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Cultural Oligotrophication:

Causes and Consequences for Fisheries Resources

By J. G. Stockner, E. Rydin, and P. Hyenstrand

ABSTRACT

Research on the impacts and processes of eutrophication has dominated limnological research for
several decades, and it is only recently that implications of nutrient removal and declining ecosys-
tem production (oligotrophication) on fisheries and food chains have been reported. To many per-
sons, oligotrophication is synonymous with “clean”water and aesthetic improvements, but to others,
it often implies an unproductive and declining fisheries resource. In this article we use a phosphorus
(P) mass-balance approach to provide a historic perspective for the ongoing oligotrophication of
highland terrestrial and aquatic ecosystems and the concurrent eutrophication of lowland, coastal
ecosystems. Because mined sources of P for fertilizer production are declining and costs are likely to
increase substantially within the next century, we opine that it is time to reconsider the ways we
manage our nutrient resources. We should recommence all means of recycling I, and consider ways
to reintroduce recycled nutrients in a balanced N:P ratio to some aquatic ecosystems, in a carefully
controlled and ecologically sensitive way to restore sufficient fisheries production levels. If we con-
tinue to mismanage P sources and ignore the importance of nutrient balances for the maintenance of
productive fisheries, then choices soon will have to be made between having aesthetically clear
freshwaters but unproductive fisheries, or productive fisheries in “greener” lakes and streams.

Introduction

Studies of eutrophication process-
es and the impacls of over-enrich-
ment of fresh waters have held a
central position in limnological and
fisheries science for over four decades
{(Vallentyne 1974; Edmondson 1991).
Inputs of nitrogen (N) and phospho-
rus (P), largely from anthropogenic
and agricultural sources, were
shown to be highly correlated with
algal biomass in temperate lakes,
and early were identified as the pri-
mary factors responsible for the
eutrophication of lakes and rivers
worldwide (Vollenwieder 1968, 1976;
Dillon and Rigler 1974). By the mid-
1980s, innovative research in both
limnological and engineering sci-
ences provided water managers with
tools to reduce nutrient inputs at
source, and, after several decades of
application, improvement of water
quality and the visual impacts of
excessive biogenic production was

apparent {Forsberg 1987, 1998). But
in our haste to remove nutrients from
“over-enriched” lakes and streams,
we often failed to consider the longer-
term effects of reduced ecosystem pri-
mary production on fish populations.
The resulis of this shorter-term vision
has led to some rather profound
declines of freshwater fisheries in both
European and North American large
lakes, sometimes with severe econom-
ic consequences {Ney 1996; Larkin
and Slaney 1997; Ashley et al. 1997).
Oligotrophic ecosystems are char-
acterized as nutrient-deficient and of
low biogenic production (Naumann
1921, and the process of becoming
less productive is termed “oligotro-
phication.” Oligotrophication is, of
course, the antithesis of eutrophica-
tion, the process of becoming nutri-
ent-rich, with high biogenic produc-
tivity. Because the over-enrichment
of aquatic ecosystems caused by
human intervention has been termed

“cultural” eutrophication {Edmond-
son 1969), it follows that anthropo-
genic nutrient reduction that decreas-
es ecosystem production should be
termed “cultural oligotrophication.”
Most of the documented cases of
cultural oligotrophication directly
can be related to anthropogenic
intervention, resulting in imbal-
anced seasonal N to P inputs.

Oligotrophication has occurred as

the result of;

* removal of primary nutrient
inputs from lakes and rivers,
e.g sewage treatment plant
(STP), pulpmill, and other
industrial effluents;

 diversion of rivers from one
drainage basin to another;

* logging, forest clearance, and
vegetation removal;

» impoundment of rivers (reser-
voirs) or lakes for hydroelec-
tric generation and /or water
storage;
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* drainage of wetlands and chan-
nelization of streams;

* loss of migratory fish popula-
tions because of obstructions
{dams), destruction of fish habi-
tat, and overfishing;

* acidification and liming of lakes,
streams, and soils; and

* longer-term climatic changes, e.g.
global warming affecting both
marine and freshwater nutrient
influxes.

Though some lakes and rivers can
undergo oligotrophication from natural
causes, e.g. volcanoes, earthquakes,
landslides, etc., the natural ontogeny of
most lakes is to become gradually shal-
lower and more productive as they
age, and eutrophication greatly acceler-
ates the process. Some eutrophic lakes
that have been “biomanipulated” have
exhibited a “temporary” oligotrophica-
tion effect induced by alteration of
food-web structure and more efficient
carbon flows (Sanni and Waervaagen
1990), but these effects have been gen-
erally short-term and ephemeral
because annual N and P inputs have
remained unaffected (Kitchell 1992).

