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Abstract. We analyzed management policies for ecosystems subject to alternate states,
thresholds, and irreversible changes. We focused on the problem of lake eutrophication by
excessive phosphorus (P) input. Eutrophic lakes may be classified, with respect to their
response to reduced P input alone, as reversible (recovery is immediate and proportional
to the reduction in P input), hysteretic (recovery requires extreme reductions in P input for
a period of time), or irreversible (recovery cannot be accomplished by reducing P input
alone). A model with one state variable and one control variable describes the responses
of lake trophic state to changes in P input and other management interventions. Activities
that generate P input to the lake are assumed to create profits, while the value of ecosystem
services provided by the lake declines at high P levels. We then calculated P input policies
that maximize the discounted net benefits from polluting activities and ecosystem services.
If “optimality’’ is defined as maximizing this discounted criterion, then analyses based on
deterministic lake dynamics usually lead to higher P input rates than analyses that assume
various kinds of variability (e.g., inputs are affected by stochastic factors such as weather,
policy is implemented with lags, or parameters of the limnological model are uncertain).
In reality, all of these complications occur. Therefore, if maximum economic benefit is the
goal of lake management, P input targets should be reduced below levels derived from
traditional deterministic models. This pattern may apply to other situations where diffuse
pollution causes nonlinear changes in ecosystem state, such as the greenhouse effect or
acid deposition.

Key words: economics, ecosystem management, ecosystems, alternate states; eutrophication; ir-
reversible change; lake management; management policy, lakes; optimality; phosphorus input to lakes;

policy analysis.

INTRODUCTION

Experience with management of large, complex en-
vironmental systems reveals patterns of ecosystem and
human dynamics that seem to be repeated in case after
case (Gunderson et al. 1995). Resilience, the capacity
of a nonlinear system to remain within a stability do-
main (Holling 1973, Ludwig et al. 1997), is a central
concept. Surprise and crisis are often the consequence
when an ecosystem shifts between stability domains.
Fishery collapse is a well-studied example (Walters
1986). Crisis may provide opportunities for learning,
introduction of novel approaches, and reorganization,
or it may prompt ever more rigid policies for ecosystem
management (Gunderson et al. 1995). Paradoxically,
rigid management systems can create conditions fa-
vorable to shifts in stability domains (Holling and Mef-
fe 1996). Thus it seems important to understand the
interactions of ecosystem resilience with social deci-
sion-making systems (Holling and Sanderson 1996).

The complex interactions of ecosystems and social
systems evoke responses ranging from confusion and
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frustration, to calls for further research, to advocacy of
particular management algorithms that purportedly
solve the problems. Among these is an increasing in-
terest in economic principles for ecosystem manage-
ment (Gunderson et al. 1995, Perrings et al. 1995, Daily
1997).

The application of economics to ecosystem manage-
ment raises a number of fundamental questions. How
should alternate states, thresholds, and irreversible
changes in the ecosystem affect economic policy pre-
scriptions? These phenomena are central to ecosystem
resilience, but they have not been addressed effectively
in economic analyses. How should environmental sto-
chasticity and uncertain ecological predictions affect
economic analyses? Although there is an extensive lit-
erature on making decisions in the presence of uncer-
tainty (e.g., Lindley 1985, Walters 1986), the impli-
cations for managing nonlinear ecosystems are not yet
well understood.

This paper considers the consequences of alternate
states and ecological variability for ecosystem man-
agement policies, according to economic analysis. To
focus the issue, we address the particular case of lake
eutrophication (Fig. 1). Two ecosystem states of lakes,
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oligotrophy and eutrophy, are of interest (Wetzel 1983,
Carpenter and Cottingham 1997). Oligotrophic lakes
are characterized by low nutrient inputs, low to mod-
erate levels of plant production, relatively clear water,
and relatively high value of ecosystem services. Eu-
trophic lakes have high nutrient inputs, high plant pro-
duction, murky water, anoxia, toxicity, and relatively
low value of ecosystem services. Thus eutrophication
diminishes the net value derived from lakes (Postel and
Carpenter 1997, Wilson and Carpenter 1999). The ul-
timate cause of eutrophication is excessive inputs of
nutrients. Nutrient input is a by-product of activities
such as agriculture, forestry, and urban development,
and benefits from these activities are directly related
to inputs. Thus there is a trade-off between benefits
from polluting activities and costs of ecosystem ser-
vices foregone due to consequences of pollution. We
shall use economic analysis to compare policies for use
and management that evaluate the net flow of benefits
when there are trade-offs involved. How is the eco-
nomic analysis affected by ecosystem dynamics, in-
cluding difficulties in reversing eutrophication?

There are several advantages of focusing on this rel-
atively simple example. (1) It is analogous to a number
of other environmental issues in which benefits related
to generation of pollutants must be balanced against
loss of ecosystem services caused by pollution. Ex-
amples include global climate change, acid deposition,
and other forms of water, air, and soil pollution. (2)
We can use a model with one state variable and one
control variable that is complex enough to represent
alternate states, irreversibility, stochasticity, and un-
certainty, yet is simple enough to be understood. (3)
Data are available to estimate model parameters for
real-world examples. (4) Because the model is rela-
tively simple, it is relatively easy to catalog assump-
tions and omissions. These clarify needs and priorities
for further work.

Overview of the paper

We begin with a model for lake eutrophication. Our
goal is a model that is consistent with the mechanisms
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of eutrophication and the state changes known from
lakes, yet simple enough to be integrated with an eco-
nomic model in a comprehensible way. We show that
the model is supported by major patterns from com-
parative limnology, consistent with many case studies
of lake eutrophication and its mitigation, and provides
a reasonable fit to long-term ecological data.

Next, we develop an economic model and use it to
calculate the policy that maximizes net economic value
of polluting activities and ecosystem services under a
variety of scenarios including stochastic inputs, lags in
implementing policy, and uncertainty about lake re-
sponse to changes in nutrient inputs. In general, sto-
chasticity, lags, and uncertainty lead to policies that
permit lower inputs than would be allowed by policies
that ignore these factors. We summarize the implica-
tions of the model for limnologists and managers, the
limitations of our approach, and some priorities for
future work. Mathematical results are collected in the
appendices.

LAKE EUTROPHICATION
Description and scope of the problem

Eutrophication, caused by excess inputs of nutrients,
is a widespread and growing problem of lakes, rivers,
estuaries, and coastal oceans (Smith 1998). In lakes,
excessive inputs of phosphorus (P) are usually the pri-
mary cause (Schindler 1977). Negative effects of eu-
trophication include increased plant growth; shifts in
phytoplankton to bloom-forming species that are often
toxic or inedible; decreases in water transparencys;
problems with taste, odor and water treatment; oxygen
depletion; and fish kills (Smith 1998). In the United
States, eutrophication accounts for about half the im-
paired lake area, 60% of the impaired river reaches,
and is the most widespread pollution problem of es-
tuaries (NRC 1993, USEPA 1996). Most of the excess
P input to U.S. waters is caused by nonpoint pollution
(Carpenter et al. 1998a). The source of this pollution
is runoff from agriculture and urban lands. Because
sources are diffuse, this pollution is difficult to measure
and regulate (Novotny and Olem 1994). Economic data
indicate that losses due to nonpoint pollution, or ben-
efits from nonpoint pollution control, are large (Postel
and Carpenter 1997, Wilson and Carpenter 1999). For
example, the benefits of federal policies intended to
achieve ‘“‘swimmable’” water quality for all U.S. fresh-
waters are about U.S. $5.8 X 10'° per year (Carson and
Mitchell 1993, converted to 1997 dollars by Wilson
and Carpenter 1999).

While nutrient addition may lead to immediate in-
creases in symptoms of eutrophication, decreased nu-
trient input does not always cause immediate or com-
plete reversal of eutrophication (Sas 1989, NRC 1992,
Cooke et al. 1993). Explanations for delayed response,
or lack of response, by lakes to reduced nutrient input
focus on recycling of P. As lakes are enriched, P ac-
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cumulates in sediments and rates of recycling from
sediments to the overlying water (‘‘internal loading”’)
increase. Whole-lake experiments show that recycling
rates can build to significant levels in a matter of of
years (Schindler et al. 1987, Houser 1998). Culturally
eutrophic lakes may receive excessive P inputs for de-
cades or longer. On an annual basis, recycling from
sediments to water of eutrophic lakes commonly ex-
ceeds inputs of P (Niirnberg 1984, Soranno et al. 1997).
Recycling of P from sediments interferes with miti-
gation of eutrophication, and can sustain eutrophy long
after external inputs of P are decreased (Sas 1989, NRC
1992, Cooke et al. 1993). In some cases, eutrophication
cannot be reversed by decreasing P input alone (Larsen
etal. 1979, 1981, NRC 1992, Cooke et al. 1993, Schef-
fer et al. 1993). In such lakes, additional interventions
that decrease recycling, accelerate sedimentation, or

increase outputs of P are needed (NRC 1992, Cooke

et al. 1993). Success of these interventions often de-
pends on site-specific characteristics such as lake area
or mean depth, food web structure, or submerged veg-
etation. These interventions will not be feasible or ef-
fective in all lakes.

