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Summary

1. In certain predator±prey models, enrichment of nutrients produces large ampli-

tude population oscillations that can cause extinctions; this e�ect has been termed

the `paradox of enrichment'. Metapopulation models also show that despite enrich-

ment reducing the stability of equilibria in local populations, spatially subdivided

populations may show bounded ¯uctuations because of asynchronous local density

¯uctuations.

2. E�ects of enrichment and subdivided habitat structure were tested using two

protozoans, predatory Didinium nasutum MuÈ ller and its bacterivorous prey, Colpi-

dium striatum Stokes. A replicated experiment compared predator±prey dynamics

in low, medium and high nutrient microcosms. Microcosms consisted of subdivided

arrays of nine interconnected 30mL bottles, undivided bottles of the same total

volume (270mL) and isolated 30mL bottles.

3. Consistent with the paradox of enrichment, isolated populations produced

greater mean predator densities at high nutrient concentrations than low or med-

ium concentrations. The proportion of replicates in which predators drove prey

extinct was also greater with high than with low or medium nutrient concentra-

tions.

4. Enrichment increased prey density in all microcosm types. This is consistent

with published predator±prey models where dynamics are mathematically unstable.

5. Predators and prey persisted longer in all subdivided microcosms than in undi-

vided bottles. However, there were some unexpected changes in spatial dynamics

with enrichment. For prey, direct or indirect e�ects of enrichment raised numbers

dispersing, spatial synchrony of density ¯uctuations and variability in the number

of patches occupied.

6. For predators in arrays, enrichment reduced the starvation rate, total numbers

dispersing, and spatial synchrony. Time until recolonization of individual patches

by predators was also longer in enriched microcosms, suggesting a possible

decrease in the likelihood of regional persistence. A published simulation model

produced qualitatively similar changes in dynamics with changes in prey and preda-

tor dispersal rate.

7. This study shows that spatial dynamics can potentially explain persistence of

subdivided populations for long periods despite nutrient enrichment. However, the

complex in¯uence of enrichment on spatial dynamics illustrates the need to study

more natural populations.

Key-words: paradox of enrichment, persistence, Protista, rescue-e�ects, spatial sub-

division.
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Introduction

Simple models predict strong e�ects of nutrient

enrichment on predator and prey dynamics in sim-

ple food chains. The abundances of di�erent trophic

levels change with nutrient addition, and such

changes in abundance are integral to understanding

the role of top-down vs. bottom-up e�ects in struc-

turing food webs (e.g. Abrams & Roth 1994;

Abrams & Walters 1996). Enrichment is also

expected to a�ect the amplitude of ¯uctuations in

predator±prey systems, a phenomenon that has been

modelled but is poorly understood in real popula-

tions (e.g. Rosenzweig 1971; May 1972).

Theoreticians often model the e�ects of enrich-

ment on predator±prey dynamics by increasing the

prey carrying capacity (K). Enrichment was origin-

ally considered in predator and prey models with a

vertical predator isocline, indicating that the preda-

tor per capita growth rate is independent of preda-

tor density, and a humped prey isocline, indicating

reduced prey per capita growth rate at low density

(e.g. Rosenzweig & MacArthur 1963). In such mod-

els dynamics are stable whenever the predator and

prey zero growth isoclines cross to the right of the

hump in the prey zero growth isocline. Raising K

moves the hump in the prey zero growth isocline to

the right, and dynamics will be stable up until the

point where the isoclines cross to the left of the

hump (Rosenzweig 1971). It is surprising that

improved prey nutrient conditions make prey (and

predator) persistence less likely. This `paradox of

enrichment' (Rosenzweig 1971) has been demon-

strated in laboratory populations (e.g. Luckinbill

1974; McCauley et al. 1999), but there is little evi-

dence for its occurrence in natural populations

(Pimm 1991).

In the Rosenzweig±MacArthur model, raising K

also increases the predator equilibrium density, but

not the prey equilibrium density (Oksanen et al.

