with so great a 
feeling of d isappointment  that in the end they 
have no t  dared to draw from their data even 
those conclusions that their results would seem 
to justify." 

Cooper  and Steven (1948, p. 633) concluded their 

positive review in Nature magazine on an optimistic 
note, " . . .  this unique exper iment  has provided 
such a mass of interesting and impor tant  facts as 
will stimulate academic research and practical en- 
deavor in many parts of the world." But it was not  
to be so, even after the much  more  comprehensive 
and impressive results from Kyle Scotnish were 
published. 

It is hard to know why this work, especially the 
Kyle Scotnish study, has had so little impact  on cur- 
rent  thinking in marine ecology. Cooper  and Stev- 
en (1948) may have been correct  that the failure 
of both experiments to demonstra te  that fertiliza- 
tion could be an economic  success distracted both 
the researchers and, by extension, the wider ma- 
rine science communi ty  from the ecological value 
of the results. However, the quotat ions given here 
from some of the major  papers do not  suggest that 
the researchers were unimpressed with their find- 
ings. In his in t roduct ion to the special issue of the 
Proceedings of the Royal Society of Edinburgh devoted 
to the results of  the Kyle Scotnish experiment,  Fa- 
bius Gross (1950b, p. 3, 4) explicitly addressed the 
purpose of the experiments: 

"When an exper iment  of this kind was first sug- 
gested . . . ,  it was hoped  that a re turn  of  the 
money  expended might  be derived from the sale 
of the fish crop. However, by the time it was de- 
cided to under take  a small-scale exper iment  in 
Loch Craiglin it was clear that this would be of 
the nature of exploratory fundamenta l  research, 
and nei ther  our  research team nor  the represen- 
tatives of Imperial  Chemical  Industries Ltd. 
[who provided the fertilizer and helped to fi- 
nance  the study] expected that it would pay its 
way. The objective of the exper iment  was " to test 
the possibility of increasing the fertility of a small 
sea-loch by the addit ion of nitrate and phos- 
phate  fertilizers, with the view of improving the 
growth rate and yield of fish." 

In order  to prevent  any confusion with regard 
to our objectives, it should be pointed out that 
the second experiment,  carried out at Kyle Scot- 
nish, was also primarily concerned  with scientific 
rather  than economic  problems of marine pisci- 
culture, with the possibility of increasing pro- 
duct ion in an unenclosed area of the sea and of 
increasing the fish populat ion of such as are with 
the aid of a hatchery. The pa ramoun t  impor- 
tance of the question whether  marine cultivation 
can be made to pay was, of course, r e a l i z e d . . . "  

Perhaps ecologists a half  century ago were uncom-  
fortable with the financial suppor t  provided for the 
work by the chemical industry. It seems more  like- 
ly, however, that the dramatic shift in the center of 
marine research from Europe  to Nor th  America  



following the war made  studies of  Scottish sea 
lochs seem r e m o t e  and of little interest.  T h e  issue 
of nutr ients  as a ha rmfu l  pol lu tant  in mar ine  coast- 
al waters would not  emerge  in a major  way for  an- 
o ther  95 years (Nixon 1995). 

In our view, the two major  l imitations of the sea 
loch exper iments  were the lack of a longer  t ime 
series of observat ions against  which to c o m p a r e  the 
behavior  of the systems be ing  fertilized, and the 
lack of replicate lochs for control  and manipula-  
tion. These  same shor tcomings  have con t inued  to 
c o n f o u n d  o u r  i n t e r p r e t a t i o n  of  v i r tua l ly  all 
p l anned  and  inadver ten t  manipu la t ions  of  coastal 
mar ine  ecosystems. T h e r e  is no reason to exclude 
the results of the exper imen t s  f rom being an im- 
por t an t  par t  of our  knowledge of how such systems 
re spond  to nu t r i en t  enr ichment .  The  results clear- 
ly provide  impressive evidence that bo th  the stand- 
ing crops and the growth rates of h igher  t rophic  
levels (benthos  and fish, respectively),  can be 
marked ly  enhanced  by a n t h r o p o g e n i c  nu t r i en t  in- 
puts, at least u n d e r  the c i rcumstances  of  the ex- 
per iments .  Those  c i rcumstances  had  the singular 
advantage of including known a m o u n t s  of  nutri- 
ents added  for mul t ip le  years to real, intact, and  
comple te  ecosystems conta ining natural  p lant  and  
animal  communi t ies .  