Lake response to P input and recycling: a model

The essential dynamics of lake eutrophication can
be modeled by the equation

—=l-sP+——0. (1
m

The dynamic variable, P, is the amount of P (mass or
concentration) in the water column. The rate of P input
(mass or concentration per unit time) from the water-
shed is I. The rate of P loss per unit time (time~') is s.
Loss processes include sedimentation, outflow, and se-
questration in biomass of consumers or benthic plants.
The maximum rate of recycling of P (mass or concen-
tration per unit time) is ». P can be recycled from sed-
iments or by consumers. In the subsequent analyses,
we will assume that sediments are the major source of
recycled P. The overall recycling rate is assumed to be
a sigmoid function of P represented by the last term
in Eq. 1. The exponent g (dimensionless; g = 2) affects
the steepness of the sigmoid curve at the point of in-
flection. Larger values of g give a steeper curve. The
P value (mass or concentration) at which recycling
reaches half the maximum rate is m.

The lake has alternative states of oligotrophy or eu-
trophy for certain values of the parameters (Fig. 2).
These can be visualized by overlaying plots of the
straight line for P loss processes (sinks) and the curve
for P sources (input + recycling). For certain parameter
values, the curves intersect at three points. The central
point is an unstable repeller that lies between two sta-
bility domains (Appendix A). The upper and lower in-
tersections are attractors, one for eutrophy and the other
for oligotrophy. Some extrinsic manipulation is nec-
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Fi1G. 2. Rates of P flux vs. P mass in the water, according

to Eq. 1. The diagonal line is the rate of P loss. The sigmoid
line represents the P sources (inputs + recycling). Intersec-
tions of these lines are the steady states. The open circle
denotes the unstable steady state. Shaded circles denote stable
steady states.

essary to flip the lake from one domain of attraction
to the other.

For this model to be useful, major P fluxes must
depend on the amount of P in the water column roughly
as depicted in Fig. 2. Specifically, (1) P sinks must be
directly proportional to the amount of P in the water,
(2) P recycling must increase in an approximately sig-
moid manner (low slope when P levels are low or high,
with highest slope at an intermediate P level), and (3)
in at least some circumstances the slope of the recycling
curve must exceed the slope of the line for sink pro-
cesses. We address these three conditions in turn.

Sinks proportional to P.—P is lost from the phyto-
plankton by outflow, sedimentation, buildup of dis-
solved or detrital P in the water column, or accumu-
lation in other organisms such as fishes. Although many
factors can affect the rates of these loss processes, all
of them are proportional to the mass of material in the
water column. The largest losses are typically sedi-
mentation and outflow (Frisk et al. 1980, Niirnberg
1984, Lathrop et al. 1998). Both of these rates are di-
rectly related to mass (or concentration) in the water
column (Reckhow and Chapra 1983, Baines and Pace
1994). This is the basis for the linear approximation
—sP, which represents losses in Eq. 1.

Sigmoid P recycling.—Case studies of eutrophica-
tion management (Sas 1989, NRC 1992) and cross-lake
comparisons (Niirnberg 1984) show that recycling of
P from sediments is proportional to the amount of P
in the water and depends on the history of P inputs.
Some fraction of the recycling is due to resuspension
of sediments by waves or benthivorous fishes. Sedi-
ment resuspension may be the major mechanism of
recycling in shallow unstratified lakes. In stratified
lakes, recycling also depends on oxygen depletion in
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the hypolimnion during the stratified season (Mortimer
1941). Interlake variation in this mechanism is corre-
lated with sulfate concentration, which apparently af-
fects the availability of iron to bind P (Caraco et al.
1991). When the hypolimnion is oxygenated, iron ex-
ists in its oxidized state. It forms insoluble complexes
with P that prevent recycling. When the hypolimnion
is deoxygenated, iron is reduced and inorganic P be-
comes soluble, thereby increasing the recycling rate.
Oxygen depletion in the hypolimnion is driven by de-
composition of sinking phytoplankton and respiration
of surface sediments. Both the flux of sinking particles
and water column respiration are proportional to P con-
centration and primary production (Baines and Pace
1994, del Georgio and Peters 1994). Primary produc-
tion increases with the amount of P in the water (Schin-
dler 1978).

The probability of anoxia in lakes is a sigmoid func-
tion of P (Reckhow 1979). This probability is corre-
lated with the number of days that sediment is overlain
by anoxic water (Niirnberg 1995).

According to these findings, recycling should in-
crease with P following the general pattern of Fig. 3.
When P is low, the hypolimnion is oxygenated most
of the time. Recycling from the hypolimnion is limited
to mineralization of P from sinking phytoplankton that
were actively growing just days or weeks before. Also,
there is some resuspension of sediments, especially in
shallower lakes, but the recycling rate is not great be-
cause the sediment P concentration is low. When P is
high, the hypolimnion is anoxic almost all the time and
recycling from the hypolimnion is near maximal. At
intermediate P levels, recycling is increasing the most
rapidly with P. The frequency of anoxia in the hypo-
limnion is growing, so on an annual basis the hypo-
limnion is recycling P for an increasing proportion of
the available time.

P recycling can be faster than retention.—Annual P
recycling from the hypolimnion of a stratified lake is
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roughly proportional to the amount of time that the
hypolimnion is anoxic. How does recycling rate change
with P? Comparative limnology suggests answers to
this question.

The rate of oxygen depletion in the hypolimnion de-
pends on P concentration of the lake water, mean thick-
ness or depth of the hypolimnion, and temperature of
the hypolimnion. Cornett and Rigler (1980) presented
a regression that predicts oxygen depletion rate from
P concentration and mean lake depth. Charlton (1980)
presented a regression that predicts oxygen depletion
rate from chlorophyll concentration, hypolimnion
thickness, and hypolimnion temperature. Chlorophyll,
a measure of phytoplankton biomass, is proportional
to P concentration (Canfield and Bachmann 1981). The
Cornett-Rigler and Charlton models employ somewhat
different approaches and both will be considered here.

The proportion of anoxic days during the stratified
season increases with P concentration under both mod-
els (Fig. 4). Anoxia is more prevalent as lakes become
shallower and the hypolimnions become warmer. These
calculations assume that the stratified season is 150 d
long and that the initial hypolimnetic oxygen concen-
tration is 12.7 mg/L, the saturated concentration at 4°C.

The curves of Fig. 4 are proportional to recycling
rates from the hypolimnion. We assumed that recycling
was zero when the hypolimnion was oxic. When the
hypolimnion was anoxic, we assumed that recycling
occurred at the median rate reported by Niirnberg
(1984), 12 mg'-m~2d-'. With these assumptions, the
curves of Fig. 4 can be converted to curves of annual
P recycling vs. mean total P concentration in the water.
Slopes of these curves have units yr~!, as do P retention
rates (Frisk et al. 1980, Niirnberg 1984). We averaged
slopes over a P interval of 20 wg/L starting from the
P level that produced just one anoxic day per year. This
procedure underestimates the maximum slope, because
slopes are averaged over a broad interval of P concen-
trations. Thus the slopes can be viewed as minimal
estimates of the true slope (Fig. 5).

Can the minimal estimates of the recycling slopes
(Fig. 5) exceed s? A precise estimate of s would require
measurements of P sedimentation, outflow, consump-
tion, and recycling at short time intervals through the
annual cycle. However, an estimate of s can be cal-
culated from the annual carryover of P in the lake water
which is ~e~* (Appendix A). In experimental lakes that
are fertilized during summer for a period of years, P
concentrations typically return to a baseline level each
spring (Schindler et al. 1978, 1987, Carpenter et al.
1998b, Houser 1998). P levels rise with summer fer-
tilization, then decline during fall and winter, approach-
ing the baseline level in spring. The spring P concen-
tration is ~5-20% of the maximum concentration at-
tained the preceding summer (Houser 1998; S. R. Car-
penter, unpublished data). If we take this percentage
as a measure of carryover, then s = —log(0.05) to
—log(0.2) = 1.6 to 3. We expect s to be greatest in
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FiGc. 4. Predictions of the proportion of anoxic days vs. mean total P concentration (ug/L) from published empirical
relationships. All calculations assume a 150-d stratified season. (A) Model of Cornett and Rigler (1980) for lakes of three
mean depths. (B) Model of Charlton (1980) combined with the P—Chl relationship of Canfield and Bachmann (1981) for
lakes of three mean hypolimnion thicknesses at 8°C. (C) Charlton model for lakes at three hypolimnetic temperatures with

a mean hypolimnetic thickness of 4 m.

lakes with rapid flushing and rapid sedimentation (low
carryover of P), and lowest in lakes with slow flushing
and sedimentation (high carryover of P).

