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REPLICATION AND TREATMENT STRENGTH IN
WHOLE-LAKE EXPERIMENTS!

StepHEN R. CARPENTER?
Center for Limnology, University of Wisconsin, Madison, Wisconsin 53706 USA

Abstract.  Replication. of targe-scale experiments is desirable, but the numbers of rep-
licates needed are not known. Costs and feasibility of ecosystem experiments depend
critically on the numbers of replicates needed because of the high cost per replicate and
the scarcity of experimental ecasystems. This paper examines the numbers of replicates
and magnitudes of manipulation needed to detect changes in lake primary productivity
resulting from piscivore manipulations. Substantial (=10x= changes in the independent
variable, piscivore biomass) and sustained {at least 3-35 yr) manipulations using five ref-
erence and five experimental ecosystems produced significant ¢ test results in >>80% of
simulated experiments. The need for substantial and sustained manipulations is consistent
with published results of whole-lake experiments on nutrient inputs, chemical contami-
nants, and the biata.

In many cases, limited numbers of experimental systems or high costs will prevent
adequate replication of ecosystem experiments. When large-scale experiments employ in-
sufficient (¢.g., 2 or 3} replicates and/or modest perturbations of the independent variate,
there is great risk of erroneously accepting the hypothesis of no treatment effect. Therefore,
unreplicated paired-system experiments (one reference and one experimental system) are
often preferable even though classical statistics cannot be used to determine whether ma-
nipulation caused a change in the experimental system. A series of unreplicated paired-
system experiments, staggered in time and performed in many locations, witl provide more
ecological insight than a replicated experiment in a single region. Few statistical methods
pertain to large-scale ecological experiments; innovations could be very beneficial.

Key words:  cascading trophic interactions; ecosystent experiment; experimental design; food web;
lakes; press experiment; puise experiment; replication.

[NTRODIUICTION

Whole-ecosystem experiments have proven ex-
tremely valuable in ecology (Likens 1985, National
Research Council 1986) but pose special statistical
problems because of the difficulty of replication and
the great temporal variahility of ecasystems. The chal-
lenges of analyzing whole-ecosystem experiments are
to determine if changes have occurred in the manip-
ulated system and whether any changes can be attrib-
uted to the maniputation {Frost et al. 1988). There are
essentially two approaches to these issues. The first
requires experimental and reference {or control) eco-
systems but does not require replication. A massive
manipulation 1s employed to extensively alter the ex-
perimental system, and descriptive data are adduced
to demonstrate that (1) changes in the manipulated
system are much greater than those in the reference
system and (2} those changes are most plausibly ex-
plained by the manipulation. This approach avoids
statistical errors largety by avoiding statistics altogether
(Hurlbert 1984). Such nonstatistical anatyses have been
used in many ecosystem-level experiments (Likens
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19835); examples inctude Likens et al, (1970), Schindler
(1977), and Carpenter et at. {1987). Intervention anal-
yses are available to test unreplicated data for posi-
treatment changes in the experimental system that may
have been caused by the manipulation (Box and Tiao
1975, Bax et al. 1978, Stewart-Oaten et al. 1986, Frost
et ab. 1988, Carpenter et al. 1989). The second ap-
proach is the genuinely replicated, properly random-
ized experiment, which allows direct statistical tests
for effects of manipulation but is rarely used at the
ecosystem tevel (Hurlbert 1984). I view the use of mul-
tiple reference systerns by Schindler et ab. (1985) as an
example of the replicated approach. A refinement of
this approach. is the “staircase” design of Walters ¢t al.
{1988), which accounts for potentially confounding
time-treatment interactions.

WHOLE-LAKE EXPERIMENTS

Whole-ecosystem experimentation originated in
limnology (Likens 1985), and lakes provide one of our
richest bodies of data an system-level responses. Whaole-
lake experiments incorporate a broad range of ecosys-
tem phenomena, and have consequentty focused our
understanding of eutrophication (Schindler 1977),
acidification (Schindler et al. 1983), other chemical
stresses (Schindler 1988), and predator effects on eco-
system processes (Henrikson et al. 1980, Shapiro and
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Wright 1984, Carpenter et al. 1987). Whole-lake ex-
periments <an be particutarty useful for determining
the relative importance of conflicting mechanisms
identified by experiments at smaller scales. For ex-
ample, whole-lake nutrient-addition studies showed
that evidence of CO, limitation derived from bottle
bioassays was not germane to lake eutrophication
{Schindler 1977, 1988).