Comparisons with the Baltic Sea and the 
North  Sea 

It seems reasonable  and  useful to put  the sea 
loch exper imen t s  in a larger context  by compar ing  
the fertilization used in the lochs and the biologi- 
cal responses  observed with an t h ropogen i c  nutri- 
ent inputs  and responses  in larger  systems. Two of 
the best known and intensively studied mar ine  ar- 
eas where  nu t r i en t  e n r i c h m e n t  has emerged  as a 
serious conce rn  are not  far f rom the exper imenta l  
area. Both the Baltic Sea and Nor th  Sea have been  
the subject of major  in terna t ional  research and  
mon i to r ing  p rog rams  by leading universities and  
g o v e r n m e n t  laborator ies  for over 100 years. Both 
have also received increasing amoun t s  of N and P 
f rom agricultural  runoff ,  u rban  wastewater, and en- 
r iched a tmospher ic  deposi t ion for many  decades  
(e.g., Pos tma  1978; Larsson et al. 1985; Boddeke  
and  Hagel  1991; Wulff et al. 1994; Asman  et al. 
1995; Nixon  1995; Paerl 1995; Howar th  et al. 1996; 
E lmgren  2001). 

In spite of these increases, the average daily in- 
puts of  an th ropogen ic  N and P per  uni t  vo lume to 
the Baltic and to the most  enr iched  central  and  
sou the rn  por t ions  of  the Nor th  Sea remain  far low- 
er than the exper imenta l  addit ions to the sea lochs 
(Table 2). T h e  compar i son  changes  significantly if 
the nu t r ien t  inputs  are expressed pe r  uni t  a rea  
(Table 2). In the latter case, a n t h r o p o g e n i c  dis- 
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solved inorganic  n i t rogen  (DIN) input  to the 
Nor th  Sea exceeds that  used in Loch Craiglin by 
abou t  7-fold and  dissolved inorganic  p h o s p h o r u s  
(DIP) input  is a lmost  identical. Present  an th ropo-  
genic DIN fluxes per  uni t  a rea  to the N o r t h  Sea 
are approx imate ly  equal to those used in Kyle Scot- 
nish in the less intensively fertilized per iod,  while 
DIP inputs  per  uni t  a rea  are abou t  one- third those 
used in Kyle Scotnish. Total an th ropogen ic  N and 
P inputs  pe r  unit  a rea  to the Baltic are roughly  
equal  to the a n t h r o p o g e n i c  DIN and DIP fluxes to 
the sou the rn  and central  Nor th  Sea, so that  reac- 
tive N and P must  be somewhat  lower. 

THE BALTIC SEA 

When  Nixon  et al. (1986) reviewed the l i terature 
with regard to potent ia l  increases in animal  pop-  
ulat ions m the Baltic m response  to nut r ien t  en- 
r ichment ,  they concluded  that the most  convincing 
indicat ion was a compar i son  by Cederwal l  and  
E lmgren  (1980) of benthic  biomass  data collected 
in the Baltic in 1920-192g with similar data col- 
lected in 1976-1977 (Fig. 9). The i r  f inding that  
benth ic  biomass  above the halocl ine had increased 
by factors of  2-10, or even more ,  is dramat ic  and  
roughly  consistent with Raymont ' s  (1950) est imate 
of a 5-6  fold increase in the a b u n d a n c e  of benthic  
in fauna  following fertilization of Kyle Scotnish 
(Fig. 1). Marked  declines in biomass  below the hal- 
ocline were almost  certainly due to declines in ox- 
ygen at dep th  in the Baltic that  result f rom the 
long res idence t ime of the bo t tom water and,  quite 
likely, an increasing supply of organic ma t t e r  f rom 
eut rophica t ion  (Elmgren  and  Larsson 2001). 

A recen t  detailed examina t ion  of long- term fish- 
eries data f rom the Baltic has now added  ano the r  
i m p o r t a n t  piece of  evidence that  secondary  pro- 
duct ion has increased. Based on his historical re- 
construct ion,  T h u r o w  (1997) concluded  that the 
biomass  and  yield of  finfish in the system was rel- 
atively low dur ing the first hal f  of the 1900s, then 
i n c r e a s e d  sha rp ly  due  to e u t r o p h i c a t i o n  a f t e r  
abou t  1950 (Fig. S). Unfortunately,  we can not  di- 
rectly compare  the approx imate ly  8-fold increase 
in fish biomass  in the Baltic with the sea loch re- 
suits because data on total fish weight were no t  
obta ined in the lochs. T h u r o w  no ted  the negative 
impac t  of nu t r i en t  addi t ions  on bo t tom water  ox- 
ygen concent ra t ions  and  that  this p r o m p t e d  some 
to argue  for nu t r i en t  input  reduct ions  which " . . .  
would inevitably lead to a lower fish biomass (p. 
460)".  He  also considered various o ther  possibili- 
ties for the dramat ic  increase in fish biomass,  in- 
cluding climate change and  declining seal preda-  
tion, but  concluded  that  eu t rophica t ion  has caused 
the increase in Baltic fish stocks since abou t  1950. 
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TABLE 2. Mean daily anttn-opogenic inputs of total nitrogen (TN), total phosphorus (TP), dissolved inorganic nitrogen (DIN), and 
dissolved inorganic phosphorus (DIP) in the Scottish sea loch experiments compared with recent anthropogenic inputs to the Baltic 
Sea and the central and southena portion of the North Sea. Inputs are expressed per unit area (retool m 2 d z) and per unit volmne 
(retool m -a d<). Mean depths are 55 m for the Baltic and 67 m for this region of the North Sea. 