These calculations suggest that the slope of the re-
cycling curve will substantially exceed s under some
conditions, leading to alternate states. Recycling slopes
are greater for shallower lakes, suggesting that the oc-
currence of alternate states by this mechanism should
be more common in shallower lakes. Our findings cor-
roborate Scheffer’s (1998) view of alternate states in
shallow lakes. Recycling slopes are also greater for
lakes with warmer hypolimnions, suggesting that al-
ternate states should occur more commonly as lakes
become warmer. Lakes with slow flushing and effective
mixing by the wind (which suspends P, leading to slow
sedimentation rates) should have low values of s and
therefore exhibit alternate states.

The empirical limnological models also provide a
rough estimate of g, the exponent of the recycling
curve. The slopes of Fig. 5 approximate the derivative
of the sigmoid curve evaluated at m ~ P, which is

qr/4P. Therefore g = slope X 4P/r where P is the P
concentration near the steepest part of the recycling
curve. Values of g range from ~20 for shallow, warm
lakes to ~2 for deep, cold lakes.

Application of the model to eutrophication and its

mitigation

So far we have provided evidence for the general
patterns and limnological mechanisms described by the
model. Another way to assess the model’s usefulness
is to ask whether it can describe common experiences
with lake eutrophication and mitigation. Here we ex-
plain how several common scenarios are represented
in the model.

Eutrophication is caused by increasing P inputs
(Schindler 1977). In the model, this process is repre-
sented as the transition from the lower to the upper
sigmoid curve in Fig. 6. With the lowest P input, there
is one steady state at relatively low P. With the inter-
mediate P input, there are three steady states, two of
them stable. One of the stable steady states is at low

Charlton plus
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ing P inputs, according to Eq. 1. The diagonal line is the P
sink and sigmoid lines are the P sources. Increasing P input
moves the system from the low-P steady state to the inter-
mediate sigmoid curve with two stable steady states, and then
to the upper curve with only the high-P steady state. Res-
toration reverses the sequence.

P, the other at high P. With the highest P input, there
is again only one steady state, this one at relatively
high P.

Reduction of P inputs is generally believed to be
essential for mitigation of eutrophication (NRC 1992,
Cooke et al. 1993). In the model, restoration by reduced
P input is represented by transition from the upper to
the lower sigmoid curve in Fig. 6.

In fact, decreases in P input may not have an im-
mediate effect on P levels in the lake (Sas 1989, NRC
1992, Cooke et al. 1993). Additional interventions such
as sediment treatment, hypolimnetic oxygenation, or
biomanipulation may be needed to restore the lake
(NRC 1992, Cooke et al. 1993). This situation is rep-
resented by the intermediate sigmoid curve with two
steady states (Fig. 6). As the system moves from high
P inputs to intermediate P inputs, the P level will re-
main near the high-P steady state. The interventions
push the P level below the unstable steady state to the
region where P can approach the lower steady state.

Reductions in P input may have a delayed effect, so
that decreased P in the lake does not occur until some
years after input is reduced (Sas 1989). In terms of the
model, recycling rates increase during an extended pe-
riod of high P input (Fig. 7). When inputs are reduced,
recycling remains high and sustains the eutrophic state.
Over a period of years, nutrients in surface sediments
may become depleted, recycling declines, and the lake
returns to the low-P steady state.

Some lake restoration methods involve interventions
to reduce recycling. For example, air or oxygen may
be injected into the hypolimnion to reduce recycling
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and shift a lake from a high-P steady state to a low-P
steady state (NRC 1992, Cooke et al. 1993, Prepas and
Burke 1997). In shallow lakes, macrophyte restoration
stabilizes sediments and reduces recycling (Scheffer et
al. 1993). In terms of the model, such interventions are
represented as a compression of the recycling curve
(Fig. 8A).

Other lake restoration methods involve interventions
to increase sinks for P. Biomanipulation transfers nu-
trients from phytoplankton to consumers and sediments
(Carpenter et al. 1992, Schindler et al. 1995). Alumi-
num sulfate can be added to lakes to precipitate P to
the sediments (Cooke et al. 1993). In reservoirs, flush-
ing rate can be manipulated to increase losses of nu-
trients (Cooke et al. 1993). In terms of the model, these
restoration methods are represented as a steepening of
the P sink line (Fig. 8B).

ALTERNATE STATES AND IRREVERSIBILITY

Although reductions of P input are believed to be
necessary for mitigation of eutrophication, experience
shows considerable variability in lake responses to re-
duced P inputs (Ryding 1981, Cullen and Forsberg
1988, Jeppesen et al. 1991, NRC 1992, Cooke et al.
1993). On the basis of these experiences, we classify
lakes as “‘reversible,” ‘“‘hysteretic,”” or ““irreversible”’
with respect to their response to reductions in P input,
and show how these types are represented by the model.

Reversible lakes

In some lakes, eutrophication can be reversed by P
input controls alone. Lake Washington (Washington,
USA) (Edmondson 1991) is a familiar example. Lakes
that are deep and cold, with rapid flushing or sediment
chemistry favorable to P retention, or lakes that have
been eutrophied for only a short time may be restored

oligotrophic eutrophic
o Increased P Input
T >
o
Phosphorus
P Input Decreases
Sediment P

but Recycling

Depletes Slowly, Remains High

Recycling Declines \ eutrophic

FiGg. 7. Explanation of delayed response to P input re-
duction using the model. Increased P input converts an oli-
gotrophic lake to a eutrophic lake. Management decreases P
input, but recycling remains high. Eventually sediment P is
depleted, recycling declines, and again the lake becomes oli-
gotrophic.
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FiG. 8. (A) Lake restoration by decreasing recycling. (B)

Lake restoration by increasing sinks.

rapidly by reducing P input. As represented by the mod-
el, eutrophication can be reversed by P input controls
alone if the slope of the recycling curve is less than
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the slope of the line for P losses (Fig. 9A). Such lakes
will be called ‘“‘reversible.”

Hysteretic lakes

In some lakes, eutrophication has been reversed by
combining P input controls with temporary interven-
tions such as chemical treatments to immobilize P, or
biomanipulation. These lakes are often small and/or
shallow. Shallow lakes are more likely to have rapid
P recycling, and therefore be unresponsive to P input
controls alone. In smaller lakes, interventions such as
aluminum sulfate treatment and biomanipulation are
more feasible. In terms of the model, such lakes are
shifted from a high-P steady state to a low-P steady
state (Fig. 9B). Lakes that can be restored by perturbing
them to the lower P steady state will be called ‘‘hys-
teretic.”” The qualitative behavior of hysteretic lakes in
our model is similar to the more detailed theory for
shallow lakes developed by Scheffer (1998).

Irreversible lakes

In some lakes, eutrophication has not been reversed
even by severe reductions in P input. The minimum P
input to a lake is determined by regional factors, such
as soil chemistry and airborne P deposition, that are
not susceptible to management (NRC 1992). The min-
imum attainable P input may not be low enough to shift
the lake out of the eutrophic state. This situation is
most likely to occur in shallow lakes, lakes in P-rich
regions, or lakes that have received extreme P inputs
for an extended period of time (Jeppesen et al. 1991,
NRC 1992). Shagawa Lake, Minnesota, USA, is a well-
documented example of a stratified lake with appar-
ently irreversible dynamics (Larsen et al. 1979, 1981).
In terms of the model, recycling is so large that no
feasible reduction of inputs can move the lake to the
low-P steady state (Fig. 9C).

Typically, the minimum possible P input rate will be
greater than zero, not zero as depicted in Fig. 9C. Lake
managers recognize that the best attainable water qual-
ity for a lake is related to the minimum attainable P
input rate dictated by watershed geology, soils, and

Reversible Hysteretic Irreversible
150 '
A B C

S 100}
2

2

€ 50k

0 A i A "
0 100 200 0 100 200 0 100 200
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Fi1G. 9. P sources (sigmoid curves) and sinks (diagonal lines) for (A) reversible lakes, (B) hysteretic lakes, and (C)

irreversible lakes.
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hydrology (NRC 1992, Cooke et al. 1993). As the min-
imum attainable P input increases, it becomes more
likely that eutrophication cannot be reversed by con-
trolling P input alone.