1981). In the following, the concept of stability

refers to the mathematical stability of local equili-

bria. Although equilibrium predator density

increases with enrichment, mean predator density

does not always do so when dynamics are cyclical

and unstable (Abrams & Roth 1994; but also see

Abrams et al. 1997). It is di�cult to predict how

natural predator and prey population densities will

respond to enrichment because there is a strong

dependency on model formalism.

Modelling and empirical work suggest that a vari-

ety of factors can counteract the destabilizing e�ect

of enrichment, including several kinds of spatial

dynamics. Metapopulations are groups of local

populations that are (at least potentially) connected

by migration. Metapopulation dynamics emphasize

persistence via either a balance between patch

extinction and recolonization rates (Levins 1969), or

`rescue e�ects', where immigration augments the size

of local populations that have reached small sizes

and reduces their chance of extinction (Brown &

Kodric-Brown 1977). The e�ects of enrichment on

predator±prey metapopulation dynamics were

explored by Jansen (1995) in a deterministic two-

patch model with Rosenzweig±MacArthur dynamics

within patches linked by di�usive dispersal. Jansen

(1995) suggested that metapopulation dynamics

have the potential to permit persistence despite

enrichment (through density oscillations remaining

bounded). Jansen's results were in terms of

minimum density rather than persistence or mathe-

matical stability. However, the ability of metapopu-

lations to persist despite local populations being

unstable is demonstrated by a number of other pre-

dator±prey metapopulation models (reviewed by

Holyoak & Lawler 1996a). In predator±prey meta-

populations, local extinction of predators may leave

predator-free refuges for prey. As discussed above,

it is not clear that nutrient enrichment will destabi-

lize predator and prey dynamics when a refuge is

present. A di�erent kind of spatial dynamics, source

and sink dynamics, can arise if patches become dif-

ferent in their growth rates for prey or predators

(e.g. Holt 1985). Empirical studies have not yet

tested the idea that spatial dynamics in subdivided

habitats can modify the e�ects of enrichment.

I conducted a replicated experiment with two

ciliated protists, predatory Didinium nasutum MuÈ ller

feeding on bacterivorous Colpidium striatum Stokes

to test whether a subdivided habitat structure could

promote persistence with three levels of nutrient

enrichment. Previous studies (Holyoak & Lawler

1996a,b) found a balance between the rates of local

extinction and colonization for prey, and rescue

e�ects for predators in subdivided laboratory micro-

cosms, but have not addressed the e�ects of nutrient

enrichment. I investigated the following predictions

in both undivided and subdivided habitats.

1. In isolated populations, nutrient enrichment

(raising K) will increase the amplitude of predator±

prey density oscillations and make these populations

more prone to extinction (Rosenzweig 1971). As dis-

cussed above, this is not necessarily true in di�erent

model formalisms.

2. Nutrient enrichment (raising K) will increase

mean predator density but not mean prey density

(Oksanen et al. 1981). This is expected from models

with mathematically stable dynamics, a vertical pre-

dator isocline and a humped prey isocline, but the

expected response from real populations is likely to

depend on details of dynamics and biology (above).

3 Predator±prey metapopulations persist despite

enrichment because predator and prey density ¯uc-

tuations that are asynchronous across patches pre-

vent all local populations from reaching low

abundances, or going extinct, simultaneously (e.g.

Jansen 1995). These mechanisms require asynchro-

nous density ¯uctuations to be present.
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Microcosms were groups of nine interconnected

bottles, undivided bottles of the same total volume,

or isolated bottles equivalent to individual patches

in the subdivided microcosms. Population dynamics

were followed either until extinction, or for at least

20 samples at 2-day intervals (after an initial coloni-

zation period in subdivided arrays). To elucidate

persistence mechanisms I quanti®ed whether enrich-

ment altered the following for prey or predator. (1)

Rates of extinction and colonization within bottles

of subdivided microcosms. (2) The e�ect of dispersal

on the rate of extinction within bottles of subdivided

microcosms. (3) Whether patches were resistant to

extinction when isolated. (4) Asynchrony of density

¯uctuations across patches in subdivided micro-

cosms. (5) Predator colonization (dispersal) rates in

subdivided microcosms. (6) Population variability of

regionally averaged population densities in subdi-

vided microcosms. (7) Within-bottle population

variability in all microcosms. (8) Mean prey and

predator densities in all microcosms. (9) Variability

in rates of patch (bottle) occupancy within subdi-

vided microcosms consisting of nine bottles, a possi-

ble indicator of the potential for regional

persistence.