This article looks at the current
state of our knowledge of the oligo-

IVE

trophication of freshwater ecosystems
against a background of over a centu-
Iy of poor nutrient management. We
argue that many early water manage-
ment decisions were of single purpose
and short-sighted, and made without
adequate consideration of the conse-
quences of nutrient reduction/enhance-
ment and N to P (e.g. N:P ratio)
imbalances on the receiving ecosys-
tem’s food web structure, carbon flow
and production cycles. Our discussion
focuses on P dynamics in north tem-
perate ecosystems where some of the
more extensive research efforts have
been made to restore nutrient bal-
ances and prnductiﬂn levels to accept-
able levels both in eutrophic and
ultra-oligotrophic ecosystems.

Background

It is important to recognize that
both oligotrophication and eutrophi-
cation processes ocour simultaneously
within given landscapes or ecosys-
tems (Figure 1). Both aquatic and ter-
restrial components of higher eleva-
tion (e.g. highland) ecosystems have
always been, and will continue to be,
highly susceptible to oligotrophica-
tion because of low annual inputs of
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Figure 1. A schematic depiction of the impacts of man on phosphorus (P) dynamics in a
north temperate drainage basin. (Width of armows indicate relative strength of processes on

annual P mass-balances.)
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anthropogenic F, and a greater
susceptibility to P losses from erosion.
Within a drainage basin the forces of
gravity and the hydrological cycle
assure that the net flux of P is from
highland to lower elevation (e.g. low-
land) floodplain or coastal regions.
Thus it is not surprising that some of
the first scientific papers to document
the adverse affects of excessive bio-
genic production in eutrophic lakes
and streams came from studies in
lowland regions of northern Europe
(Maumann 1921; Thienemann 1922),
where many of the most productive
farmlands of Europe are situated,
either on nutrient-rich alluvial or
depositional soils or on ancient lake,
sea or wetland sediments.

Prior to the latter half of the nine-
teenth century, the traditional, family,
small-scale, low productive farming
was based on a complete nutrient
recycle system. In this era, people
considered both human and livestock
waste vital supplements for crop pro-
duction, and organic wastes were
nearly always returned to the soil. As
a consequence, nutrient losses from
these landscapes were small. But dur-
ing the second half of the nineteenth
century, two events occurred that dra-
matically altered the nutrient balances
of terrestrial and aquatic ecosystems.
The first was large-scale land clear-
ance, deforestation and the concurrent
drainage of wetlands and channeliza-
tion and damming of streams—schemes
to create new farmlands required by
over-population and the increased
demand for food and shelter. These
largely forested systems in their pris-
tine state were stable P-recycle sys-
tems, but with intervention, they
gradually shifted to P-export systems,
because of increased soil erosion with
a subsequent ground and surface
water enrichment. This massive
human intervention on the landscape
in both highland and lowland regions
converted what was at the time con-
sidered "unproductive” scrub forest
land into what would become only
marginal farmlands, requiring an
annual application of fertilizer to sus-
tain crop yield. From a crop produc-
tion viewpoint, the ability to purchase
fertilizer (P-import) from mined
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sources (P-mined) lessened the
farmer’s dependence on recycled T,
and after the turn of the century agri-
cultural landscapes thereafter became
primarily P-import/export systems.
The second event that abruptly
increased nutrient supplies, but more
significantly N:I balances of aquatic
ecosystems, was the adoption of a
water-based transport system for
human and industrial wastes. Villages
and towns suddenly became major
import/export I’ "centers,” and the
rapid eutrophication of aquatic eco-
systems, primarily located in lowland
regions, was the inevitable conse-
quence. From the public health per-
spective, the use of freshwater to
transport wastes in closed sewers
seemed a good, practical solution to
potential disease problems, but at that
time few recognized the less obvious
impact that this rapid influx of N and
I export would have on ecosystem
production, e.g. the eutrophication of
lowland lakes, rivers, embayments
and coastal seas, with the concurrent
oligotrophication of highland regions.