In this paper, irreversible lakes are those that cannot
be restored by P input controls alone. In principle, such
lakes may be restorable by other interventions. How-
ever, there is no guarantee that other interventions will
be possible. For example, biomanipulation is difficult
in heavily fished lakes (Kitchell 1992) and in lakes with
large surface areas, oxygenation and aluminum sulfate
treatment are extremely costly (Cooke et al. 1993).

EconomiCc FRAMEWORK FOR MANAGING LAKE
EUTROPHICATION

Economic analysis seeks to maximize the net value
to society of profits from activities that add P to the
lake (such as agriculture or development) and the eco-
system services provided by the lake (such as clean
water, recreation, and so forth). The notion of cost-
benefit accounting for nonmarket environmental goods
and services is detailed in a number of texts (e.g., Free-
man 1993, Hanley and Spash 1993, Dixon et al. 1994).
Goulder and Kennedy (1997) provide a brief, well-
written summary.

In the most common economic approach to decision
making, the ‘“optimal” policy is defined as the one
which maximizes the discounted net present value of
a time series of benefits. This notion of optimality is
debated (Bromley 1990). We wish to explore the con-
sequences of this common definition of optimality for
management of a lake subject to nonlinear dynamics
and other complications including stochastic P inputs,
lags in implementation of policy, and uncertain esti-
mates of limnological parameters.

Model for economic utilities

In the economic analyses, we use a discrete form of
the lake model (Appendix A). The dimensionless dy-
namic variable is X = P/m. The discrete model is

X=X +a- sz + f(Xl) 2)
where a and b are functions of the original parameters
(Appendix A) and

X4q

1+ X @

fX) =

In this form of the model, X is the state variable to be
managed, a is the input which is the single control
variable, and b is a parameter that determines whether
the lake is reversible, hysteretic, or irreversible for a
given value of g.

The utility of activities that cause P input (U.) to
the lake is calculated using information on the amount
of money emitters are willing to pay for the P they
release (Fig. 10A). Each emitter is ranked by willing-
ness to pay, and the area under the curve from zero to
a is the utility of P input at rate a. If the willingness
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Eq. 4 represents the demand for the right to pollute.
The “supply’’ of tolerable pollution is calculated from
information on the amount of compensation lake users
are willing to accept to tolerate a given state of the
lake, or the amount of money lake users would be will-
ing to pay to remove an increment of P from the lake
(Fig. 10B). The ordinate of Fig. 10B represents a loss
to society as a whole. This sum of money will rise with
P level, and cross the x-axis at some positive X that
represents the amount of P needed to support ecosystem
services such as fish production. Below this level of
X, lake users would be willing to pay emitters for more
P; above this level, lake users would want to be com-
pensated for tolerating excess P. The total (negative)
cost of a given level of phosphorus X is the negative
of the integral of the curve in Fig. 10B from zero to
X. If we assume that cost grows linearly with X, then
the total (negative) cost U; is
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to maximize discounted net present value. In these simulations, g = 2, oy, = 0.4, B, = 0.08, 3 = 0.98.

Up(X) = BoX — BiX2 (5)

The net total value of an input a that leads to lake state
X is U(a) + Up(X).

In general, the total value will be high when inputs
are low (so that U, (a) is positive) and P levels are low
(so that Up(X) is positive). Total value will be low when
inputs are high (so that U,(a) is small) and P levels
are high (so that Uy(X) is a large negative value). The
U, (a) and Up(X) curves cross at some intermediate lev-
el of a and X. This general pattern leads to the results
described in the remainder of the paper. To produce
this pattern using a minimum number of parameters,
we assume a; = 0 and B, = 0. This assumption has
no effect on our conclusions about effects of stochastic
inputs, lags in implementing policy, uncertainty, or dis-
counting. In an analysis for a specific lake, one would
construct curves like Fig. 10 and estimate site-specific
parameters for U and U, (see Appendix B).

Policy choice to maximize utility

We will consider the policy problem of finding the
P input level u(X,_,) that will maximize a time series
of benefits (Egs. 4 and 5) subject to ecosystem dynam-
ics given by

Xt+1 = Xt + M(Xt—1) - bXt + f(Xl) (6)

where the parameter b sets the P loss rate and f(X)) is
given by Eq. 3. The input rate targeted by the policy
depends on the level of P, 7 time steps in the past.
Except where otherwise stated, the lag 7 is zero in the
calculations reported below.

Given a policy for setting P input levels, the dis-
counted present utility of a sequence of states from the
present (¢ = 0) to some future time (¢t = F) is

1=F
V(u) = 2,) 3'[Up(X,) + Uy(a,)]. @)
The discount factor, 8, is used to adjust future utilities

to present utility. The “‘optimal” policy is defined to
be the one that maximizes V(u) (Appendix C).

DETERMINISTIC MODEL, NO LAGS

Both the initial state of the lake and lake dynamics
have significant effects on policy choice (Fig. 11). The
curves show average utility, P levels, and P input rates
for the policy that maximizes discounted present utility
(Eq. 7) for specified values of the parameters. For a
reversible lake, policy choice is not sensitive to initial
P. Target load decreases slightly as initial P increases,
but mean P level and net utility are nearly constant.
For the irreversible lake, however, the optimal policy
is very sensitive to the initial state of the lake. If the
intial P concentration is low, the lake can be maintained
in the oligotrophic state by moderating P inputs. If the
initial P concentration is higher, however, the lake can-
not be shifted to the oligotrophic state by reducing P
inputs alone. Utility is positive at low P concentrations,
negative at high P concentrations. The hysteretic lake
is an intermediate case: it is more sensitive to initial
conditions than the reversible lake, but less sensitive
than the irreversible lake.

Implications for lake management policy are famil-
iar. The utility of lakes that are initially oligotrophic
can be maintained by policies that limit P input. The
model indicates that reductions in P input are the op-
timal policy for lakes that are initially eutrophic. For
eutrophic lakes with irreversible dynamics, no P input
policy can restore the lake and yield positive utilities.
Lake managers faced with this situation would consider
additional interventions, beyond reductions in P input,
to restore the lake (Cooke et al. 1993). Economic losses
due to poor water quality would be part of the rationale
for these interventions.

STOCHASTIC INPUTS

Industrial or municipal discharges of nutrients to
lakes may vary little from year to year. Nonpoint inputs
(such as agricultural or urban runoff), however, are
often the major cause of eutrophication and are highly
variable in time (NRC 1992, Novotny and Olem 1994,
Carpenter et al. 1998a). How should stochasticity of P
inputs affect policy choice?
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FiG. 12. Utility (value) and target P input
rate (dimensionless) vs. P level (dimensionless)
for reversible (b = 0.62), hysteretic (b = 0.52),
and irreversible (b = 0.42) lakes with stochastic
inputs, managed to maximize discounted net
present value. Values of the other parameters:
qg=2,0a,=1,B, =053 =098, ¢ =0.25,
df = 10.
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Stochastic form of the model

We included stochasticity in the discrete model as e?
where z is a random variable from a Student’s ¢ dis-
tribution with specified scale factor and degrees of free-
dom:

X, = X, + ulX)es — bX, + fiX). ®)

According to Eq. 8, P inputs are log-z distributed (or
lognormal if degrees of freedom are large) which is
commonly the case in nature (Reckhow 1979). Com-
putation of the optimal policy for the stochastic model
is described in Appendix D.

Policy choice with stochastic input

As initial P increases, the target input rate decreases
and the net utility decreases (Fig. 12). The decrease is
steepest for the irreversible lake indicating a more cau-
tious policy. Because inputs are stochastic, there is a
chance that a high input will flip the lake to the eu-
trophic state. This risk is built into the utility calcu-
lation, and leads to lower P inputs if the lake is irre-
versible.

How does optimal policy change as inputs become

Irreversible Lake

— — Low Variability
—— High Variability

Target P Input

~N
N
0 ;
0 1 2
P Level
F1G. 13. Target P input rate (dimensionless) vs. P level

(dimensionless) for scenarios in which inputs have low vari-
ance (o = 0.1, df = 25) and high variance (o = 0.3, df =
5). In both scenarios the lake is irreversible (b = 0.42, g =
2) and managed to maximize discounted net present value.

more variable? Scenarios of high variability and low
variability are compared for an irreversible lake in Fig.
13. These scenarios differ in both the scale factor of
the ¢ distribution, which increases the spread of the
distribution, and the degrees of freedom, which are
inversely related to the thickness of the distribution’s
tails. Magnitude of variability has little effect on the
utilities because the center of the distribution is un-
changed. However, there is a marked effect on target
input rates. When variability is low, input rates decline
smoothly to near zero as the lake approaches the thresh-
old for flipping to the high-P state. When variability is
high, the decline in input rate is steeper and occurs at
a relatively low P value because of the risk that an
extreme input event could flip the lake to the high-P
state.