Climatic factors and food web dynamics are the ma-
jor sources of variability that affect whole-lake exper-
iments (Carpenter and Kitchelt 1987, Schindler 1987).
Changes in fish community structure alter herbivory
and thereby cause changes in primary production as
large as those caused by changes in physicochemical
factors (Carpenter et al. 1987, Carpenter and Kitchell
1988). Variability in food web dynamics may be the
largest source of variance confounding whale-lake con-
taminant experiments (Schindler L987). With the ex-
ception of the whole-lake analyses discussed below, the
literature on limpetic food web dynamics wilt not be
reviewed here. Exhaustive reviews are found in Ker-
foot and Sih (1987), Carpenter (19884), and Northcate
(1988).

The extreme manipulations used to demonstrate ef-
fects in unreplicated whole-lake experiments have been
criticized as ecologically unrealistic {Crowder et al.
1988). Ecosystem experimenters counterargue that only
strong manipulatians will reveal the response potential
of lakes (Kitchell et al. 1988). Nevertheless, more sub-
tle responses of lakes are of great theoretical and prac-
tical interest {Schindler 1987, Crowder et al. 1983),
and replicated ecosystem experiments may be capable
of determining such impacts. These very expensive
experiments should be designed with great care.

The feasibility of replicated experiments at the eco-
system level has not been analyzed, to my knowledge.
Because of the variability of lake ecosystems (Carpen-
ter and Kitchell {987), the number of replicates needed
may be prohibitively high, or detection of effects of
modest treatments may be impaossible. One could es-
timate sample sizes for whole-lake experiments on. pri-
mary praduction using standard statistical procedures
{Sokal and Rohlf 1981), estimating the standard de-
viation of primary production from published data
(Carpenter and Kiichelt 1987). However, such calcu-
lations would not account for the joint effects of in-
teracting ecosystem components, the time lags char-
acteristic of actual food webs, or the effects of the
manipulation an the variance of the ecosystern (Car-
penter 19884). This paper overcomes these problems
by analyzing a modet that combines the known vari-
abitity of both primary production and fish recruitment
(Carpenter and Kitchell 1987) with food web dynamics
determined from successful piscivore manipulations
(Carpenter et al. 1987). Monte Carlo simulations ex-
amine the degrees of replication and manipulation nec-
essary for successful experiments on lake food webs.
Because of the great interest in “biomanipulation™ as
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a technique for improving water quality through fishery
management (Shapire and Wright £984), this paper
emphasizes experiments in which piscivores are ma-
nipulated and responses of primary production are de-
termined.

THE MoDEL

The goal of this study was to estimate the power of
whale-lake experiments to detect effects of piscivore
manipulation on primary productian. Piscivore ma-
nipufation was chasen as a convenient example of an
ecosystem perturbation that has relatively large effects
comparable to (and potentially derived from) those of
chemical contaminants (Carpenter et al. 1987, Schind-
ter 1987). Specifically, { sought the probability © of
rejecting the hypothesis of no effect as a function of
the magnitude of piscivore manipulation and the num-
bers of replicates employed. I used a stochastic model
that transmitted piscivore effects through the food chain
to primary producers, and expressed the variance of
primary productivity as the collective result of weather
and food chain effects. Since piscivore manipulations
affected primary production in the model, simulated
experiments that failed to detect these effects led to
erroneous conclusions. ¢ was estimated by simulating
a targe number of experiments and determining the
proportion that had statistically significant piscivare
¢ffects. Combinations of manipulation magnitude and
replicate number that yield high ¢ values (i.e., high
probabilities of detecting manipulation. effects) repre-
sent desirable experimental designs.

The model simulates a four-level food chain subject
ta two stochastic effects: the direct effects of variable
weather on the phytoplankton, and the interannual
variability of fish recruitment, which affects the phy-
toptankton indirectly through trophic interactions. The
model was calibrated using published data on vari-
ability of primary production and fsh recruitment
(Carpenter and Kitchell 1987) and results of food web
maniputations involving three lakes during 1 984-1987
(Carpenter et al. 1987, 8. Carpenter, J. Kitchell, I.
Hodgson, and associates, persanal observation). An
cartier paper discussed the temporal dynamics and
variance structure of a very similar mode! (Carpenter
198854). Here, the model was modified to determine
the outcome of experimentat maniputations of pisci-
vores. Since the model and data on which it is based
have been descnbed in detail elsewhere, only essential
features are described below and in Table 1.

Primarty production P varies around the mean pro-
ductivity P* at mean zooplankton biomass Z* because
of weather variability and effects of grazing.

Pty = P¥[(L + E,) + {o/[Z* — Z(l}}. (1)
The direct effect of weather on primary production,
E.. is a normally distributed random variable with
variance V, The empiricalty determined parameter ¢,
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determines the response of primary production ta de-
viations of zooplankton biomass from the mean.

Deviations from the mean zoapiankton biomass re-
sult from planktivary and weather-driven variability
in primary production.