N i ~ o g e o  P h o s p h o r u s  

A r e a  V o l u m e  A r e a  "v~ lurne  

Loch Craiglin (DIN, DIP) ~ 0.1 0.1 0.015 0.015 

Kyle Scomish (DIN, DIP) b 

Overall Average 0.7-1.1 0.14-0.22 0.041-0.065 0.008-0.013 
North Basin 2.6-3.9 0.52-0.78 0.15-0.23 0.03-0.05 

Central and Southern North Sea ~ 

DIN, DIP 0.78 0.01 0.018 0.0002 
TN, TP 0.92 0.01 0.023 0.0003 

Baltic Sea (TN, TP) a 0.52 0.01 0.01 0.0002 

Orr (1947). 
b Numaan (1950). 
~ Nixon (2000) based largely on data from Tm-rell (2000) except that tliis esthnate indudes 0.19 nmaol m -~ d -~ of direct atmospheric 

deposition (Paerl 1995; Asman et al. 1995). Includes 337 • 10 ~ km 2 in subregions 3, 4, 5, and 7 or 52% of the total North Sea area. 
Discharges from Norway and Sweden not included. 

a Based on data summarized by Nixon et al. (1996). 

THE NORTH SEA 

The impacts of increasing N input  as well as re- 
cent d e c l i n e s  in  p h o s p h a t e  i n p u t  to t h e  c e n t r a l  a n d  
s o u t h e r n  N o r t h  S e a  a p p e a r  less  c lear ,  i n  s p i t e  o f  a t  

l e a s t  two s p e c i a l  I n t e r n a t i o n a l  C o u n c i l  f o r  t h e  Ex- 
p l o r a t i o n  o f  t h e  S e a  s y m p o s i a  d e v o t e d  to e c o l o g i c a l  
c h a n g e  in  t h e  a r e a  ( H e m p e l  1978;  D a a n  a n d  R i c h -  
a r d s o n  1996) ,  As  n o t e d  by  D a a n  et  al. (1996 ,  p ,  
879) i n  t h e i r  i n t r o d u c t i o n  to t h e  m o s t  r e c e n t  p r o -  
c e e d i n g s ,  " T h e  p a r a d o x  is t h a t  t h e  m o r e  d a t a  we  
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Fig. 2. Ratio of total wet weight biomass of benthic macroin- 
fauna in the southern Baltic Sea in 1976--1977 to the biomass 
found in 1920-1923 as a function of depth. Note the marked 
increases above the halodine and decreases below (from Ced- 
erwall and Elmgren 1980). 

co l l e c t ,  t h e  less  we  a p p e a r  to k n o w ! " ,  a s i t u a t i o n  

f o r  w h i c h  a n y  e c o l o g i s t  c a n  f i n d  s y m p a t h y .  
T h e  N o r t h  S e a  h a s  a l o n g e r  r e c o r d  o f  z o o p l a n k -  

t o n  a b u n d a n c e  t h a n  p e r h a p s  a n y  o t h e r  m a r i n e  sys- 

t e m ,  a n d  o n e  m i g h t  l o o k  t h e r e  f i rs t  f o r  s i g n s  o f  a n  
i m p a c t  o f  n u t r i e n t  e n r i c h m e n t  o n  a n i m a l  b i o m a s s ,  

T h e  C o n t i n u o u s  P l a n k t o n  R e c o r d e r  ( C P R )  S u r v e y  
h a s  s a m p l e d  t h e  o p e n  w a t e r s  o f  t h e  a r e a  o n  a r e g -  
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Fig. 8. Solid line is a polynomial fit through estimates of the 
total landings offish over time from the Baltic. Open circles are 
estimates of total fish biomass in the Baltic over time (note dif- 
ferent scales; from Thurow- 1997). 



ular basis since 1948, and  the CPR Survey Team 
(1992) has shown long- term declines in the abun-  
dance  of larger  phy top lank ton  and zoop lank ton  in 
the 1960s and  1970s that  were followed by marked  
increases t h r o u g h o u t  the 1980s. T h e r e  were also 
significant changes  in the t axonomic  compos i t ion  
of the zoop lank ton  dur ing the 1980s. It is unlikely 
that any of these major  large-scale changes  were 
related to an th ropogen ic  nu t r i en t  inputs. At least 
two recent  analyses have corre la ted year-to-year 
changes  in the a b u n d a n c e  of copepods  in the 
Nor th  Sea CPR record  with changes  in the posit ion 
of the nor th  wall of  the Gulf  Stream (Frid and  Hu-  
liselan 1996; Taylor 1996). It seems likely that the 
mechan i sm beh ind  this re la t ionship is that  chang- 
es in the posi t ion of the Gulf  Stream are associated 
with i m p o r t a n t  weather  shifts a round  the British 
Isles and Nor th  Sea a rea  (Taylor 1996). Such large- 
scale cl imate-driven changes  in the p lank ton  must  
confound  to some degree  any potent ia l  impacts  of 
a n t h r o p o g e n i c  nu t r i en t  e n r i c h m e n t  on ben thos  or 
fish. 