EFFECTS OF LAGS

Lags in implementing P input policy tend to desta-
bilize the ecosystem (Fig. 14). If there is no lag, input
rates and P concentrations reach target levels in one
time step (Fig. 14A). If there is a 10-yr lag in imple-
menting policy, but this lag is ignored in setting policy,
both P levels and input rates fluctuate considerably over
time (Fig. 14B).

One way to compensate for the effect of lags is to
implement policy gradually, so that the target P level
is reached over a number of years (Appendix C). Grad-
ual control greatly reduces the fluctuations and in the
long run yields P concentrations and loading rates com-
parable to the situation with lag = 0 (Fig. 14C). In this
case the policy is phased in over five years (g = 0.2).

What are the consequences of lags for policy choice?
With lag, the utility of the optimal policy, the mean P
concentration of the lake, and the mean input level are
all reduced (Fig. 15). Because of the fluctuations, the
optimal policy reduces P input rate, thereby reducing
the mean P concentration (although year-to-year vari-
ability is high) and foregoing some of the potential
utility. Therefore, if there are lags in implementing
policy, then the optimal policy is more cautious with
respect to P inputs. This general result holds for irre-
versible, hysteretic, or reversible dynamics.

Gradual implementation of the optimal policy
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discounted net present value, but the policy is phased in grad-
ually over five years. Parameters for simulations: b = 0.52,
qg=2,0,=2,B,=04,5=0098.

achieves results that are almost identical to those ob-
tained when the lag is zero (Fig. 15). Therefore, gradual
implementation compensates effectively for lags.

Results depicted in Fig. 15 were calculated for a lake
that is initially at a low level of phosphorus (X = 0.1).
The same general pattern holds for eutrophic lakes that
are reversible or hysteretic. For eutrophic lakes that are
irreversible, changes in P input policy alone are rela-
tively ineffective.
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This result has important implications for managers
setting P input policies for lakes in relatively unde-
veloped watersheds. Such lakes are likely to be rela-
tively oligotrophic with a diversity of potential dynam-
ics under enrichment. Management will seek policies
that allow development, agriculture, aquaculture, and
so forth to generate P inputs up to the level that max-
imizes the overall net utility of these activities and lake
ecosystem services. Lags in choosing and implement-
ing these policies will be inevitable. Managers can
compensate for lags by gradually phasing in the in-
creased P inputs. If gradual policy implementation is
not possible, then substantially lower targets for P in-
puts must be set to maximize the utility.

UNCERTAIN RESPONSE OF LAKE TO CHANGES IN
P INPUTS

Our ability to predict lake responses to P input pol-
icies is imperfect. Although we are certain that P input
is a fundamental cause of lake eutrophication (Schin-
dler 1977, Smith 1998), predictions of lake eutrophi-
cation models exhibit considerable variability (Vollen-
weider 1976, Reckhow 1979). Sometimes lakes fail to
respond to P management as predicted by limnological
models (Larsen et al. 1979, Ryding 1981, Cullen and
Forsberg 1988, Jeppesen et al. 1991). Even for exper-
imental lakes and lakes for which we have extensive
long-term data, the scatter of data around empirical
models cannot be ignored (Schindler et al. 1978, Schin-
dler et al. 1987, Carpenter et al. 1998b, Lathrop et al.
1998). The variance of this scatter is related to the
uncertainty we wish to consider here.

In the dimensionless form of our model, uncertainty
about lake response to P input policies is represented
by the statistical distribution of the parameter b. We
have already seen that this parameter has strong effects
on policy choice. We now consider how well b may be
known, and the consequences of uncertainty about b.

Magnitude of ecological uncertainty

To illustrate the magnitude of uncertainty about b,
we use data from one of the world’s best-studied lakes,
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//0 \
301 5 NS @6"0 5
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FiG. 15.

Utility (net value), P level (dimensionless), and P input rate (dimensionless) vs. the loss parameter b for lags

of 0 or 10 yr, and for a lag of 10 yr with gradual policy implementation over a 5-yr period. Each policy maximizes discounted

net present value. Parameters: ¢ = 2, o = 2, B, = 0.4, 8
reversible.

= 0.98. Abbreviations: Irr, irreversible; Hys, hysteretic; Rev,
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Lake Mendota, Wisconsin, USA. For this lake we have
21 yr of detailed, consistent measurements of P input
rate and P mass (Lathrop et al. 1998). Independent
studies have shown that internal recycling of P from
the hypolimnion is substantial during periods of anoxia
(Stauffer 1987, Soranno et al. 1997). We fit a discrete
form of the model to the time series of P and / (Lathrop
et al. 1998):

rP{

P = Pt b= sPot

&)

The parameters s, r, m, and g were estimated by the
observation error procedure of Walters (1986) using
least squares as the loss function and the simplex meth-
od to find the optimum estimates (Nelder and Mead
1964). We estimated the proportion of parameter sets
that led to reversible, hysteretic, or irreversible dynam-
ics by bootstrapping. To generate bootstrap estimates,
pseudovalues were created by adding randomly se-
lected residuals to predictions, then estimating s, , and
m while fixing g at the point estimate (Efron and Tib-
shirani 1993).

The model fit is presented in Fig. 16. There was a
tendency for observations to exceed predictions when
P input rates were relatively low. For example, during
the period 1988-1992 inputs were relatively low and
predictions were consistently lower than observations.
This pattern suggests that recycling may be larger than
estimated by the model. Diagnostic plots of residuals
(normal probability plot, autocorrelation function, par-
tial autocorrelation function) suggested no departures
from model assumptions although with 21 data points
the power to detect autocorrelations is low. Estimates
of the parameters were s = 0.817, » = 731000 kg/yr,
m = 116000 kg, and g = 7.88. These estimates seem
reasonable in view of the P retention rates reported by

Lathrop et al. (1998) and recycling rates reported by
Soranno et al. (1997).

Despite more than two decades of high quality data
and a good fit of the model, the future dynamics of
Lake Mendota are uncertain. Bootstrapping showed
considerable variability in the parameters, with a range
of >100-fold for m and >10-fold for » (Fig. 17). In
addition, the bootstrap distributions appear to be bi-
modal. This bimodality may indicate that two distinct
dynamic patterns existed in Lake Mendota over the
period of record, but the data are not sufficient to ex-
plore this possibility in detail.

Our analyses suggest that Lake Mendota may not be
restorable by reducing P inputs alone. The mean esti-
mates of the parameters indicate that the lake is irre-
versible, but these estimates have significant variabil-
ity. The distribution of steady states was estimated from
the bootstrapped distributions of m, r, and 5. We found
a 57.7% probability that the lake is reversible, but a
20.8% probability that the lake is irreversible and a
21.5% probability that the lake is hysteretic. Although
the lake has responded to past variations in P input
(Lathrop et al. 1998), recycling is substantial (Soranno
et al. 1997). Thus there is ample reason for uncertainty
about the lake’s response to future changes in P input.
Recognizing this uncertainty, recent management plans
for Lake Mendota have included both reductions of P
input and biomanipulation (Kitchell 1992, Lathrop et
al. 1998).

Lake Mendota represents a ‘‘best-case scenario’” for
minimizing uncertainty. Yet, the distribution of out-
comes that must be considered for Lake Mendota rang-
es from irreversible dynamics to reversible dynamics.
Most management situations will be even more uncer-
tain. The diversity of experiences with P reduction pro-
grams suggests that a full range of situations, from
reversible to irreversible, is possible.
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the optimal value 7.88.

Policy choice with ecological uncertainty

What are the consequences of uncertainty about b
for the optimal policy? We compared a ‘‘naive” policy,
which assumes b is known precisely and the lake is
hysteretic (b = 0.54) with an “informed” policy in
which b is uncertain. The assumed Student’s 7 distri-
bution of b has mean 0.54 and standard deviation 0.18.
This distribution was chosen arbitrarily to span the
range of interesting dynamics.

The naive optimal policy tends to overestimate util-
ity and underestimate the P concentrations that man-
agement can achieve (Fig. 18). The naive policy tends
to overestimate the P input rate when P levels are low,
and underestimate the P input rate when P levels are
high. At high P levels, the optimal policy under un-
certainty averages over the possibility that the lake is
reversible, in which case some input is tolerable, and
the possibility that the lake is irreversible, in which
case it is impossible to restore the lake but some utility
can be gained from polluting activities.