Methods

THE STUDY ORGANISMS

D. nasutum is an obligate predator (Laybourn 1977)

that feeds mainly in the water column (Berger 1980).

D. nasutum and C. striatum divide asexually (Lay-

bourn & Stewart 1974); under similar experimental

conditions to those used here, generation times were

5�18�0�11 (standard deviation, n� 30) hours for

prey and 7�14�0�06 h (n� 8) for predators when

with abundant prey (Holyoak & Lawler 1996b). Pre-

dators consumed about 18 prey between divisions

(Holyoak & Lawler 1996b). The main cause of mor-

tality in D. nasutum is starvation (Salt 1979), and

some individuals become incapable of feeding prior

to death (Holyoak, Lawler & Crowley, 2000). D.

nasutum cannot form resting cysts when reared on

C. striatum. Ciliate species such as D. nasutum and

C. striatum are patchily distributed at scales of just

centimetres in ponds (Taylor & Berger 1980).

C. striatum shows logistic growth in the absence

of predators and has never been observed to drive

its bacterial prey extinct, or to go extinct itself in the

absence of predators if small volumes of nutrient

medium are replaced periodically (e.g. 10% per 2

days; Holyoak & Lawler 1996b). D. nasutum and C.

striatum were therefore treated as a predator±prey

system (rather than as a three-level system including

the bacteria) as other authors have done with D.

nasutum and Paramecium species (e.g. Gause 1934;

Luckinbill 1974; Hewett 1987). Temporal predator±

prey dynamics in isolated populations were also suc-

cessfully predicted by a predator and prey model

(Holyoak et al., 2000).

SPATIAL SUBDIVISION EXPERIMENT

Low, medium and high concentration nutrient solu-

tion was made using 1, 2 or 4 crushed Protozoan

Pellets1 (Carolina Biological Supply Co.,

Burlington, N.C., USA), weighing 0�57 g each,

added to 1L of 50 : 50 boiling spring and distilled

water. Nutrients supplied in this way increase the

abundance of bacteria that are food for C. striatum

(Kaunzinger & Morin 1998).

Subdivided microcosms (arrays) consisted of

groups of nine 32mL plastic bottles with adjacent

bottles linked by silicon rubber tubes. (Bottles are

referred to as `30mL bottles' because they contained

30mL of solution). Tubes of 3�2mm internal dia-

meter were attached to bottles using connectors of 2

mm internal diameter, such that adjacent bottles

were 11�2 cm apart. Tubes contained 0�9mL and

tube connectors each displaced 0�9mL. As a result

of constructing microcosms using the minimum

number of tubes, corner, edge and centre bottles

connected to 1, 2 and 4 tubes, respectively (illu-

strated in Holyoak & Lawler 1996a). For each nutri-

ent concentration, there were three arrays, three

undivided microcosms of the same total volume

(270mL), and ®ve isolated 30mL bottles. Every 30

mL volume (regardless of container type) also con-

tained a millet seed that provided a slow release of

nutrients. The undivided 270mL volume was placed

in a 1-L conical ¯ask that gave the same depth and

air:water surface area as the 30mL bottles and

arrays, and kept microclimate similar. However, the

area of bottle wall was necessarily greater in arrays

than in undivided volumes.