The re  appears  to have been  no study of central  
and  sou the rn  Nor th  Sea ben thos  comparab le  to 
Cederwall  and E lmgren ' s  (1980) work in the Bal- 
tic. A 22-year record  of benthic  in fauna  at a station 
55 m deep off the N o r t h u m b e r l a n d  coast of Eng- 
land shows that the a b u n d a n c e  of animals  > 0.5 
m m  was low and stable between 1969 and 1979, 
then  increased in 1981 and 1982 to a less stable 
but  approx imate ly  two-fold h igher  density that  per- 
sisted th rough  the rest of  the record  to 1994 (Frid 
and  Huliselan 1996). It appea r s  likely that  this in- 
crease was a response  to the large-scale p lank ton  
changes  no ted  by the CPR record  ra ther  than a 
response  to local eut rophicat ion.  

Because the Nor th  Sea seems m u c h  m o r e  sub- 
j ec t  to changes  in climate and hydrography  than 
the Baltic (e.g., Becker  and Pauly 1996; Turrel l  et 
al. 1996), it is not  surprising that the si tuation with 
regard  to fish a b u n d a n c e  is also m o r e  compl ica ted  
than in the Baltic. Heessen  (1996, p. 1079) ana- 
lyzed data for 40 species sampled by the In te rna-  
tional Bot tom Trawl Survey be tween 1970 and 
1993 and concluded  that " A m o n g  the 40 species, 
there are many  m o r e  showing a positive t rend dur- 
ing recent  years than a negative one. However,  the 
commerc ia l  species are all e i ther  decl ining or are 
stable." Over a longer  t ime span Rijnsdorp et al. 
(1996, p. 1054) c o m p a r e d  the results of trawl sur- 
veys in 1906-1909 with those in 1990-1995 and 
found  a " . . .  lower a b u n d a n c e  in recent  years for 
the total assemblage as well as for individual 
g roups ."  They  also r epo r t ed  that the fish com- 
muni ty  was less diverse and  less even in its taxo- 
nomic  composi t ion.  It seems likely that  there  has 
not  been  a marked  increase in total fish biomass  
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TABLE 5. Increase in annual  growth increment  in female 
plaice in the Nor th  Sea during the per iod 1925-1949 compared  
with 1985-1994. Data were obtained by back calculation f rom 
omliths by Rijnsdorp and van Leeuwen (1994) and repor ted  by 
Rijnsdorp and Millner (1996). We combined the 1925-1954, 
1935-1944, and 1945-1949 data repor ted by Rijnsdorp and Mill- 
he r  (1996) because of very small sample sizes in the earlier 
years. 

Size Olass (cm) Increase in Orowth Rs (%} 

25-29 lO 
30-34 8 
55-39 24 
40-44 44 
45-49 107 
>50 115 

in the N o r t h  Sea comparab le  to that found  in the 
Baltic, bu t  the last effort  to est imate the total fish 
biomass  was focused on 1983-1985, and  it did not  
include historical changes  (Sparholt  1990). 

The re  does a p p e a r  to be ample  evidence of in- 
creasing growth rates, at least for some of the ma-  
j o r  stocks that  have been  studied. In summar iz ing  
the conclusions of  the 1975 ICES Nor th  Sea Sym- 
posium,  H e m p e l  (1978, p. 445) r epo r t ed  that  "For  
bo th  pelagic and  demersa l  species, there  is one 
p h e n o m e n o n  in common:  an increase in growth 
rate, mainly observed in the first year ' s  growth. Of  
the species considered in some detail, this holds 
true for herr ing ,  sprat, haddock,  whiting, cod, sole, 
and  plaice."  He  went  on to note  that  the m o r e  
rapid growth led to earlier matura t ion ,  h igher  fe- 
cundity, and possibly h igher  recru i tment .  

T h e  m o r e  recent  ICES special symposium re- 
por t ed  detailed studies of the last two species H e m -  
pel no ted ,  sole and plaice. Using age-at-length data 
recons t ruc ted  f rom otoliths, Mil lner  and Whiting 
(1996) and Rijnsdorp and  van Leeuwen (1996) an- 
alyzed growth rates for  Nor th  Sea sole and  plaice, 
respectively, back to pre  1945 and 1950, respective- 
ly. In contrast  to H e m p e l ' s  (1978)view that  growth 
rate increases were largely conf ined to young of 
the year  fish, bo th  of  these studies found  increases 
in growth since the 1960s that were grea ter  in larg- 
er fish (Table 3 and Fig. 4). In the case of sole, 
there was no increase in growth rate of fish dur ing 
their  first or second year, bu t  for o ther  size classes, 
at least up  to age 6, larger  sole showed increasing 
change,  as did larger plaice. These  growth rate  in- 
creases were m o r e  modes t  than observed in the 
same species following fertilization of Kyle Scotnish 
(Gross 1950a), p robably  because the e n h a n c e m e n t  
was generally conf ined to older, m o r e  slowly grow- 
ing fish. 