These results indicate that policies based on the as-
sumption that lake dynamics are precisely known will
underestimate attainable P concentrations, and over-
estimate economic value, in comparison with policies
that account for uncertainty. For lakes with low P lev-
els, naive policies will set P input rates that are too
high. For lakes that are already eutrophic, naive poli-
cies may actually be more conservative than informed
policies with respect to P input rates, because the naive
policy assumes that low P inputs will restore the lake.
In contrast, the informed optimal policy maximizes ex-
pected utility over extremely different possibilities:
that the lake is reversible or irreversible. An experi-
mental policy could be used to assess whether the lake
is reversible or irreversible. For example, if inputs are
drastically reduced for a period of years and P levels
decline rapidly, the lake is apparently reversible. The
opposite experiment, increasing P inputs for a period
of years, is more risky because the lake may prove
irreversible.

IMPACT OF DISCOUNTING

The discount factor 8 determines the weight attached
to future benefits. A low discount factor will favor
policies that increase P input in the present and risk
eutrophication of the lake in the future, whereas a high
discount factor will give greater weight to sustaining
the lake in the low-P state even if present benefits of
polluting activities must be curtailed. Because of this
powerful effect on policy choice, the selection of dis-
count factors is a great source of controversy in en-
vironmental accounting and economics (Brock 1977,
Chichilnisky 1997, Heal 1997). Also, some critics
doubt that discounting is appropriate for ecosystems.
The argument for discounting the value of money over
time is based on human behavior (Freeman 1993, Han-
ley and Spash 1993, Dixon et al. 1994). It seems rea-
sonable to express ecosystem services in monetary
terms, to expose hidden values and add another di-
mension for environmental decision making (Daily
1997). It does not follow, however, that ecosystems or
their services should be discounted over time in the
same way that money is. Here we cannot resolve these
fundamental concerns, but we can demonstrate the im-
pact of discounting on lake management policies.

The discount factor interacts strongly with stochas-
ticity in P inputs and uncertainty in lake dynamics. For
example, compare a risky optimal policy, which as-
sumes a lake is reversible, with a cautious optimal pol-
icy which assumes a lake is irreversible, under strong
(8 = 0.9) and weak (8 = 0.99) discounting. Under the
cautious policy, P input rates will be lower (Fig. 19A).
Under both the cautious and risky policies, weak dis-
counting leads to lower P input rates because the future
state of the lake carries more weight. Now suppose the
lake is actually irreversible. Implementation of the
risky policy will yield lower utilities than the cautious
policy, because the risky policy shifts the lake into a
lower-utility, high-P state (Fig. 19B). The loss due to
adopting the risky policy is the difference between the
utility curves (Fig. 19C). The loss is large at low P
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levels, where appropriate P inputs can prevent irre-
versible change, and small at high P levels where the
lake is irreversibly eutrophic regardless of policy
choice. The loss also depends on the discount factor
used to calculate the policies. At low P levels, the loss
is worse under weak discounting because the future
state of the lake is weighted heavily. At intermediate
P levels, the loss is worse under strong discounting
because target P inputs are large in the critical range
where lower inputs might prevent the shift to the ir-
reversible high-P state. At high P levels, the lake is
already irreversibly eutrophic regardless of policy
choice, and losses are similar regardless of the discount
factor. A similar interaction is discussed for linear mod-
els by Brock (1977).

The discount factor will also affect the decision mak-
er’s willingness to invest in research to determine wheth-
er the lake is reversible or irreversible. Such research
will lead to increased future utilities. If future utilities
are discounted heavily, however, the payoff from the
research declines (Walters 1986). Weak discounting (3
near 1), in contrast, tends to favor research to improve
predictions of lake response to future P inputs.

Alternative approaches to distributing benefits over
time, which compromise between discounting the fu-
ture and the need to sustain the ecosystem indefinitely,
have been considered (Beltratti et al. 1996, Chichil-
nisky 1996, 1997, Heal 1996). These approaches would
yield policies similar to the weak discount factor case
analyzed here. They would lead to cautious P input
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(A) Target P input rate (dimensionless), (B) utility (value), and (C) loss due to adopting the risky policy vs. P

level (dimensionless) for strong discounting (3 = 0.9) and weak discounting (8 = 0.99). The cautious policy assumes that
the lake is irreversible (b = 0.42). The risky policy assumes that the lake is reversible (b = 0.62). Parameters: b = 0.42, g

=2 a,=1, B, = 0.5, 0 =025, df = 10.
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rates, higher losses if the wrong policy is selected when
P levels are low, and strong incentives for learning to
predict the response of the lake more accurately.

IMpPACT OF OTHER ECONOMIC PARAMETERS

What are the effects of the utility functions for P
emissions and the level of P in the lake? Here we pre-
sent sample calculations that show the effects of al-
ternative utility functions on policies for managing
Lake Mendota. These calculations were done in natural,
not dimensionless, units using parameters for the lake
presented above and the utilities explained in Appendix
B (Appendix E). Economic data are insufficient for a
full uncertainty analysis of the economic parameters,
but we can illustrate the effects of the parameters by
exploring alternative scenarios.

We consider three scenarios: a nominal scenario
based on the information described in Appendix B, a
low demand (or low « scenario) based on the assump-
tion that all remediable P inputs derive from agriculture
S0 oy is only U.S. $132/kg P (Appendix B); and a low
compensation (or low ) scenario in which the pro-
posed payment for remediation is only U.S. $10 X 10°
(leading to B, = U.S. $89 per kilogram of P and B, =
U.S. $5.14 X 1072 per square kilogram of P by the
formulae of Appendix B).

In the nominal scenario, a positive net discounted
present value declines with initial P mass (Fig. 20A).
The more degraded the lake, the greater the cost of
restoration. The P input rate that maximizes net present
value declines from ~20000 kg/yr when P levels are
low to the minimum possible input rate (3800 kg/yr)
when P levels are high (Fig. 20B). The expected P mass
in the lake under these input rates increases with initial
P mass (Fig. 20C), because of recycling of the P that
is already present in the lake. According to the nominal
scenario, the present state of the lake (57 000 kg) rep-
resents a substantial economic loss. The nominal sce-

nario suggests that the lake could perhaps be restored
to a condition of positive net present value. This might
be achieved by drastic input reductions (to ~10000
kg/yr or less) for long enough to reduce P mass in the
lake below ~25 000 kg/yr.

In the low demand scenario, values are diminished
because the calculations include only the P and profits
from agriculture, omitting the role of development
which generates more profit per unit pollution. P input
rates that maximize net present value are even more
drastic than in the nominal scenario (Fig. 20B). Be-
cause agricultural profits are relatively low per unit
pollution, the low demand scenario suggests that eco-
nomic factors favor more stringent reductions in pol-
lution than the nominal scenario.

In the low compensation scenario, the economic
losses caused by high P levels are assumed to be lower.
Consequently, in comparison with the nominal scenario
discounted net present values are higher (Fig 20A),
target input rates are higher (Fig 20B), and values are
maximized by maintaining higher P levels in the lake
(Fig. 20C). In this case, the economically optimal pol-
icy makes the lake eutrophic because the profits per
unit pollution are large relative to the lost amenities
associated with the lake’s condition.

This comparison shows that ecological outcomes are
extremely sensitive to relatively modest changes in
economic parameters. In many cases the economic pa-
rameters will not be narrowly specified by the available

_data. In such situations, analyses like Fig. 20 will not

provide unambiguous answers to policy questions. Op-
posing interest groups could easily argue for economic
parameter sets that favored a particular outcome. More-
over, the economic parameters are assumed to be static
in this (and most) analyses. In fact, we can easily en-
vision situations in which economic parameters evolve
over time. For example, the Lake Mendota watershed
is slowly changing from agricultural to urban land uses
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(Soranno et al. 1996). This trend may increase the num-
ber of lake users (and thereby the Bs) while decreasing
agricultural profits (thereby reducing one component
of a), perhaps supporting the argument for input re-
ductions. Social dynamics of this sort greatly compli-
cate the problem of environmental policy analysis.

DisCcUssION

An important lesson from this analysis is a precau-
tionary principle. If P inputs are stochastic, lags occur
in implementing P input policy, or decision makers are
uncertain about lake response to altered P inputs, then
P input targets should be reduced. In reality, all of these
factors—stochasticity, lags, uncertainty—occur to
some degree. Therefore, if maximum economic benefit
is the goal of lake management, P input targets should
be reduced below levels derived from traditional de-
terministic limnological models. The reduction in P
input targets represents the cost a decision maker
should be willing to pay as insurance against the risk
that the lake will recover slowly or not at all from
eutrophication. This general result resembles those de-
rived in the case of harvest policies for living resources
subject to catastrophic collapse (Ludwig 1995).