Zy=2* + el + E) — g'F (7)) —~ G'F). (2)

The empirical parameter ¢, converis the weather effect
on primary production into an effect on zooplankton
biomass, The vectors g’ and &' contain coefficients that
measure the contribution of each fish of a specific age
to the reduction of zooplankton biomass. Planktivores
include a short-lived fish {age vector F,) that 1s plank-
tivorous throughout its life cycle and the juvenile year
classes of a langer lived fish (age vector F,). Adults of
the langer lived fish are principally piscivorous, but
their diets include same zooplankton.

F, and F, represent fish densities in each age class
at the end of each year. Age-specific survivorships of
short-lived fishes and juvenile long-lived fishes depend
on the density 7 of piscivorous adults of the long-lived
fish population. The probability of survival from age
itofis

S, = 8.l - (TVK)], (3)

where §,, is maximum survivorship in the absence of
predation and K is the carrying capacity of the system
for adult piscivores. Recruitment of young-of-the-year
piscivores depends on density of adult piscivores and
a stachastic component.

R =R, (1 + EJIl —(T/K}]. (4)

E s sanormally distributed random variable with vari-
ance Py, which represents the effect of interannual vari-
ability ip recruitment. &, is maximum piscivore re-
cruitment. Recruitment of young-of-the-year of the
short-lived fish follows an analogous equation. The
short-lived fish is semelparous and lives for 3 yr, based
on the life history of redbelly dace (Phoxinus eos), a
common planktivore in the lakes studied by Carpenter
etal. (1987). The long-lived fish is iteroparous, reaches
aduithood at 4 yr, and lives a maximum of 10 yr. The
long-lived fish. is based an data for largemouth bass
(Microprerus salmolides), the piscivore in the lakes
studied by Carpenter et al. (1987).

Previous analyses {Carpenter 19884) did not con-
sider the effects of correlations among weather effects
E,. on neighboring lakes ar correlations amang the
weather effect E,, and recruitment effect £, within a
lake. Regional correlations among £ s are common
(e.g., Schindler et al. 1985). £, and E, are correlated,
but nat perfectly sa because recruitment depends on
weather at certain critical times of the year, while pri-
mary production integrates weather effects throughout
the annual cycle. Moareover, the effects of £, on phy-
toplankton are immediate, while the effects of E, on
phytoplankton have time lags that depend on fish de-
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Parameter values used in simuiations. Vectars are

listed from youngest to oldest age class. Ma, b} denotes a
normally distbuted random variable with mean g and
standard deviation 4.

Vanable Value Units
P 0.4 dimensionless
s 0.2 dry mass, g/m?
E, MG, 0.3) dimensionless
E. M0, 0.2) dimensionless
F(0) 640, 120, 40 fish/ha
F.(0) 140, 30,10, 2, 1, I, fish/ha
0,0,0,0
£ 0.3, 3,6 dry mass, g/fish
G 0.3, 3,6, 1.5,0.15, dry mass, g/fish
0.15,0.15,0.15,
0.15, 0.15
K
Planktivore 40000 fish/ha
Piscivore 400 fish/ha
P, B 30 fasCrg-m*yr
R,
Planktivore 2 ¥yt
Piscivare | yr!
Sﬂ‘]
Planktivare 0.4,0.5 yr-t
Piscivore 0.4, 0.45, 0.5, 0.55, yrt
0.6, 0.65, 0.7,
0.75, 0.8
Z* Z(0) 2.5 dry mass, g/m?

velopment rate and durations that depend on piscivore
longevity (Carpenter et al. 1985, Carpenter L3884).

In this paper, correlations were included by the fol-
lowing method. X and Y are random variables with
correlation coefficient ¢, and could represent weather
effects on neighboring lakes or the weather effect and
recruitment effect within a lake. All » values are pos-
itive in this paper. Var{X}, var(Y), and r are specified
by the madeler. X and Y are formed from the uncor-
related random vanables u, v, and w so that

X=u+w (3
Y=u+ gw (6)
where ¢ is the ratio af the stapdard deviation of ¥ to
that of X" To calculate var{u), var{v), and var(w), note
that
var(X) = var{y) + var{w), ()]
var(¥) = var(v) + g*var(w), (8)
cov{X, ¥) = coviu, v} + glcaviy, wi]
+ coviv, w) + gfvar(w]
= gvar(w)]. (9)

Therefore
var{w) = r[var(X)var(Y)]*/q.

Var(w)is obtained from Eq. 10 using information spec-
ified by the modeler, and then var(i) and var(v) can
be obtained from Eqs. 7 and 8.

(10)
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Fig. 1. Coeficient of variation {cv) of pimary praduction

vs. the cv of fish recruitment for three values of the cv of
direct weather effects on phytoplankton. Data are means and
standard deviations of triplicate simulations of 100 yr each.