Causes of oligotrophication

Remaoval of anthropogenic nutri-
ents. Since the mid-1970s, ' supplies
to aquatic ecosystems from point
sources have been markedly reduced
in developed countries. For example,
in Sweden more than 90% of urban
populations are now served by sew-
age treatment plants (5TP) using
chemical P-remaoval technologies (I
Balmer and P, Hultman, University of
Washington, Seattle, unpublished
data). Many large lakes in Europe and
MNorth America that were affected by
eutrophication in the mid 1950s and
65 have lost nutrients by removal or
diversion of ST effluents and are
now experiencing oligotrophication
with marked reductions in phyto-
plankton biomass and production
(Edmondson and Lehman 1981;
Gaedke and Schweizer 1993). But in
many shallow, eutrophic lowland
lakes, where internal loading from P-
recycle and nonpoint source P inputs
can compensate for I’ removed from
STP inflows, the eutrophic condition
persists, awaiting application of fur-
ther I' removal measures, e.g. liming,
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Figure 2. A schematic primary production time series for a north temperate reservoir follow-

ing impoundment.

alum addition, dredging,.
Phosphorus removed in 5TF by
chemical precipitation (tertiary treat-
ment) cannot be effectively recycled
and remains in sewage sludge stored
in landfills close to urban centers.
This means that a very large portion
of P import/export now becomes P-
stored, and P stored becomes P-sink
due to the strength of the Fe-F and
Al-P chemical bond (CEEP 1998a).
However, sludge from a STF using
“biological” P-removal systems can
be effectively recycled and eventually
returned to agricultural or forested
land, but its storage in landfill sites
greatly increases the risk of losses to
surface and ground water (P-export)
if improperly managed (Forsberg and
Rengefors 1993, Rydin 1996),
Reservoirs and impoundments.
The building of dams on rivers or on
lake outflows increases water reten-
tion and rates of degradation and
sedimentation of particulate organic
matter within the new impoundment;
thus reservoirs usually become effec-
tive P sinks, New reservoirs typically
undergo a “boom and bust” produc-
tion cycle following impoundment
(Ney 1996), and we have schematical-
ly illustrated this cycle for large, tem-
perate Canadian impoundments
(1. Stockner, unpublished data) (Fig-
ure 2). The "boom” phase is a result
of increased P-inputs from flooded
soils and decomposing vegetation
that initially enhances reservoir pro-
duction. But this nutrient source is
only temporary and gradually is

depleted, usually within a decade of
impoundment. The “bust” phase is
basically a return to the pre-impound-
ment state, but characterized by lower
ambient nutrient levels and biogenic
production than cccurred pre-
impoundment, caused by the combi-
nation of increased sediment retention
{P-sink) and losses from discharge (P-
export). Another factor hastening the
oligotrophication of impoundments is
the loss of carbon production from
the reservoir littoral community due
to large and irregular water-level fluc-
tuations {drawdown), which tend to
be most severe in winter when wave
erpsion and ice-abrasion destroys
much of the functional littoral habitat.
The loss of littoral carbon production
and I’ by sedimentation and export
can severely alter the nutrient dynam-
ics of regulated reservoir ecosystems.
The waters receiving discharge
from impoundments can experience
either oligotrophication or eutrophica-
tion depending on the depth of water
withdrawal and on the season. These
rivers and streams also frequently
experience abnormal flow regimes un-
related to natural hydrologic events
with sudden riparian flooding /scour-
ing, then low flows and desiccation of
established periphyton production,
events that create instabilities and
exacerbate seasonal production cycles,
Drainage of wetlands. Extensive
land clearance schemes of the last half
of the nineteenth and early twentieth
century converted what was consid-
ered “valueless” wetlands into mar-
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ginally productive agricultural land
by the channelization and straighten-
ing (ditching) of small tributary
streams and the drainage of marshes
and bogs, This has led to oligotrophi-
cation by increasing water run-off and
erosion from soils; lowering surface
water levels in summer and fall while
concurrently enriching ground water
and increasing P export to lowland
and coastal regions (Wolf 1960). This
oligotrophication of both soils and
water after “breaking” the land result-
ed in the need for an annual applica-
tion of fertilizer (P-import) to sustain
production, which in turn has
increased P export to lowland streams
and lakes. Agricultural and land
clearance (deforestation) activities
also have been largely responsible for
the increased siltation of lakes, rivers
and coastal embayments worldwide,
ie. increasing P-export and P-sinks.
Fish reductions. When migratory
adult fish leave a large lake or ocean
rearing ground and migrate to lakes,
rivers and tributary streams to
spawn, they become significant trans-
porters of nutrients within and
among ecosystems, This is of particu-
lar relevance in the productivity of
lakes and streams of western North