This paper demonstrates how the appropriate P inputs
could be calculated for any lake. The specific targets
will differ among lakes. In general, targets will be lower
for lakes that are thought to be irreversible, lakes that
are subject to highly variable inputs, situations where
there will be a significant lag between perception of a
problem and management action, and lakes with more
uncertain dynamics. In many cases, uncertainty can be
reduced by limnological research and careful modeling,
but the case of Lake Mendota makes it clear that the
remaining uncertainty can be substantial even when ex-
cellent long-term data are available. Uncertainty is ex-
acerbated by the possibility that the model structure may
omit processes that turn out to be important in the future.
For example, changes in sediments over decades may
alter recycling and thereby the reversibility of eutro-
phication. Thus the reversibility term b (Eq. 6) becomes
a dynamic variable, not a parameter. Such structural un-
certainties, combined with substantial errors in param-
eter estimates, should lead to substantial caution in set-
ting P input targets for lakes.

Limnologists have been effective in communicating
a sound fundamental understanding of the eutrophi-
cation process. They have been far less successful in
communicating the risks of slow recovery from eutro-
phication, or the possibility that eutrophication cannot
be reversed by reducing nutrient inputs alone. Re-
sponses to P controls will be uncertain even for lakes
that have been subjected to long-term studies of the
highest quality. This does not mean that limnological
studies have little to offer. On the contrary, limnolog-
ical data offer the best evidence for the need to control
P inputs and the feasibility of various other interven-
tions that may control eutrophication (Cooke et al.
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1993). However, accurate statements of uncertainty are
a crucial element of a limnological analysis that is use-
ful for policy making. What we do not, or cannot, know
is crucial to policy and among the strongest arguments
for caution in setting P input targets.

We believe that the precautionary principle which
emerges from our model applies to a wide range of
scenarios in which maximum economic benefit is sought
from an ecosystem subject to hysteretic or irreversible
changes. However, a great deal of additional work is
required to apply our general approach to any specific
decision-making situation. For example, costs and ben-
efits of lake management strategies other than P man-
agement are not explicit in the model. The model col-
lapses a great deal of ecological and economic infor-
mation into a few parameters, thereby gaining clarity
while sacrificing detail that may be important in partic-
ular applications. The general approach outlined here,
combined with numerical simulations, should be adapt-
able to a wide range of situations but this will entail
additional work and considerable site-specific data.

The greatest barrier to implementing our model for
a specific project is likely to be economic data. The
available data are few and highly specific to particular
sites, times, and impacts (Wilson and Carpenter 1999).
Data will often be insufficient to estimate economic
uncertainties or project changes in economic parame-
ters over time. In the absence of credible data for eco-
nomic parameters, economic policy analyses for lake
management will be largely a hypothetical exercise.
Even hypothetical exercises may reveal benefits or
costs that have been ignored or underestimated, con-
trast management scenarios in useful ways, or dem-
onstrate the need for caution in setting input targets.

An important limitation of our model is its highly
simplified representation of social dynamics. Abstract
utility functions are helpful for gaining the general in-
sights reported here, but fall well short of capturing the
trends, shocks, and nonlinearities that arise in social
systems and may impact notions of utility or alter de-
cisions through processes that have nothing to do with
economic policy choice (Holling and Sanderson 1996).
Exploring the interactions of nonlinear evolving social
and ecological systems is a research frontier that may
be glimpsed, at great distance, from the present analysis.

Like all economic analyses, our model is strictly util-
itarian (Goulder and Kennedy 1997). It does not con-
sider any nonutilitarian criteria for decision making,
except as they may be reflected in social preferences
measured by the economic parameters. As a conse-
quence, anything that we do not know about the utility
of lakes is excluded from the analysis. This ignorance
could be viewed as a form of uncertainty, and as such
it would increase the degree of precaution prescribed
by the model (Heal et al. 1996). Alternatively, one
could seek an ethical alternative to utilitarian criteria.
Aldo Leopold, in a famous pair of essays entitled The
Conservation Ethic (1933) and Conservation Econom-
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ics (1934), argued that ethical criteria for environmen-
tal decisions were adaptive in an evolutionary sense,
and in critical need of scientific investigation. This re-
mains true today.

Lakes are a microcosm of a much broader range of
problems in ecosystem management. Most attempts at
ecosystem management seek the policies that derive
greatest utility for an adapting, diverse society from
evolving ecosystems subject to time lags, hysteresis,
and potentially irreversible change. This is a problem
of enormous complexity and utmost importance. In
lakes, the spatial arena is fixed (watershed and lake
boundaries), the fundamental natural science is well
developed, many of the ecological, economic and so-
cial issues are well-defined, the scales in space and time
are tractable, and experimental management programs
can be replicated among lakes on the landscape. Lake
management is a laboratory for analysis and manage-
ment of evolving social-ecological systems.
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APPENDIX A
BIFURCATION ANALYSIS OF THE LAKE MODEL

In continuous time the model is

dpP rPa
=1l—-sP+

— — (A1)

Integration of Eq. A.1 with a time step of one year suggests
the following discrete-time approximation:

q

P
Py = Pe + [I(1 = e)ls] + ——

w4

Note that this discrete time model with an annual time step
cannot capture the seasonal timing of inputs and losses of
phosphorus. Effects of seasonality could be included by using
the continuous model directly, or by using the continuous
model to derive an approximate discrete model that included
seasonal inputs and losses. However, limnological analyses
used in lake management are often based on annual budgets.
Annual budget studies can be modeled using Eq. A.2 and we
will adopt an annual time step for this paper.
We rescale the discrete-time model using

P
X=— (A.3)
m
I'1— e
A=—-—° (A4)
m s
B=1-¢" (A.5)
c== (A6)
m
Xa
X) = . A7
F&) = (A7)
With these definitions the discrete time model is written as
X, =X, + A~ BX, + Cf(X) (A.8)
The equilibria of Eq. A.8 satisfy
F(X)=A - BX + Cf(X) = 0. (A.9)

If we apply a small perturbation X — X + 38X and 8 is small,
then to a first approximation

oF
d3X,,, = 8X,<1 + 5{) (A.10)
The equilibria are stable if
oF
1+—| <1 (A.11)
X
In view of the definition of F, Eq. A.11 implies that
-2<-B+ Cf'(X)<O. (A.12)

The equality at the lower end (B = 2) is the condition for a

2 L) L] L
A
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Exponent = 2
Q
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o
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FiG. Al. (A) Bifurcation diagram for the dimensionless dis-

crete-time model using values of 2 and 8 for the exponent g.
The lines show the locus of double roots in parameter space (b
vs. @). Outside this locus there is one stable steady state; inside
the locus there are two stable and one unstable steady states.
(B) Parameter combinations that yield reversible, hysteretic, or
irreversible dynamics for ¢ = 8. The dotted lines show how
these zones change if there is a positive minimum input rate.
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period-doubling bifurcation (Kuznetzov 1995). This cannot
occur in our case because B < 1 from Eq. A.5 and f'(X) >
0. The equality at the upper end, B = Cf'(X), is the condition
for double roots as the following argument shows.

To find the locus for double roots, we write the equation
for the equilibria (A.9) as

bX — a = f(X) (A.13)

where a = A/C and b = B/C. This equation has a double root
if the straight line y = bx — a is tangent to the curve y =
f(X). The tangency occurs if Eq. A.13 is satisfied and also

b = f'(X). (A.14)

The locus of parameter combinations for which the system
has a double root is obtained by substituting Eq. A.14 into
Eq. A.13:

a = Xf'(X) — f(X). (A.15)
When Eq. A.15 is satisfied, the system has a double root (the
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point of tangency). Eqs. A.14 and A.15 are a parametric rep-
resentation of a locus in parameter space (Fig. Al), which is
the bifurcation diagram. Inside this locus, the system has three
real roots. Two correspond to stable steady states, and one
corresponds to an unstable steady state. Dynamics can be
hysteretic or irreversible. Outside this locus, the system has
only one real root, which corresponds to a stable steady state.

The area of parameter space corresponding to alternate
states depends on the size of the exponent, g. Larger values
of g correspond to larger envelopes for alternate states (Fig.
AlA).

Irreversible dynamics occur for values of b (the loss pa-
rameter) less than the y-axis intercept of the upper margin of
the envelope (Fig. A1B). For these values of b, a (the input
parameter) must become negative to shift the lake from the
high-P steady state to the low-P steady state. Because a cannot
be negative, we say the lake is irreversible. If there is a
positive minimum P input rate, the parameter combinations
for irreversible and hysteretic dynamics shift to the right as
shown by the dotted lines in Fig. A1B.