Experiments were simulated by specifying the coef-
ficients of variation (cvs) of weather effects and pis-
civore recruitment, the correlation coefficient of weath-
er effects and piscivore recruitment, the interlake
correlation coefficient of weather effects, the number
of lakes to be used, and the magnitude of the piscivore
manipulation to be simulated. Except where specified
otherwise, cvs of weather effects and recruitment were
set at 20 and 50%, respectively, near the medians of
reported values {Carpenter and Kitchell 1987). Cor-
relation coefficients are specified below. The lakes were
randomiy divided into two groups of equal size, 25 yr
were simulated for each lake to ensure a random array
of initial conditions, and manipulations were then im-
posed on the experimental lakes in year 26, Responses
(see Results) of reference and experimental lakes were
compared by a ¢ test. One hundred experiments of each
type were simulated, and the percentage of experiments
with. significant results at the P = .05 level was re-
corded. Binomial 95% confidence intervals (Rohlf and
Sokal 1981) were determined for the percentage of ex-
periments with significant results.

Benderetal. (1984) distinguish “pulse” experiments,
in. which a population is manipulated at a single time,
from “press” experiments in which a population is
manipulated and then held at the new level for an
extended period of time. Frost et al. (1988) discuss
some consequences of the pulse-press dichatomy for
expernimentation in aquatic ecology. Both pulse and
press experiments were simulated in this study. In sim-
ulated pulse experiments, a single manipufation of pis-
civores was performed in year 26. For pulse piscivare
enhancement experiments, each lake's response was
calculated as mean annual primary production in years
26, 27, 28, and 29. For pulse piscivore reduction ex-
periments, each lake's response was calculated as mean
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annual pnmary production 1n years 26 and 27. This
difference hetween types of experiments correspanded
with the different response times observed in deter-
ministic simulations {see Results). In simulated press
experiments, piscivares were manipulated in year 26
and held at the new level until year 30. In the press
simulations, each lake’s response was calculated as the
mean primary production in years 26 through 30.

To examine the effects of corretated intertake weath-
er effects, correlated pairs of lakes were simulated. One
randomty chosen member of each pair was manipu-
lated in year 26, and responses of primary production
were calculated as above. A paired ¢ test was used to
test for manipulation effects. These experiments were
replicated versions of the paired-system experiments
commonly employed by ecosystem experimenters {Li-
kens 1985).

REsiILTS

The coefficient of variation (cv) of primary produc-
tion increased as the cv of the weather effect and the
cv of fish recruitment increased (Fig. 1). In all subse-
quent figures, simulations used a recruitment cy of §0%
and a weather cv of 20%, yielding a cv of 23% for
primary production. These cvs are within the range of
published values (Carpenter and Kitchell 1987).

When the cv of fish recruitment was low, the cv of
primary production was equal to or less than that of
the weather effect (Fig. 1) because zooplankton re-
sponses damped the response of phytoplankton to
weather variability, as argued by McQueen et al. (1986)
and Waiters et al. (1988). Each 1% increase in the
weather v increased the cv of primary production by
#=().8%. The effect of recruitment variability was much
weaker. Each [% increase in the recruitment cv in-
creased the cv of primary production by =0.1%. This
attenuation of recruitment variance through the foad
web is consistent with the arguments of McQueen et
al. (1986).

- -
~ N R
Ea! 20F, 4 . 0 : . e, r .
< .
=2
z2 |
a5
w > 10F
oo
Q
=@ -
oa
0 i " — i i n i i i 1]
Q a.5 1.0
r2 BETWEEN PRIMARY PRODUCTION
AND RECRUITMENT
Fia. 2. cv of primary production vs. the squared corre-

lation of primary praduction and fish recruitment. Resulis of
three simulations of 100 yr each are shown for each value of
r%. For all simulations, the cv of the weather effect on primacy
production was 20% and the v of fish recruitment was 50%.
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When the interannual variations of primary pro-
duction and recruitment were pasitively correlated, the
cv of primary production increased (Fig. 2). However,
this effect is relatively slight, raising the average cv of
primary praduction by anly 6% over the full range of
the correlation coefficient. Suppose that in a given year
bath primary production and recruitment were above
average. Since piscivores recruit as planktivores, the
young-of-the-year fishes will suppress the zooplankton,
thereby enhancing primary production. Conversely,
when both primary production and recruitment are
below average, control of zooplankton biomass by
planktivores is relatively weak, and heavy grazing fur-
ther reduces primary production. Thus, the effect of
the correlation is to amplify the deviations of primary
production from the mean, so the variance of primary
praduction rises,

Both increases and decreases of piscivores in bath
pulse and press experiments were simulated for this
study. Fivefold manipulations illustrate the patterns of
responses to pulse manipulations in deterministic sim-
ulations (Fig. 3). The piscivore increase raised pisci-
vare density for =4 yr, after which densities returned
by damped oscillations to the mean. During the 4-yr
period of enhanced piscivory, planktivore density was
low, zooplankton biomass was high, and primary pro-
duction was low, relative to the mean conditions. The
piscivare reduction decreased piscivore densities for 2
vr before damped oscillations returned the population
to the mean. During the 2 yr of decreased piscivory,
planktivore density was relatively high, zooplanktan
biomass was reduced, and primary production was in-
creased over the mean conditions. In simulated press
manipulations, the magnitudes of the responses were
about the same as those in the pulse manipulations,
but the responses were maintained for four additional
years.