To start the experiment, 5mL of bacteria solution

was placed in 1L of sterile nutrient solution. Bacter-

ial solution was obtained by ®ltering prey culture

medium through a 5-mm nylon ®lter that retained

protists, but not bacteria. A day after addition of

bacterial solution to sterile microcosms, a mean of

27�5 (standard deviation � 6�4) prey per 30mL were

added to all vessels. Two days later, four D. nasutum

were added to a corner bottle of each array and to

each isolated 30mL and 270mL bottle, and this was

termed day zero. Predators had failed to establish in

any of the high nutrient treatments 8 days later and

were reintroduced to the high nutrient treatments,

and this was termed day zero for these treatments;

inability of predators to feed on large prey is a pos-

sible reason for this result (M. Holyoak, unpub-

lished data). In all nutrient concentrations, the

method of predator addition resulted in a greater

initial predator±prey ratio in the 30mL bottles that

received predators than in the 270mL bottles and

entire arrays, and predator reintroduction also

resulted in greater initial predator±prey ratios in low
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and medium nutrient treatments than high nutrients

treatments of all microcosm types. However, di�er-

ences in predator±prey ratios were expected to have

opposite e�ects on persistence to those observed

(Holyoak & Lawler 1996b; Holyoak et al., 2000),

and are therefore not considered further.

Samples were taken every 2 days from each 30mL

bottle and from each 30mL volume of the 270mL

bottles. Prior to removing 3mL, bottle contents

were mixed by withdrawing 3mL using an auto-

matic pipette and squirting the liquid back into the

bottle twice. The solution removed was replaced

with sterile nutrient medium. To minimize ¯ow of

¯uid between bottles in the subdivided arrays all

bottle caps were tightened to create an air lock prior

to sampling or replacing medium. Using a binocular

microscope, predators and prey were censused in a 3

drop (approximately 0�072mL) subsample. If<3

individuals of a species were present, a further 7

drops (0�241mL) were censused, and if a total of

<3 individuals of either species were present, the

entire 3mL was censused. This procedure gave a

coe�cient of variation between samples of approxi-

mately 0�18 for predators and 0�08 for prey (n� 50).

If a species was recorded as absent from an isolated

30mL bottle the entire volume was temporarily

poured into a sterile Petri dish and examined to

check presence or absence; this procedure allowed

calculation of a probability of whether a recorded

zero density from a 3-mL sample was a real extinc-

tion in a 30-mL volume. Counts were converted to

numbers per mL. Sampling continued until predators

were recorded as absent from ®ve consecutive sam-

ples at 2-day intervals, and in the presence/absence

checks on these 5 days for the isolated 30mL bottles,

after which, predators were considered extinct; data

in Fig. 3 support this conclusion. All experiments

were conducted at room temperature (22�2 �C).
Because of di�erences in the rate at which D.

nasutum colonized bottles within arrays, care was

taken to use only time periods when dynamics were

comparable between nutrient treatments. Therefore,

the 8 samples from 24 to 38 days after predator

introduction (or reintroduction, depending on treat-

ment) were used, by which time predators had colo-

nized all bottles of all arrays. Array densities after

this point showed arbitrary ¯uctuations that varied

from bottle to bottle and showed no systematic pat-

terns that would be indicative of identical transient

dynamics in di�erent patches. However, because

populations in isolated 30 and 270mL bottles were

short-lived, for these microcosms mean predator

and prey densities were calculated using only the

®rst 8 days (when both species were present in all

microcosms). Mean density values in Table 2 should

therefore not be compared between isolated bottles

and arrays. Predator persistence time was the num-

ber of days after predator introduction until preda-

tors went extinct from an entire microcosm,

regardless of whether prey went extinct.

Spatial synchrony of density ¯uctuations in di�er-

ent array bottles was quanti®ed using Pearson's cor-

relation coe�cient. Correlations were measured

separately for all pairs of bottles that were either

adjacent or separated by one or more bottles, and

mean correlations were calculated for each array for

adjacent and non-adjacent pairs of bottles. Data

from days 24±38 were used. The mean time for pre-

dators to colonize bottles within arrays after they

were introduced to a single corner bottle was also

quanti®ed; this provides an estimate of the predator

dispersal rate in di�erent nutrient treatments when

prey are abundant.