After spawning, adult sockeye carcasses
return significant amounts of marine-derived
nutrients (C, M, P) to natal waters and ripari-
an zones.
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America, where adult salmon die
after spawning and their carcasses
return significant amounts of marine-
derived nutrients (C, I, ) to natal
waters and riparian zones (Mathisen
1972; Larkin and Slaney 1997). For
example the annual P-input by adult
sockeye salmon (Oncorliyncus nerka)
carcasses to nursery rearing lakes for
some systems can represent from
25-50% or more of the annual total P
load (Donaldson 1967; Stockner 1987).
The importance of this marine “nutri-
ent pump” to carbon flows and pro-
duction cycles of coastal lakes,
streams, and riparian habitat has been
well studied (Kline et al. 1990; Bilby
et al. 1996), and perturbation that
reduces migratory fish returns
removes a major nutrient input, with
ecological implications for whole-
ecosystem production.

Acidification. Some have argued
that acidic precipitation with high N
inputs to mountain lakes can lead to
oligotrophication (Kopacek et al.
1995). Early reports have suggested
that two major factors are important:
(1) decreased within-lake mineraliza-
tion of organic matter; and (2) in-
creased growth of mosses and algae
on the littoral sediments (Grahn et al.
1974; Turner et al. 1995). Both process-
es tend to decrease the recycling of P
from sediments and littoral margins
to the open water. Others have sug-
gested that the transport of soluble
reactive phosphate (SRP, or available-
P) from the drainage basin would be
reduced because of more efficient
adsorption of P to aluminum com-
plexes in podzolic soils (Jansson et al.
1986). Within a lake, high concentra-
tions of dissolved aluminum could be
expected to adsorb SEF. A recent
investigation of sediments from six
Washington State lakes treated with
alum showed a general correlation of
newly formed, aluminum-bound F,
corresponding to 10% of the amount
of Al added (E. Rydin, Institute of
Limnology, Uppsala University, un-
published data). This process would
also affect the P cycle by inactivating
Fin Uligm'm]:rhic systems. The solubil-
ity product of Al-P reaches a mini-
mum at an acidic pH-value, which
favors adsorption. Although the link

between lake acidification and olig-
otrophication is clear, some of the
processes involved require further
study (Olsson and Pettersson 1993).
Liming. One of the most common-
ly used techniques to counter the neg-
ative affects of acidification is liming,
which some suggest can lead to olig-
otrophication, but like acidification,
5ite—spec'iﬁc study results are variable
and remain equivocal. That liming
leads to decreased concentrations of P
in the water was first suggested by
Olofsson et al. (1988), and later veri-
fied in studies by Molot et al. (1990)
and Blomqvist et al. {1995). Studies
from Lake Njupfatet in southern Swe-
den showed that liming with supple-
mental fertilization was often neces-
sary to boost primary production in
acidified, limed lakes to compensate
for P bound physically or chemically
in the calcium/lime blanket resting
on the sediment surface (Blomqvist et
al. 1995). Further, it has been shown
that P additions to unproductive acid-
ified lakes can lead to the generation
of base ions through assimilative nitrate
reduction if excess amounts of nitrate
are present (Davison et al. 1995).
Logging. Before modern forestry,
periodic fire events released and recy-
cled nutrients within the forest eco-
system {I-‘-recycle} without serious
consequences to nutrient balances,
but “modern” forestry practices
(clear-cut logging, road construction,
fertilization) have created largely P-
export systems. In coniferous forest
drainage basins in central Sweden,
the P content is estimated to be about
10 kg /hectare in logs, 20 kg /hectare
in the forest soil humus layer and
20-25 kg/hectare in mineral soil
below the humus layer (bio-available
P) (Rose'n 1982). A clear-cut can
therefore represent a significant loss
of P from previously forested Jand-
scapes, not only in log removal, but
also from increased erosion of both
humus and mineral soil layers follow-
ing logging. Much of the P-export in
logs ends up in pulp and paper mills
located in eutrophic lowland regions.
Only a small fraction of the P entering
a paper plant as wood fiber is incor-
porated into paper; the majority is
exported in effluent discharges to
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lakes, rivers, or coastal embayments
where I is either retained in local
landfills (P-stored) or lost to sedimen-
tation processes (P-sink) (Nilsson
1995).