Stochastic simulations illustrate typical results of
press manipulations {Fig. 4). In the stochastic simu-
lations, responses must be discerned against substantial
variability similar to long-term data reported for many
lakes(e.g., Goldman and de Amezaga 1 984). Stochastic
simulations of pulse manipulations produce changes
in primary production similar to those from press ma-
nipulations, but the changes persist for a shorter time.
Pulse additions of piscivores depress primary produc-
tion far =5 yr, while pulse removals of piscivores in-
crease primary production for 1-2 yr.

The experimentally induced changes in pomary pro-
duction. in these simulations (Fig. 4) are smaller than
those reported in some whole-lake food web experi-
ments (Henrikson et al. 1980, Carpenter et al. 1987).
These simulations evoke only a fraction of the model’s
maximum response of primary production to fish ma-
nipulation. Before manipulation, the simulated sys-
tems contained moderate densities of piscivores and
planktivores, and 10-fold piscivore manipulations
changed mean primary production {as C) by =10
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FiG. 3. Effects of pulse piscivore manipulations in deter-

ministic simulations. Results of fivefold piscivore increase
and fivefold piscivore decrease are shown. Abscissa: years
relative to manipulation in year (. Biomass is measured as
dry mass per unit area.

g m-2-summer'. If the model's premanipulation
conditions are set at extremely high or extremely low
piscivore densities, then comparable piscivore manip-
ulations change primary production (as C) by =30
g-m~2-summer-'. [ chose to analyze initial conditions
of intermediate piscivory to determine relatively con-
servative standards for ecosystem experiments and to
examine the potential responses of a food web that
may represent a typical lake.

Both replication and degree of manipulation had
substantial effects on the frequency of whole-lake ex-
periments that exhibited statistically significant effects
(Fig. 5). When no manipulation was imposed (1 x),
=5% of pulse experiments detected spurious differ-
ences between control and reference lakes, consistent
with the type I error rate expected for ¢ tests with P =
{5, When anly 4 or 6 lakes were used in pulse piscivore
reduction experiments (0.1-0.5x), there was no de-
tectable increase in the frequency of successful exper-
iments, even when 10-fold reductions (0.1 %) were Lm-
pased. When 20 lakes were used, about half of the
experiments detected effects of piscivore reductions
ranging from 0.1 to 0.33x.

In pulse experiments, effects of piscivore enhance-
ments were detected more readily than those of pis-
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FiG. 4. Responses of primary production in stochastic

simulatiens with 5-yr press piscivore manipulations. Ab-
scissa: years relative to manipulation in year 0. Ordinate:
primary production during summer stratification. In descend-
ing order, manipulations were: [0-fold piscivore addition
(10x}; 3-fold piscivore addition (3 x); no manipulation {1 x ),
3-fold piscivore reduction (0.33 %}, 10-fold piscivore reduc-
tion (0.1 =).

civore reductions (Fig. 5). However, the probability of
detecting effects still depended on the magnitude of
manipulation and number of replicates. To achieve a
75% probability of detecting effects, at least 5x ma-
nipulations employing at least 10 lakes were necessary.

Correlation between the weather effect on primary
production and piscivore recruitment had no effect on
the detection of algal responses to piscivore manipu-
lations (Fig. ). This abservation is consistent with the
weak effects of this correlation on the variability of
primary production (Fig. 2). Similar trends occurred
for both pulse and press experiments.

The presence of correlated interlake weather effects
increased the frequency of experiments yielding statis-
tically significant results (Fig. 7). Paired ¢ tests have
fewer degrees of freedom than unpaired designs using
the same number of lakes, but achieve increased sen-
sitivity by removing variance due to correlations of the
paired systems (Box et al. 1978). Thus, when paired
lakes were uncorrelated (¥2 = Q) the paired experiments
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were less successful than their unpaired counterparts
because of reduced degrees of freedom (Fig. 7). How-
ever, with squared correlations as law as »? = (.2,
paired designs detected effects as frequently as their
unpaired counterparts. Thus, even a small interlake
correlation can overcome the reduction in degrees of
freedom entailed by a paired-lake experiment. With
interlake correlations of #* = 0.8, paired designs de-
tected effects more frequently than unpaired designs.
Similar results accurred for both pulse and press ex-
PErLMents.