The coe�cient of variation through time of den-

sity in individual array bottles (termed `local CV')

was compared between nutrient treatments within

arrays. Similarly, the CV through time of the aver-

age density within arrays (termed `global CV') was

compared between nutrient treatments as an indica-

tor of the propensity for species to persist regionally.

These calculations used samples from days 24 to 38.

The frequency of local extinction was compared

in array bottles at di�erent nutrient concentrations.

Extinctions could not be directly observed, but

sequences of observed zero densities from the 3mL

samples were strongly correlated with extinctions in

isolated 30mL bottles con®rmed by examining the

entire 30mL (the top axes in Fig. 3 show the propor-

tion of consecutive zero density values from isolated

30mL bottles that represented con®rmed extinc-

tions). The mean and coe�cient of variation (CV)

of the number of bottles per array with zero densi-

ties were calculated from a time series of numbers of

bottles with zero densities at each sampling time for

each array. These values were compared in di�erent

nutrient treatments using a Kruskal±Wallis test

(rather than an ANOVA) because of heteroscedasti-

city.

To assess the rate of recolonization of patches

within arrays, the duration of periods when array

bottles lacked a species were compared. This was

done by analysing the mean length of periods with

sequentially recorded zero densities using a one-way

ANOVA, and was done separately for prey and pre-

dators. Microcosms were the unit of replication,

within which the average length of periods was aver-

aged across all bottles and periods of recorded

absence during days 24±38.

Results

THE PARADOX OF ENRICHMENT IN

ISOLATED POPULATIONS

In isolated populations, the main e�ect of enrich-

ment was that predators drove prey extinct in all of

the high nutrient bottles (of either 30 or 270mL),
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compared to a mean of only 19% of the low and

medium nutrient bottles (Fig. 1, Table 1); when prey

went extinct, predators necessarily starved to death.

In the remainder of replicate isolated bottles where

prey did not go extinct, predators went extinct but

prey survived for the duration of the experiment.

Although all predator populations went extinct

during the experiment, there were no clear patterns

of reduced predator persistence times with enrich-

ment. In a two-way ANOVA of ln-transformed per-

sistence times the interaction between bottle volume

and nutrient concentration was signi®cant (F2,18�
12�5, P<0�001) showing that both bottle volume

and nutrient level in¯uenced persistence times in a

complex manner; least signi®cant di�erence (LSD)

tests showed that in 30mL bottles persistence was

longer in the medium than low and high nutrient

treatments (P<0�05 in both cases), whereas in the

270mL bottles persistence was shorter in the med-

ium than the low or high nutrient levels (P< 0�001
in both cases; Table 2); LSD tests in this paper are

Tukey's honest signi®cant di�erence tests using the

T-method (Sokal & Rohlf 1995; Box 9�10) that

allow for multiple testing. Because of small sample

sizes, predator persistence times that were cut short

by prey being driven extinct (the proportion of repli-

cates is given in Fig. 1) are not distinguished from

those where prey survived whilst predators went

extinct (e.g. Table 2).

Mean prey and predator densities varied signi®-

cantly among nutrient treatments in both 30 and

270mL bottles (Table 2; F2,12� 7�6, P<0�001 for

prey in 30mL, F2,12� 36�23, P<0�001 for predators

in 30mL, F2,6� 30�7, P<0�001 for prey in 270mL

and F2,6� 5�21, P<0�05 for predators in 270mL).

LSD tests showed that for both prey and predators,

in both 30 and 270mL, mean density was signi®-

cantly higher (P<0�05) in the high nutrient treat-

ment than at low or medium nutrient levels; mean

densities at low and medium nutrient levels did not

di�er signi®cantly (P>0�2) except for mean prey

density in 270mL bottles, which was signi®cantly

lower (P<0�005) with low than medium nutrient

levels. Peak densities of predators were also greater

in bottles with high than low or medium nutrients,

which did not di�er signi®cantly from each other

(Fig. 1).