With this interest ing accelera t ion of growth es- 
tablished, bo th  studies a t t empted  ra ther  complex  
analyses in an effort  to identify potent ia l  causes 
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Fig. 4. M e a n  l e n g t h  a t  age  by f ive-year  p e r i o d s  (1945-1989)  
fo r  sole in  the  N o r t h  Sea. Age  was m e a s u r e d  at  the  e n d  of  e a c h  
yea r ' s  g r o w t h  fo r  a g e s  0 - 6  ( f r o m  M i l l n e r  a n d  W h i l i n g  1996) .  

t h rough  correlat ion.  Both studies rejected temper-  
ature as being of impor tance ,  and bo th  concluded  
that  dens i ty-dependent  crowding may have had 
some effect in reduc ing  growth of some size classes 
dur ing some periods.  The  most  interest ing conclu- 
sions for our  pu rpose  were those concern ing  the 
potent ia l  impor t ance  of eut rophica t ion ,  def ined 
here  as an increase in the rate of  supply of organic 
mat te r  to the system (Nixon 1995). 

Mil lner  and  Whiting (1996) concluded  that  eu- 
t rophica t ion  was not  impor t an t  for two reasons. 
First, the smaller  sole that  were found  in shallow 
coastal areas showed no increase in growth rate. 
Yet such i m p o r t a n t  nursery  areas as the Wadden  
Sea had  been  shown to have greatly increased ben- 
thic infauna,  p resumably  in response  to increased 
nu t r i en t  input  and  p r i m a ry  p roduc t ion  in the 
coastal areas (e.g., B e u k e m a  1989, 1991; B e u k e m a  
et al. in press).  The  younge r  fish were therefore  
not  considered food-limited. They  also dismissed 
nu t r i en t  enhanced  p r imary  p roduc t ion  as be ing of 
impor t ance  for the observed growth increases of  
the larger  sole because the growth increases did 
not  corre la te  well with their  index of eutrophica-  
tion, which consisted only of the flux of DIP in the 
river Rhine at the Ge rman-Du tch  border .  

Rijnsdorp and  van Leeuwen  (1996) used a sim- 
ilar eu t rophica t ion  index,  a l though theirs consist- 

ed of measu red  and est imated DIP concent ra t ions  
off He lgo land  in the G e r m a n  Bight. They  conclud- 
ed (p. 1207) that, for  plaice, " T h e  eu t rophica t ion  
index expla ined 6-10% [of the var iance in growth 
rate] and  was significant in size classes up to S0 cm 
with the except ion of size class 15-19.9 cm, where  
[seabed disturbance] expla ined a significant par t  
of  the variance (9%) ."  They  found  no  significant 
correlat ions with any factor  they examined  for 
plaice larger than 35 cm. 

"Seabed  d is turbance"  deserves some explana-  
tion because it figures p rominen t ly  in bo th  studies. 
T h e  dis turbance is due largely to tickler chains 
which run  in f ront  of the g r o u n d r o p e  to activate 
flatfish so that  they can be m o r e  effectively cap- 
tured in trawls (Rijnsdorp and  van Leeuwen 1996). 
A side effect is that the chains apparen t ly  dig out 
benthic  in fauna  f rom softer  m u d  and sand bo t tom 
areas and  leave the dead or injured animals  on the 
sed iment  surface where  they can serve as easy food 
for fish, starfish, and crabs. While some tickler 
chains were used with ot ter  trawls, many  m o r e  
could be used with beam trawls. Beam trawling for 
flatfish was in t roduced  in the Nor th  Sea by the 
Ne the r l ands  and  Belgium in the 1960s, then  ex- 
panded  to G e r m a n y  and the Uni ted  Kingdom in 
the 1980s (Rijnsdorp and van Leeuwen 1996). 
Since beam trawling is not  pract iced in shallow 
coastal areas, this factor  may only be an impor t an t  
cont r ibut ion  to the enhanced  growth of the larger  
sole and  plaice. As no ted  by Rijnsdorp and  van 
Leeuwen (1996, p. 1209), " T h e  indices of bo th  eu- 
t rophica t ion  and seabed dis turbance expla ined a 
significant par t  of  the var iance [in growth of 
plaice],  but  the t rue effects of these two variables 
were less easy to de te rmine ,  because they were mu-  
tually corre la ted . . .  statistical analysis thus cannot  
be used in disentangling the possible causal factors 
fur ther ."  Mil lner  and Whit ing (1996, p. 1193), 
however, conc luded  that, " . . .  beam trawling was 
the only variable to be significantly corre la ted with 
length [in sole] ,"  so we mus t  assume that their  
slightly different  eu t roph ica t ion  index did not  co- 
vary as strongly with beam trawling effort. 