Statistically significant effects were more likely with
press manipulations than with pulse manipulations (Fig.
8). Press manipulations were especially advantageous
in piscivore removal expenments and modest (twofold
to Aivefold) piscivore enhancements. Nevertheless, large
sample sizes (=10 lakes) and relatively extensive ma-
nipulations (at least threefold) were necessary to detect
effects reliably even in press experiments.

D1scussioN
Applicability of model results

The general conclusions about replication and ma-
nipulation magnitude are (L) independent of model
structure and (2} concordant with available evidence
from lake ecosystems.

Moare complex food web models than the one used
here have been employed to simulate relatively small
perturbations of community structure (e.g., Bender et
al. 1984, Carpenter and Kitchell 1987, Frostet al. 1988,
Yodzis 1988). Many of these analyses examine per-
turbations around an equilibrium condition. My anpal-
ysis deals with large perturbations over periods of many
years, the scales of lake management. Lake systems do
not appear equilibrial at these scales (Carpenter 1988a).
Thus I have chosen a modeling approach that uses
means as convenient reference points (which the sys-
tem may occupy rarely if at all), and emphasizes the
temporal variability of the system.

The food chain representation used here is simpler
than the wehs modeled in some ather simulated ex-
penments {e.g., Carpenter and Kitchell 1987, Yodzis
1988). The chain configuration includes the system’s
stropg interactions, which dominate community re-
sponse to perturbation (Paine [980), and minimizes
the number of coefficients that need to be estimated
from field data. The chain model is similar to a more
elaborate lake food web model in its responses to per-
turbation and probability distributions for primary
production (Carpenter and Kitchell 1987). Therefore,
the chain and web models would lead to similar rec-
ommendations about replication and manipulation
magnitude. However, the chain model simulates ex-
periments > 2000 times as fast as the web model, and
50 18 much better suited to the repetitive analyses per-
formed for this paper.

The model represents the mean and interannual
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Fia. 5. Frequency of pulse expeciments with significant r statistics (P < .05} vs. the magnitude of piscivore manipulation
for experiments with 4, 6, 10, and 20 lakes. Data are means and 95% confidence intervals.

variance of primary preductivity in response to pis-
civore manipulations. These means and varjances de-
termine the outcames of the simulated experiments
and statistical tests. Model results are consistent with
the known responses of lakes ta fish perturbation in
unreplicated experiments, and to the documented vari-
ances of fish recruitment and lake primary production.
Since the simulated responses and variances accord
with observations, the simulated statistical tests and
inferences about manipulation strength and replication
are reasonable.

The interannual cv of primary production in the
simulated experiments (=23 + 3%) is within the range
of 16=-30% known from many lakes (Carpenter and
Kitchell 1987, 1988). The interannual cv of primary
production estimated by this madel matches the cv of
23% praduced by a more complex food web maodel
that included nutrient cycling, three categories of phy-

~ 100 EFFECT OF CORRELATION
z BETWEEN
PRIMARY PROOUCTION
- AND
I RECRUITMENT
50

FREQUENCY OF
SIGNIFICANT EXFPERIMENTS

toplankton, three categories of herbivares, and inver-
tebrate predators as well as fish (Carpenter and Kitchell
1987). The present model’s interannual ¢v of primary
production is lower than the interlake cv of 37% re-
ported by Schindler et al. {(1985). Had a higher cv been
used in the model, even larger numbers of replicates
and magnitudes of manipulations would have been
indicated.

Mean responses to the simulated manipulations are
near the middle of the range reported in whole-lake
experiments. Maoderate responses were achieved by
manipulating systems with intermediate levels of pisci-
vares and planktivores. Greater responses of primary
praoduction can be evoked by adding piscivores to a
formerly piscivore-free system or by removing them
from a piscivore-dominated system (Henrikson et al.
1980, Carpenter et al. 1987).

Available data on whole-lake food web experiments
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Fic. 6. Frequency of pulse experiments with significant ¢ statistics (P < .03) vs. magnitude of piscivore manipulation at
four values of the r* between primary production and fish recruitment. Data are means and 95% confidence intervals. All
experiments used [0 lakes.
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Fig. 7. Frequency of pulse experiments with significant ¢ statistics (P < .05) vs. magnitude of piscivore manipulation at

four values of the +? between. interlake weather effects. Histogram shows means and 95% confidence intervals for experiments
with five pairs of carrelated lakes. Drashed lines show frequency of significant ¢ statistics for experiments with. 1O unpaired

lakes and uncorrelated weather effects.

are consistent with model results showing that sub-
stantial manipulations are necessary. At the ecosysterm
level, the most convincing demonstrations of fish ef-
fects on phytoplankton have come from a whole-lake
fish removal (Henrikson et al. 1980), a massive stock-
ing of exotic piscivares causing L0- to 15-fald reduc-
tions in planktivory (Kitchell and Crowder 1986, Sca-
via et al. 1986), and addition of piscivores at a density
near carrying capacity to a formerly piscivore-free sys-
tem (Carpenter et al. 1987, Carpenter and Kitchell
1988). Less extensive manipulations have had lesser
effects. For example, =0.3x planktivore removal
caused an approximately twaofold reduction in chlo-
rophyll concentration that, while variable, appeared
different from the premanipulation levels (Shapira and
Wright 1984). Piscivore reductions of =0.5 x caused
no detectable changes in chlorophyll concentrations

o
o
M|

=]