EFFECTS OF SUBDIVIS ION ON DYNAMICS

Sample density plots for subdivided arrays and

undivided 270mL bottles are shown in Fig. 2. In

Fig. 1. Peak densities of D. nasutum in isolated 30 and 270mL bottles. Unshaded, light, and dark grey bars represent low,

medium and high nutrients, respectively. Bars with the same letters above them are similar in LSD tests. Error bars show

standard errors. In a two-way ANOVA on ln(density), the interaction between bottle size and nutrients was non-signi®cant

(F2,18� 2�71, P1 0�1), whereas both bottle size and nutrient main e�ects were signi®cant (F1,18� 7�23, P<0�02, and F2,18

� 20�1, P<0�0001, respectively). Numbers above bars give the percentage of replicates where prey went extinct from three

replicates of 270mL and ®ve replicates of 30mL. All samples prior to extinction were used.

Table 1. Results of generalized linear model analysis (see

Methods) of the proportion of replicate 30mL and 270mL

isolated bottles where prey were driven extinct. Unequal

sample sizes make the exact value of the interaction term

questionable. A generalized linear model was ®t using

GLIM version 3�77 (Baker 1987). The analysis is equivalent

to a two-way ANOVA with bottle size and nutrient level as

factors, but is conducted using a logistic regression model,

which is appropriate for proportional data (Crawley 1993,

Chapter 15). A logit link function was used and a binomial

distribution of sampling error was assumed in a maximum

likelihood ®tting procedure. The model was scaled to make

the residual deviance equal to its degrees of freedom, so

that changes in deviance follow a w2-distribution

Factor

Change in

deviance (w2) d.f. P

Size 0�01 1 P> 0�99
Nutrient 18�09 2 P<0�001
Size�nutrient 4�45 2 P1 0�2
Error 10�55 18
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Table 2. Time series statistics from the di�erent kinds of microcosm. Global coe�cients of variation (CVs) come from a ser-

ies of densities averaged across all occupied bottles within subdivided arrays, whereas local CVs are from individual occu-

pied bottles within arrays. In arrays, standard errors come from three values, one from each replicate microcosm

Mean (standard error)

Statistic Microcosm Low nutrient Medium nutrient High nutrient

Predator persistence 30 mLA 12�4 (0�5) 24�0 (5�1) 8�4 (0�5)
time (days) 270 mLA 16�7 (0�7) 13�3 (1�8) 20�0 (1�2)

ArrayA 50�0 (0�0) 50�0 (0�0) 42�0 (2�0)
Mean prey density; 270 mLB 4�526 (0�160) 5�559 (0�326) 7�034 (0�153)
Ln(1� cells per mL) 30 mLB 5�608 (0�186) 4�737 (0�606) 6�929 (0�279)

ArrayC 0�584 (0�186) 0�809 (0�129) 1�931 (0�359)
Mean predator density; 270 mLB 1�508 (0�075) 1�343 (0�188) 2�013 (0�171)
Ln(1� cells per mL) 30 mLB 1�643 (0�041) 1�267 (0�329) 3�462 (0�063)

ArrayC 0�054 (0�025) 0�074 (0�022) 0�255 (0�083)
Prey global CV ArrayC 3�15 (0�33) 2�48 (0�07) 2�10 (0�36)
Predator global CV ArrayC 3�74 (0�56) 3�60 (0�67) 2�32 (0�73)
Prey local CV ArrayC 1�37 (0�15) 1�48 (0�05) 1�59 (0�20)
Predator local CV ArrayC 2�25 (0�14) 2�19 (0�24) 1�82 (0�29)
AAll data prior to extinction were used.
BDays 2±8 were used.
CDays 24±38 were used.