Climate change. Most climatic
models predict gradual g]nl:u:tl warm-
ing well into the new millennium with
warmer, drier summers, and wetter,
milder winters at temperate and sub-
arctic latitudes (Bakun 1990; Mitchell
et al. 1995). These predicted changes
will affect the timing and magnitude
of major hydrologic and nutrient in-
puts to large lakes and coastal ocean
areas, and some expect that plankton
productivity will be reduced because
of warmer, more strongly stratified
surface waters, with protracted peri-
ods of stratification and reduced mix-
ing—conditions likely to exacerbate
nutrient limitation in the euphotic
zone (Cushing 1989; Henderson et al,
1992; Beamish et al. 1999). With the
possibility of little or no ice-cover dur-
ing mild winkers, many temperate,
dimictic lakes will gradually change
to a warm-monomictic circulation
pattern, and as a consequence will
become less productive and experi-
ence oligotrophication (Schindler et
al. 1990; Stockner 1987, 1998).

Consequences of
oligotrophication

Acesthetic. Public perception of
what is clean and unpolluted has
been the dictum of the anti-eutrophi-
cation crusade since the mid-1960s.
The large improvement in the aesthet-
ic appeal of lakes and streams as
nutrient inputs from anthropogenic
sources decline and productivities fall
is one of the most easily perceived
attributes of oligotrophication
{Heiskary and Walker 1988), But what
is visually pleasant is not necessarily
eood for efficient ecosystem function
and fish production, e.g. acidic lakes
are among the clearest but least pro-
ductive ecosystems. From a fisheries
perspective, perhaps it would be
more prudent to better manage our N
and I inputs 50 as to achieve a well
balanced nutrient input to increase
production efficiency and preserve
fisheries values (Fetterolf 1993). We
suggest a middle-ground approach
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Table 1. Some characteristics of fish-productive ecosystems with a predominance of "clas-
sic” diatom-based food webs (A), and of unproductive “microbial” pico- and nanoplank-
ton-based food webs (B) (maodified from Stockner 1998).

{A) Diatom-based food webs (mesotrophic)

= carbon production dominated by micro-phytoplankton

« moderate to low NP ratios

= nutrient enriched ecosystems, large € contributions from "new” production
= short, “classic” food chains, simple food webs

« macrozooplankion dominated
= trophically efficient energy transfers
= strong pelagic-benthic coupling

= high pelagic and demersal fish production

(B} Picoplankton-based food webs (oligotrophic)
» carbon production dominated by pico- and nano-phytoplankton, protozoans

« high N:P ratios

= nutrient regenarative ecosystems, low C contributions from “new” production
« microbially food web dominated with long foad chains
= complex food web structure, trophically inefficient

» microzooplankton dominated
= weak pelagic—benthic coupling
= low pelagic and demersal fish production

for ecosystem management where
streams and lakes have high fisheries
values. Said another way, we believe
that returning over-enriched systems
to the mesotrophic condition, i.e.
“mesotrophication,” to sustain fish-
eries values makes good ecological
SEMEE.

Changes in food web structure
and fisheries. Declining fish produc-
tion is one of the consequences of
changes in food web structure that
accompanies oligotrophication {Stock-
ner 1987; Tonn 199); Mann 1993). As
F loads diminish and lakes become
nutrient-poor, primary production
declines and is supported less by P-
import (new production) and more by
recycled P (Weisse and Stockner
1993). As nutrient levels decline, food
webs shift from high to moderate
nutrient-requiring, diatom-based,
short food chains (“classic”) to longer,
low nutrient tolerant less energy effi-
cient, picoplankton-based microbial
food webs (MFW) (Table 1) (Pomeroy
1974; Stockner and Porter 1988). Short
food chains occur in regions of high
biogenic production, e.g. ocean up-
welling, coastal regions and meso-
eutrophic lakes, and they support the
major fisheries of the world (Cushing
1989; Ware and Thomson 1991). Mod-
erately high nutrient concentrations
required for healthy fisheries in fresh-
waters are usually incompatible with

the low nutrient concentrations
deemed necessary to maintain aes-
thetic or visual “clear-water” ubjr.-_‘c—
tives in developed countries,