(McQueen et al. 1989}, It is difficult to assess the mag-
nitude of the piscivore addition by Benndorf et al.
{1984), but zooplankton biomass increased about two-
fold; algal species composition changed, but there was
no detectable change in total algal biomass. The mag-
nitudes of the fish population changes in the lakes stud-
ied by Walters et al. (1987) were not quantified, but
no effects on zoaplankton or phytoplankton biomass
were detected.

Because this model provides reasonable estimates of
interannual variance in primary production, results are
pertinent to any lake ecosystem experiment in which
primary production is the response variate. Similar
analyses are needed for ather respanse variables, es-
pecially those at the community or population levels.
Schindler (1987) has argued that species’ population
dynamics may be better indicators of ecosystem stress
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Fic. 8.

Frequency of experiments with significant ¢ statistics vs. magnitude of piscivore manipulation. for press and pulse

experiments with. 4 and 10 lakes. Data are means and 95% confidence intervals.
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than are traditional ecosystem processes such as pri-
mary production and nutrient cycling. While species
responses may be relatively sensitive to ecosystem
stress, they may alsa have greater variability than eco-
system processes. The trade-offs between sensitivity
and variability of population, community, and eca-
system parameters are a critical issue in applied ecology
and a fascinating challenge to basic ecologists. More
complex food web maodels suggest that problems of
topological indeterminacy will be a significant com-
plication in analyses of community and population re-
sponses {Yodzis |988).

Pulse and press experiments

Model results show that pulsed enhancements and
removals of piscivores are not symmetric experimental
designs. The asymmetry is an example of the hysteresis
effects discussed by Carpenter et al. (1983). Piscivore
additions have relatively long-lived effects, with du-
ration prapaertional to the lifespan of the predatar, a
phenomenon termed “predatory inertia™ (Stewart et
al. 1981, Carpenter et al. 19835). Because the response
persists and can be sampled for several years, it is more
likely to be detected against the background variability
of the ecosystem. In contrast, removal of <100% of
the piscivores from a lake may be followed by relatively
high recruitment as density-dependent limitations are
relaxed {(Carpenter et al. 1987). The rate of trophic
ontogeny, or growth of the fishes to predominantly
piscivarous size, then determines the duration of the
ecosystem respanse (Werner and Gilliam 1984, Car-
penter ¢t al. 1983). Because the prepiscivorous phase
is much shorter than the tatal lifespan of the fishes, the
effects of piscivore removal will be of much shorter
duration that those of a piscivore addition. Thus the
experimenter has a relatively short time to sample the
effects of a piscivore remaval, and is less likely to detect
the effects against the background variability of the
ecosystem. Note that this argument does not apply te
a total piscivore removal, in which postmanipulation
recruitment would not occur.

Published studies, while sparse, appear to support
the theoretical inference that effects of partial piscivore
removals are harder to detect than those of the recip-
rocal piscivore enbhancements. A piscivore remaoval of
0.1 ¥ produced substantial but transient responses
in phytoplankton composition, biovelume, and pro-
ductivity that lasted less than a year (Peter Lake; Car-
penter et al. 1987). A piscivore remaval of =0.5 %, by
winterkill, produced no detectable response in the phy-
toplankton (McQueen et al. 1988). Both of these stud-
ies showed lesser effects on the algae than both the
piscivore enhancements in Lake Michigan (Kitchell
and Crowder 1984, Scavia et al. 1986) and Tuesday
Lake {Carpenter et al. 1987} and the fish removal from
Lillestockelidsvatten (Henrikson et al. 1980).

Press enhancements and removals of piscivores were
relatively symmetric experiments; i.e., any given en-
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hancement experiment was as likely to succeed as its
reciprocal removal experiment. In the press experi-
ments, the algal response could be measured for a rel-
atively long period of time and was more likely to be
detected apainst the background variability of the eco-
system. The long duration of effects in press experi-
ments overrides the difference between piscivore ad-
ditions and removals that is evident in pulse
experiments.

Paired-lake experiments

Regional correlations among lakes can substantially
increase the sensitivity of ecosystem experiments. The
value of paired-ecosystem experiments demonstrated
by these simulations supports the intuitive potion of
many experimenters who have used paired treatment
and reference ecosystems (Likens 1983). Schindler et
al. (1985) used two to eight reference lakes within the
Experimental Lakes Area to assess the responses of an
acidified lake. They used graphical comparisons rather
than direct statistical tests. The data are convincing
because of relatively small confidence intervals and
similar temporal trends of the lakes, illustrating the
experimental advantages that result from regional in-
terlake correlation.