Fig. 2. Prey (solid lines) and predator (dashed lines) densities through time in subdivided arrays or undivided 270mL bottles

with low, medium and high nutrient concentrations. Plots are from randomly selected replicates, and densities are averaged

across all bottles within arrays.
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contrast to the undivided microcosms, predators

and prey persisted regionally in all but one of the

nine subdivided microcosms for the duration of the

experiment (50 days, or 259 prey generations, for

low and medium nutrients, and 44 days, or 228 prey

generations, for high nutrients because predators

were reintroduced). In one of three high nutrient

arrays, predators went extinct from all bottles after

38 days. Persistence times in subdivided arrays were

all longer than in undivided 270mL bottles and iso-

lated 30mL bottles (Table 2). In fact, predators did

not persist for as long in any single isolated 30 or

270mL bottle as they did in any subdivided array,

and the extra persistence time in arrays is therefore

unlikely to be due to a composite probability of

extinction resulting from arrays consisting of nine

semi-independent populations.

In subdivided microcosms at all nutrient levels

various statistics gave information about the

mechanisms by which spatial dynamics prolonged

persistence.

1. Both prey and predators frequently went

locally extinct and recolonized individual patches of

arrays (Figs 3 & 4). Local extinctions could not be

directly con®rmed in the arrays without disrupting

the experiment, but series of several zero sample

densities were frequently observed in individual bot-

tles. Data from isolated 30mL bottles show that ser-

ies of recorded zero densities are strongly correlated

with extinctions that were con®rmed by examining

the entire bottle contents (Fig. 3). Short-term local

extinctions were more common than long-term

extinctions, although long-term extinctions (of up to

20±30 days duration) did occur in both species.

Fig. 3. The frequency of zero densities recorded for prey (a) and predators (b). Bars show the mean number of observations

of a given number of sequential zero density values in bottles of subdivided arrays; error bars show standard errors. Bars

that are un®lled, light and dark grey represent low, medium and high nutrients, respectively. Figures above bars represent

the estimated probability of extinction, estimated from isolated 30mL bottles, where extinctions were con®rmed by examin-

ing the entire bottle contents. Frequencies come from days 24±38.
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2. No patch acted as an extinction-resistant

`mainland' population (sensu Boorman & Levitt

1973), as isolated 30mL bottles are equivalent to

individual patches in subdivided arrays, and mean

predator persistence times in the former were only

8±24 days (depending on nutrient treatment, Table

2). Predators and prey did not persist for more than

28 days in any replicate of the isolated 30mL bot-

tles. Persistence was also not an e�ect of habitat

size, because persistence times in equivalent undi-

vided volumes of 270mL were on average only 13±

20 days (Table 2).

3. Prey and predator populations in adjacent bot-

tles showed low positive correlations in densities

through time (unshaded bars in Fig. 5), and syn-

chrony declined (often statistically signi®cantly) with

the distance between array bottles (Fig. 5).

4. During colonization of arrays, the dispersal

rate of predators between bottles was low (Fig. 6); it

took predators an average of 5±11 days to colonize

adjacent bottles and 10±16 days (depending on nutri-

ent level) to colonize non-adjacent bottles (Fig. 6).

EFFECTS OF ENRICHMENT IN SUBDIVIDED

MICROCOSMS

The variability of regionally averaged densities (the

`global CV') for prey in subdivided arrays did not

increase with enrichment (Table 2). Average prey

and predator CVs were actually higher in treatments

with lower levels of nutrients, but the di�erences

were not statistically signi®cant (one-way ANOVA:

F2,6� 3�37, P1 0�11 for prey and F2,6� 1�4, P1 0�3
for predators). The variability in population densi-

ties through time within individual patches of subdi-

vided arrays also showed no signi®cant di�erences

for predators or prey (Table 2; one-way ANOVA:

F2,6� 0�52, P1 0�62 for prey and F2,6� 1�0, P1
0�42 for predators).

Mean densities of predators were signi®cantly

higher in arrays with high than medium or low

nutrients, which were similar to one another (Table

2; one-way ANOVA: F2,6� 5�43, P<0�05, in LSD

tests P<0�05 for high vs. low, P<0�05 for high vs.

medium and P1 0�8 for low vs. medium). Mean

prey densities were also greater in high than medium

or low nutrient arrays (Table 2; one-way ANOVA

F2,6� 5�64, P<0�05, in LSD tests P<0�05 for high

vs. low, P<0�05 for high vs. medium and P1 0�8
for low vs. medium).