An i m p o r t a n t  po in t  is that bo th  the seabed dis- 
tu rbance  hypothesis  and  the eu t rophica t ion  hy- 
pothesis  agree that the larger  sole and plaice are 
food-limited,  at least to some degree.  O n e  might  
also argue  that  if beam trawling kills increasing 
amoun t s  of the benthic  infauna  over decades,  then 
an increase in p r imary  p roduc t ion  and  deposi t ion 
of organic ma t t e r  on the bo t tom may be requi red  
to suppor t  this addi t ional  a n t h r o p o g e n i c  preda-  
tion. T h e r e  are no adequa te  long-t ime series of pri- 
mary  p roduc t ion  data f rom the open  Nor th  Sea to 
evaluate this possibility (Joint  and Pomroy  1993). 
While DIP fluxes in the Rhine a p p e a r  to be well 



correla ted with DIP and chlorophyll  concentra-  
tions a long par ts  of the E u r o p e a n  coast (Laane et 
al. 1996), they seem a poo r  choice for a eutrophi-  
cation index for  the open  waters of the central  and  
sou the rn  Nor th  Sea, where  Tet t  and Walne (1995, 
p. 376) r epo r t  that  % . .  n i t rogen  is the nu t r i en t  
mos t  likely to limit total phy top lank ton  produc-  
t ion." 

T h e  prevalence  of N l imitat ion is impor t an t  in 
consider ing the potent ia l  impac t  of eu t rophica t ion  
on the growth of larger  sole and plaice for at least 
three reasons. First, the history of an th ropogen ic  
inputs  of DIN and DIP to the Nor th  Sea mus t  dif- 
fer in some ways because  fossil fuel combus t ion  is 
a significant source for N but  not  for P. While N 
loading f rom sewage has cont inued,  the use of de- 
tergents  conta ining little or no P and advanced 
wastewater t r ea tment  have reduced  the discharge 
of P f rom sewage t r ea tmen t  plants dur ing recen t  
decades. As a result, the addi t ion of DIP to Dutch 
coastal waters peaked  in 1981 (Boddeke  1996), 
and  the flux of DIP in the Rhine decl ined by al- 
mos t  90% between the early 1980s and  the early 
1990s (Rijnsdorp and  van Leeuwen 1996). Eutro- 
phica t ion  indices based on DIP discharge or con- 
centrat ions will not  co r r e spond  well with DIN load- 
ing and  potent ia l  increases in p r imary  p roduc t ion  
in the open  N o r t h  Sea, especially dur ing the last 
10-15 years of the record,  when larger sole and  
plaice were increasing their  growth rate. 

Second,  an th ropogen ic  DIN inputs to the cen- 
tral and sou the rn  Nor th  Sea are current ly  abou t  
twice the background  input  of DIN th rough  Dover 
Strait, while the an th ropogen ic  DIP load is less 
than 75% of the background  DIP input  t h rough  
the strait (Laane et al. 1998; Nixon  9000; Turre l l  
9000). T h e  signal of a n t h r o p o g e n i c  N e n r i c h m e n t  
is m u c h  s t ronger  than it is for P e n r i c h m e n t  and  
should correlate  m o r e  strongly with the observed 
increases in fish growth if eu t rophica t ion  is an im- 
por t an t  causal factor. We have not  found  a well 
resolved historical recons t ruc t ion  of the total N or 
DIN input  f rom all sources to the Nor th  Sea. 

Third ,  a tmospher i c  deposi t ion is an i m p o r t a n t  
pathway by which DIN reaches  the N o r t h  Sea, 
while it is only a very mino r  rou te  for DIP trans- 
port .  Since a tmospher i c  deposi t ion reaches  the 
open  Nor th  Sea directly, it provides an unambig-  
uous  N e n r i c h m e n t  of the a rea  where  the larger 
sole and  plaice grow. Measu remen t s  summar ized  
by Paerl (1995) for various Nor th  Sea coastal areas 
dur ing 1983-1985 and detailed mode l  calculations 
for the Kattegat  r epor t ed  by Asman  et al. (1995) 
suggest that direct  a tmospher i c  deposi t ion of DIN 
may account  for abou t  95% or m o r e  of the total 
a n t h r o p o g e n i c  DIN input  to the central  and south- 
ern N o r t h  Sea. Atmospher ic  emissions of a m m o n i a  
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and n i t rogen  oxides f rom Europe  increased two 
and three  fold, respectively, between 1950 and the 
mid  1980s (Asman et al. 1988), the t ime per iod 
covering the increase in growth of the larger sole 
and  plaice. 