Paired designs have ecological advantages in addi-
tion to the statistical ones addressed by this paper.
Closely assaciated lakes are likely to share many species
in commeon, facilitating measurements of community
change following manipulation. By pairing lakes aver
latitudinal or trophic gradients, the interactions of these
gradients with food web effects can be assessed. Since
the magnitude of piscivore effects across trophic and
latitudinal gradients is currently controversial (Mc-
Queen et al. 1986, Crowder et al. 1988), experiments
exploring the effects of these gradients would be es-
pecially valuable.,

In the case of experimental designs that do not em-
ploy regionally correlated ecosystems (Figs. 5 and 6),
my apalyses probably underestimate the numbers of
lakes needed to achieve significant results. At least two
factors contribute ta the underestimation. First, unless
very similar lakes are used, interlake variance in pri-
mary production will exceed interannual variance
within any given lake, because of interlake differences
in nutrient leading (Schindler et al. 1978) and mor-
phometry (Carpenter 1983). For example, the cv of
annual primary production for the reference lakes used
by Schindler et al. {1985) was 37%, much greater than
the interannual cv of 20% used in the simulations re-
ported here. However, correlated responses to regional
weather patterns mitigate the effects of interlake vari-
ance. The paired-lake design is one effective way for
experimenters to take advantage of interlake correla-
tion. The second factor that entails greater sample sizes
than those estimated here is the need to estimate time-
treatment interactions using “staircase” experimental
designs (Walters et al. 1988). My point about the need
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for substantial and sustained manipulations applies with
equal force to staircase experiments.

Implications for ecosystem experiments

The main conclusion is that relatively strong and
sustained manipulations must be employed to reliably
detect ecosystem responses. In the case of food web
manipulations where primary productivity is the de-
pendent variate, =10 replicate lakes are needed, and
manipulations should enhance piscivore biomass at
least 5-10 x for several years to have a reasonably high
probability of detecting responses in primary produc-
tion. Similar numbers of replicates and comparably
strong manipulations will be needed for whole-lake
experiments on contaminants or nutrients, because
these studies must also overcome the natural vari-
ahility of lake primary production (Carpenter and
Kitchell 1987, Schindler 1987). In fact, successful nu-
trient enrichment experiments have increased nutrient
loads to manipulated lakes by § to 15 » and sustained
them for many vears {Schindler et al. 1978). Whole-
lake acidification experiments have increased hydro-
gen on concentrations 50-100x for periods of many
years (Schindler et al. 1985, Watras and Frost 1988).
These manipulations are no larger than thase com-
monly used in laboratory experiments, relative to the
known variance of the experimental systems. Effective
experimentation on complex and variable systems re-
quires substantial and sustained manipulations.

The pessibility of type II error {i.e., accepting the
hypothesis that the manipulation had no effect, when
in fact that hypothesis is false) is a entical ane for all
ecosysterl experimments. All ecosystem experimenters
face a shortage of suitable replicate systems and a short-
age of sufficient and sustained funding for these rela-
tively expensive and long-term studies. Therefore, it
is tempting to use minimal replication (e.g., dupli-
cates); consequently the probability of an erroneous
nonsignificant result s very large. Such errors may have
enormous costs in wasted research effort and faulty
advice to resource managers.

In many cases, replicated whole-ecosystem experi-
ments will simply be impossible. For example, exper-
imental lakes are not common. Two prominent ex-
perimental reserves, Canada’s Experimental Lakes Area
(ELA) and the University of Notre Dame Environ-
mental Rescarch Center (UNDERC), contain only 46
and 27 lakes, respectively. Only certain subsets of these
lakes constitute reasonable groups of replicates. In view
of the large number of important experiments that re-
main to be dane, and the need to sustain these exper-
iments for many years, there are not enough lakes to
replicate adequately.

Since sufficient replicate ecosystems witl usually be
unavailable, substantial and sustained manipulations
in unreplicated paired-ecosystem experiments will
continue to be the best available approach. Time seres
from these unreplicated experiments can be tested sta-
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tistically for changes after manipulation, although the
tests alone cannot prove that manipulation caused the
changes (Box and Tiao 1975, Box et al. 1978, Stewart-
QOaten et al. 1986, Frost et al. 1988, Carpenter et al.
1989). Performance of such experiments in different
systems arrayed across major ecological gradients would
be equivalent to carrying out large-scale paired-system
experiments staggered in time and performed collec-
tively by many scientists. Such collections of unrepli-
cated expeniments may be the most cost-eflective, re-
liable, and rapid means of experimentation at the
ecasystem level. There is great need for statistical guid-
ance and innovations to improve the design and in-
terpretation of large-scale ecological experiments.
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