Several studies have confirmed the
crucial role that marine-derived nutri-
ents from salmon carcasses play in
establishing the productivity levels of
oligotrophic streams and lakes from
Alaska to northern California (Kline
et al. 1990; Bilby et al. 1996), and how
over the past century the vast majori-
ty of this nutrient influx has been lost
as stocks have diminished due to
habitat degradation and over harvest-
ing (Larkin and Slaney 1997). Marked
declines in yields from inland fish-
eries over the last 20-30 years have
also been noted in several large lakes
of Europe and in North America and
largely have been attributed to olig-
otrophication (Hartmann and Chuoss
1993; deBernardi et al. 1995; Ashley et
al. 1997). Recent studies of the rela-
tionships between total phosphorus
(TP) concentrations and fish stocks in
southern United States reservoirs sug-
gests that average TP levels of
between 80-100 mg/m? will support
the greatest biomass of sport fish. But
ambient TT" concentrations of this
magnitude are most often associated
with very “green” lakes of moderate
to poor clarity, i.e. the eutrophic con-
dition (Ney 199%a). Studies on several
large British Columbia lakes would
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E. A. Maclsaac

A helicopter leaves the fertilizer storage-base to begin the once weekly fertilization (N & P) of
Chilko Lake, British Columbia, Canada.

suggest that the oligo-mesotrophic
condition with average TP values
ranging from 1040 mg/m* would
support a far more productive salmo-
nid fishery than values 10 mg/m?* or
lower (Northeote 1973; Stockner 1957;
Ashley et al. 1997).

But the step from mesotrophy to
eutrophy is a very fine line that when
crossed can result in a preponderance
of filamentous and colonial blue-
green algae (Cyanobacteria), aestheti-
cally a nuisance and generally unsuit-
able as food for most zooplankton
(Gliwicz 1975). Often shallow lakes
can become weed choked with dense
stands of macrophytes. More than 60
years ago it was recognized that algal
blooms usually occurred during peri-
ods of severe nutrient stress, and a
low MNP ratio (Pearsall 1932), because
as lakes become more P-enriched, the
MNP ratio declines and the phyto-
plankton community becomes N lim-
ited (Edmondson 1991, Downing and
McCauley 1992). Some blue-greens
thrive in N-limited environments
because they can fix atmospheric N2,
vertically migrate, and form sub-sur-
face plates. Blue-green algae can be
viewed as “sentinels” of eutrophica-
tion because of these adaptations,
while eukaryotic phytoplankton
populations decline due to nutrient

erately productive ”rnemtmphic"
lakes and rivers these N and P imbal-
ances and severe limitations are sel-
dom profound or prolonged enough
to short-circuit carbon flows and cre-
ate bottlenecks. Thus, it is mesotro-
phic systems that can best sustain,
through much of the active growing
season, short, energy efficient food
chains that keep carbon flowing to
support “optimal” fish production
(Figure 3). But there are important
caveats to the maintenance of pmdu{:—
tive fisheries in mesotrophic systems.
The most impor-

tant is to maintain g
a well-balanced =
MN:P supply ratio,
optimal for the
growth of edible
phytoplankton
and zooplankton
populations
(Stockner and
Maclsaac 1996;
Stemberger and

«high N:P

Fish Production
miod
1

necks and keep carbon flowing and
nutrients recycling (Kitchell 1992).

Conclusion

Post-industrialized Western society
has not managed our finite nutrient
resources well, especially phosphorus
which, lacking a gas phase, cannot be
replenished like N and C by biogenic
reductive assimilation. Amounts of
phosphate rock (F-mined) available
for fertilizer manufacture are at low
levels and could be depleted within
the next century (CEEF 1998b). Yet it
is clear that P demand must substan-
tially increase if agricultural produc-
tion is to be sustained at levels neces-
sary to feed a growing global
population into the twenty-first cen-
tury. So where will “new P” come
from? Perhaps by mining known I’-
sinks, e.g. lake and coastal sea sedi-
ments, or STP sludge dumps. Or will
public awareness and market
demand for a less costly, sustainable P
source lead our societies to more
aggressive adoption and enforcement
of P-recycle systems? These are
important questions that require
immediate answers. But there are
measures that can be implemented
now to reduce P-sinks, slow glnbnl
oligotrophication and enhance photo-
synthetic production, 02 assimila-
tion and protein production. The most
obvious is to reduce P-import/export
and growing P-sinks while greatly
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Figure 3. Relation of fish production to nutrient status (TF) and
food chain length in lakes (after Stockner 1998). Dotted line relates
to hyper-eutrophic systems with herbivorous fishes (Wu et al.

limitation. But, we opine that in mod- ¢y to avoid bottle-  1997).
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