For these three reasons, we believe that it is no t  
correct  to dismiss nu t r i en t  enhanced  increases in 
p r ima ry  p roduc t ion  as being of impor t ance  in con- 
t r ibut ing directly a n d / o r  indirectly to the increas- 
ing growth rates of sole, plaice, and o ther  Nor th  
Sea fish. It is certainly p r e m a t u r e  without  first re- 
peat ing  the corre la t ion analyses using historical N 
input  data. 

While it appears  that the sea loch fertilization 
exper imen t s  provided a useful qualitative mode l  
for at least some biological changes  associated with 
nu t r i en t  e n r i c h m e n t  in the Baltic and N o r t h  Sea, 
it is clear that there  are still major  gaps in our  un- 
ders tanding of the quantitat ive relat ionship be- 
tween nu t r i en t  input  and secondary  product ion .  
T h r e e  examples  f rom this very simplified s u m m a r y  
illustrate some of the problems.  

At the mos t  basic level, it is r emarkab le  that  the 
Baltic Sea benthic  and fish communi t i e s  a p p e a r  to 
have r e sponded  m u c h  m o r e  strongly than those of 
the central  and  sou the rn  N o r t h  Sea, even though  
the nu t r i en t  e n r i c h m e n t  rates of  the two areas ap- 
pea r  comparab le  on bo th  an area  and vo lume  basis 
(Table 2). An obvious explanat ion  might  lie in wa- 
ter res idence times, but  while that of  the Baltic Sea 
is longer,  on the order  of two decades or m o r e  
(Larsson 1986), that  of the sou the rn  and  central  
Nor th  Sea is also long enough  to capture  m o r e  
than a year  of  nu t r i en t  input,  biological uptake,  
and  r egenera t ion  (Laane et al. 1996; Nixon 9000). 
Does the grea ter  exposure  of  the Nor th  Sea to cy- 
clical climate change explain the lack of a m o r e  
dramat ic  increase in ben thos  and  fish biomass? Or  
do the m u c h  m o r e  energet ic  tidal currents  of the 
Nor th  Sea suspend sufficient sed iment  that  phy- 
top lankton  growth there is strongly l imited by light 
and  eu t rophica t ion  of the system thus re ta rded  by 
turbidity (Tett and  Walne 1995; Cloern  1999)? 

Second,  the strong response  of the Baltic Sea 
ben thos  and fish seems consistent  with the re- 
sponses of ben thos  and  fish in Kyle Scotnish, but  
only if the nu t r i en t  inputs  are c o m p a r e d  on a uni t  
area  ra ther  than  a uni t  vo lume  basis (Table 9). Yet, 
a long his tory of comparat ive  nu t r i en t  loading and  
response  in l imnology has shown that  m e a n  dep th  
is a critical scaling factor (e.g., Vollenweider 1968; 
Rigler and  Peters  1995). How should we scale for 
dep th  in compar ing  the p e r m a n e n t l y  stratified Bal- 
tic with the seasonally stratified or well-mixed 
Nor th  Sea? 

Third ,  while the average daily inputs  of  nutr ients  
are c o m p a r e d  in Table 9, the exper imen ta l  addi- 
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tions to the sea lochs took place only 5-16  times a 
year. T h e  inputs  to the Baltic Sea and  Nor th  Sea 
are relatively constant  (point  sources) or varying 
by season (rivers, a tmospher ic  deposi t ion) .  How 
does secondary  p roduc t ion  r e spond  to very large 
but  less f r equen t  pulses of nutr ients  com pa red  with 
lower, but  relatively steady loading? 

Eutrophication and Secondary Production 
T h e  sea loch exper iments ,  the historical changes  

in the Baltic, and,  less convincingly at this point ,  
the changes  in growth rates of fish in the Nor th  
Sea, all provide evidence that inorganic  nu t r i en t  
e n r i c h m e n t  can have a positive effect on secondary  
p roduc t ion  of  par t icular  coastal mar ine  ecosys- 
tems. T h e r e  are n u m e r o u s  other  examples ,  rang- 
ing f rom dramat ic  declines in fish and  sea bird 
abundances  in the Peru  upwelling ecosystem dur- 
ing E1 Nifio years (Schaefer  1970) to positive cor- 
relat ions between coastal upwelling and  the pro- 
duct ion of cul tured mussels in Spanish rias (glan- 
ton et al. 1987) to long- term changes  in nu t r ien t  
input,  phy top lank ton  abundance ,  and  benthic  bio- 
mass in par ts  of  the Wadden  Sea and o ther  coastal 
areas of the Nor th  Sea (Beukema  et al. in press; 
G a d t e  and  H e g e m a n  in press; Golijn et al. in 
press). The  developing story of the Egyptian shelf  
fishery may be a n o t h e r  useful case study (Nixon in 
press). 