APPENDIX B
ESTIMATION OF ECONOMIC PARAMETERS

Here we present a simple estimate of economic parameters
to illustrate how the utility functions might be applied. See
the references for more detailed descriptions (Carson and
Mitchell 1993, Freeman 1993, Hanley and Spash 1993, Dixon
etal. 1994, Goulder and Kennedy 1997, Wilson and Carpenter
1999). Data are for Lake Mendota, Wisconsin (Wisconsin
Department of Agriculture, Trade, and Consumer Protection
1995, Dane County Regional Planning Commission 1995,
Soranno et al. 1996, Betz et al. 1997, Lathrop et al. 1998; R.
C. Bishop, unpublished data). Calculations presented here are
for illustrative purposes only and are not meant to replace
more detailed cost-benefit studies that are being undertaken
for this lake.

To estimate the demand curve (Fig. 10A, but with abscissa
P input in the natural units, kg/yr), we note that the P inputs
of 34000 kg/yr include an uncontrollable or baseline com-
ponent of 3800 kg/yr (Lathrop et al. 1998). The remainder is
potentially manageable, and comes largely from agriculture,
with annual profits of U.S. $4 X 106 per year. If agriculture
were the only source, we would calculate oy = $4 X 109/
(34000 — 3800) =~ $132/kg P. We must also account for a
lesser amount of P emitted by urban sources, primarily con-
struction sites, which are more profitable. When these sites
are included, we estimate o, = $264/kg P. We see no evidence
for an inverse relationship between P emissions and the right
to emit P to the lake, so we set a; = 0.

To estimate the supply curve (Fig. 10B, but with abscissa
P mass in the lake, in kilograms) we assume that the com-

pensation required (or willingness to pay to restore) the lake
would be zero if the P mass was at the ancestral level P,.
This gives us

Bo = 2B,P,. (B.1)

Valuation studies of water quality typically measure the utility
C, in dollars, of altering a lake from the present water quality
(measured here as P mass P,) to some specified goal for water
quality (P,). If we assume the lake is to be restored, so P, <
P,, then

Py
C= f 2BP — By) dP. (B.2)
Pl
If we insert Eq. B.1 into B.2 and solve for 3, we get
C
B (B.3)

T 2P, — P,) — P2+ P2

Current management plans for Lake Mendota call for reduc-
tions of P mass in the lake from ~57 000 kg (P,) to 28 500
kg (P,). Valuation studies estimate the public’s willingness
to pay for these remediations (C) at about U.S. $30 X 10°.
We estimated P, (8671 kg) by solving Eq. 9 for the equilib-
rium P mass assuming that the ancestral input rate was 3800
kg/yr (Lathrop et al. 1998). This P mass lies within the range
estimated by Soranno et al. (1996) for presettlement condi-
tions. Using Eq. B.3, we estimate 3, = $1.54 X 10-%/kg? P.
Inserting this value in Eq. B.1 we find B, =~ $268/kg P.

APPENDIX C
CALCULATION OF THE OPTIMAL PoLIiCYy

The optimization problem is to find the sequence of P input
rates a, that maximizes

V() = 2 SUX) + U, @] (eR))

subject to ecosystem dynamics as described in Appendix A.
X is a vector of discretized phosphorus levels, and a is a
vector of the P input rates chosen by the policymaker at each
P level. It follows that the optimal policy maximizes

V(X) = [UsX) + Ui(a)] + 8 E[VX,,)]l.  (C.2)

The expected value of X, is determined by the policy choice

a,. The optimal solution is computed iteratively as follows.
(1) Choose an initial policy a@©, for example set a to a vector
of ones. (2) Calculate V© from Eq. C.2 using a®. (3) Given
VO, find the the vector a®) that maximizes the right-hand side
of Eq. C.2. Call the corresponding solutions of C.2 V(. (4)
Given VO, find the vector a® that maximizes the right-hand
side of C.2, and the corresponding solutions V®. (5) Repeat
these iterations until changes in a are smaller than some tol-
erance.

The optimal policies found by the iterative scheme are
closely approximated by a ‘‘bang-bang” strategy which es-
tablishes a target P level y and moves to that level as quickly
as possible. Optimal policies from the iterative and bang-
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bang methods are indistinguishable at the precision of our
calculations. The bang-bang strategy is computed as follows.
Choose u(X, y) such that

uX, y) =y - (I - X - fiX). (C.3)

This is the P input required to bring X to y in a single step.
But P inputs cannot be negative. Therefore we set

u, X,y =uX, y) ifuX y)=0

u,X,y) =0 if u(X, y) <O0. (C4)

We assume that it takes T years to decide upon and implement
a change in loading, but this lag is ignored in the decision-
making process. Therefore:
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a(y) = u (X,_,, y).

With these definitions, one can compute V as a function of y
and find the value y* that maximizes V.

We also considered situations in which the optimal policy
is implemented gradually. The target P level is reached over
a number of years, rather than in a single time step. We replace
Eq. C.3 with

(C.5)

uX,y 8 =X+ gy -X) - (1 -bX-fX) (C6)
where g is a parameter that determines the fraction of the
goal reached in a single step. If g = 1 then Eq. C.6 is identical
to Eq. C.3.

APPENDIX D
OPTIMIZATION OF THE STOCHASTIC MODEL

In computing policies, we must account for the fact that
the stochastic model,

Xr+l = Xr + M(Xx)e: - le + f(Xr) (D.1)

yields a distribution of future values of X, rather than a point
prediction. We handle this by introducing a mesh for X and
calculating the probability of obtaining each possible value
of X,,, given a particular value of X,. The mesh is defined by
discrete values x;, j = 0, ..., J. Each mesh point x; is placed
in an interval [x;_, x;,] where

X = (x_ +x)/2 and x, = (x;,, + x)/2. (D.2)

We define the probability of a transition from x; to x, as the

probability corresponding to a transition from X, = x; to a

point in the interval x,_ < X,,, < x,,. This interval corre-
sponds to the interval W,_ < W < W,, where
1 X, — X, + bx; — f(x;

W, = —-log[ £ L )~ )

o I_ u(x;)

and an analogous equation defines W,,. W is a deviate from
a log t distribution. The scale factor of the ¢ distribution is
a. If the expression x, — x; + bx; — f(x)) is negative, then x,
cannot be reached from x; in one step with nonnegative P
input. In this case, the probability of W, is set to zero.

(D.3)

The probability of a transition from x; to x, is denoted by
C;,. This probability is calculated as

Cj,k = Pr[W,. < W< W,]

=YW, n) = V(W n).
The Student’s ¢ probability of W with n degrees of freedom,
(W, n), is calculated from the incomplete beta function
(Press et al. 1989).

Over one time step, the expected utility of a policy u given
an initial x; is

V(u, x;) = Up(x;) + Up(a,)

(D.4)

J
+3 E CulUp(x) + Up(a,)l.  (D.5)

Utility functions for P level in the lake (U,) and loading (Uy)
are defined under Economic framework for managing lake
eutrophication: Model for economic utilities. Note that a, de-
pends on x; and a,,, depends on x, (Appendix C). Given a
target P level, we calculate the input rate necessary to reach
the target in one step (Appendix C). Eq. D.5 is solved for
each candidate policy, and the policy with maximum utility
is identified.

APPENDIX E
CALCULATION OF POLICIES FOR LAKE MENDOTA, WISCONSIN

The optimal policy maximizes

V(P) = [Up(P) + U(L)] +BE[Up(P,) + UL(L,,)] (E.1)
(Appendix C) subject to P dynamics given by
P, =P + (L + L)e — sP, + —r—P’q——. (E.2)
md + P}

Eq. E.2 is identical to Eq. 9 except that P inputs are divided
into fixed (L) and controllable (L,) components, and input
disturbances follow a log Student’s ¢ distribution as in Ap-
pendix D. For Lake Mendota, this ¢ distribution has scale
factor 0.47 and df = 20 (Lathrop et al. 1998). Parameter
distributions of Eq. E.2 were bootstrapped as in Fig. 17. For
these calculations, we fixed g at the point estimate (7.88) as
in Fig. 17. Utilities are calculated as

UL = oL, (E.3)

Up(P) = BoP, — B P} (E4

with parameters as in Appendix B.

Following Appendix C, we follow a ‘‘bang-bang’’ strategy
that seeks an target P level that maximizes V(P). This converts
the problem to searching in one dimension for the optimum.
The input policy that reaches this optimal level in a single
step is calculated, with the proviso that inputs cannot decrease
below the minimal level L, = 3800 kg/yr (Lathrop et al. 1998).
Given this policy, we can calculate the expectation in equation
E.l by sampling from the distribution of load disturbances
(Ripley 1987) and the bootstrapped distribution of the pa-
rameters of Eq. 9. Eq. E.1 was solved for each candidate
policy and the policy that maximized V(P) was identified.