T h e  cross-system compar i sons  cited earlier pro- 
vide compel l ing  evidence for s t rong genera l  links 
between p r imary  p roduc t i on  and  secondary  pro- 
duct ion of mar ine  ben thos  ( H e r m a n  et al. 1999) 
and fish (Nixon 1988; Iverson 1990). While it is 
impor t an t  to recognize  that such cross-system syn- 
theses do no t  provide  an u n a m b i g u o u s  space-for- 
t ime substitution, it has been  possible in at least 
one area, the Kattegat,  to find evidence that chang- 
es in p r ima ry  p roduc t ion  and fishery landings over 
t ime are at least roughly  consistent with the com- 
parative system trend. The  location of the Kattegat  
between the Baltic Sea and  Nor th  Sea also makes  
it part icularly appropr ia t e  for our  discussion. 

T h e  first 14C uptake  m e a s u r e m e n t s  of  p r imary  
p roduc t ion  over an annua l  cycle by mar ine  phy- 
top lankton  were made  in the Kattegat  dur ing 
1954-1960 (S teemann  Nielsen 1964). More  recent  
m e a s u r e m e n t s  for 1984-1993 were r epo r t ed  by 
H e i l m a n n  et al. (1994). In an interest ing compar-  
ison, Richardson and H e i l m a n n  (1995) used Stee- 
m a n n  Nielsen 's  original m e t hods  to adjust the 
H e i l m a n n  et al. (1994) data so that  they could 
proper ly  be com pa red  with the earlier measure-  
ments.  They  concluded  that  p r imary  p roduc t i on  
by the phy top lank ton  in the open  waters of  the 
Kattegat  had increased over 3 fold, f rom a mean  
of abou t  65 g C m ~ yr ~ to a m e a n  of abou t  230 
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Fig. 5. Re la t ionsh ip  b e t w e e n  p r i m a r y  p r o d u c t i o n  (par t i cu-  
late 1~C u p t a k e )  a n d  c o m m e r d a l  f i sher ies  l a n d i n g s  in  s o m e  phy-  
m p l a n k m n - b a s e d  m a r i n e  ecosys tems.  T h e  da t a  are  n o t  neces-  
smily contemporaneous (modified from Nixon and Thomas 
2001). Open circles are data from the Kattegat during two dif- 
ferent time periods. The increase in piimary production is con- 
sistent with increases in nin-ogen input (Richardson and Heil- 
mann 1995). Landings per unit area are calculated from the 
Kattegat area of 22,177 krn~ given in Nielson and Richardson 
(1996). 

g C m -2 yr -1, dur ing the 80-year period.  In a sub- 
sequent  paper,  Nielsen and  Richardson (1996) 
showed that  total fisheries landings f rom the Kat- 
tegat also increased be tween these t ime per iods  to 
a level consistent with expecta t ions  fi-om the cross- 
system compar i son  repor ted  by Nixon (1992) (Fig. 
5). 

Demonizing Nitrogen 
O n e  of us recently publ ished a p a p e r  in ,Scientific 

American with the too provocative title, "Ferti l izing 
the Ocean  to Dea th"  (Nixon 1998). While the 
words were those of the magazine  editors, the au- 
thor  of  the piece let t hem stand and mus t  accept  
his share of  responsibili  W for cont r ibut ing  to the 
demoniz ing  of N a m o n g  mar ine  ecologists and 
coastal managers .  T h e r e  are real reasons for con- 
cern abou t  the dramat ic  increase in reactive N en- 
tering the coastal mar ine  env i ronment ,  and it has 
not  been  our pu rpose  he re  to minimize  these con- 
cerns or to argue that increasing inputs  of N will 
necessarily lead to increasing secondary  produc-  
tion in all coastal mar ine  waters. We have not  dealt  
with the very impor t an t  issue of species changes  in 
h igher  t rophic  levels that  may be associated with 
increases in p r ima ry  produc t ion ,  including the 
possibility that  pelagic fish will replace b o t t o m 
feeding fish as nu t r i en t  inputs  increase (de Leiva 
Moreno  et al. 2000). What  we have tried to do is 
emphasize  that nu t r i en t  supply is re lated in a fun- 
damenta l  way to the a b u n d a n c e  and  p roduc t ion  of 
animals  in mar ine  ecosystems. The re  is a potent ia l  



positive d i m e n s i o n  to n u t r i e n t  supply that  needs  to 
be cons ide red  as pa r t  o f  the pol icy mak ing  process  
s u r r o u n d i n g  p o i n t  a nd  n o n p o i n t  n u t r i e n t  reduc-  
t ion strategies. Nu t r i en t s  are va luable  r e sources  
with wide r ang i ng  po ten t ia l  impacts ,  some  desir- 
able,  s o m e  not .  Basic eco logy  and  c o m m o n  sense 
dictate that  we r ecogn ize  this complexity.  
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