Predator density ¯uctuations were less synchro-

nous in space in high nutrient arrays than in low or

medium nutrient arrays (Fig. 5). Consistent with this

e�ect, predators took longer to colonize bottles in

medium and high nutrient arrays than in low nutri-

ent arrays (Fig. 6). Additionally, when extinctions of

predators were recorded from individual array bot-

tles, the recorded time until recolonization was

longer for medium and high nutrient arrays than in

low nutrient arrays (13�7 and 12�4 days vs. 7�6 days,
respectively, one-way ANOVA F2,6� 7�31, P<0�05).
Predator patch occupancy was also greater in

high nutrient arrays: The number of bottles with

recorded zeros on each date for predators was lower

in high nutrient arrays (mean � 5�6 bottles) than in

low nutrient arrays (6�3 bottles; Fig. 7a). The tem-

poral variability in the number of bottles with

recorded zero predator densities, however, did not

vary amongst enrichment levels (Fig. 7b).

In prey, enrichment had the opposite e�ect on

spatial synchrony of population ¯uctuations to that

in predators: Spatial synchrony was greater in high

than medium or low nutrient arrays (Fig. 5). This

was associated with di�erences in both predator and

prey regional dynamics: a measure of the likelihood

of regional persistence, temporal variability in the

number of bottles with recorded zero densities, was

greater for prey in high nutrient arrays than in low

or medium nutrient arrays (Fig. 7). The mean num-

Fig. 4. Mean number of recorded extinctions (transitions

from positive to zero density values) for prey (a) and pre-

dators (b) in array bottles with one (unshaded), two (light

grey), and four tubes (dark grey bars). Error bars show

standard errors. In (a), bars with the same letter above

them do not di�er (at P<0�05) in LSD tests; no letters are

shown in (b) because LSD test showed no signi®cant di�er-

ences (at P<0�05). Repeated measures ANOVAs compared

nutrient treatments (factor) and number of tubes (repeated

measures factor). For prey the number of tubes (F2,12�
3�94, P<0�05), nutrient level (F2,6� 5�18, P<0�05) and

the interaction (F4,12� 4�19, P<0�025) were all signi®cant.

For predators, number of tubes (F2,12� 0�4, P1 0�7),
nutrients (F2,6� 0�4, P1 0�7) and the interaction (F4,12�
1�1, P1 0�4) were all non-signi®cant. Data come from

days 24±38.
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Fig. 5. The mean degree of spatial synchrony for prey (a) and predators (b) in array bottles at di�erent distances apart.

Unshaded and shaded bars represent adjacent and non-adjacent pairs of bottles, respectively. Spatial synchrony was mea-

sured using Pearson's correlation coe�cient. Error bars represent standard errors that come from a single mean correlation

for each array for each distance. Bars with the same letter above them do not di�er (at P<0�05) in LSD tests performed

separately for each species. A repeated measures ANOVA compared bottles at di�erent distances apart and nutrient treat-

ments for each species. For prey F1,6� 6�03, P<0�05 for distance, F2,6� 5�2, P<0�05 for nutrient level, and F2,6� 0�04, P
w0�05 for the interaction. For predators, equivalent ®gures were F1,6� 3�82, 0�05<P<0�10, F2,6� 0�25, P1 0�8, and F2,6

� 6�81, P< 0�05. Data come from days 24±38.

Fig. 6. Mean time to colonization by predators of bottles adjacent to their bottle of origin (distance � 1) and bottles sepa-

rated from their bottle of origin by another bottle (distance � 2). Unshaded, light and dark grey bars represent low, med-

ium and high nutrients, respectively. Bars with the same letters above them are similar in LSD tests. Error bars show

standard errors. In a repeated measures ANOVA of ln (time to colonization), the interaction between distance from the

source bottle and nutrients was non-signi®cant (F2,6� 2�3, P1 0�2), but the main e�ects of nutrients and distance were sig-

ni®cant (F2,6� 5�21, P<0�05, and F1,6� 106, P<0�00005, respectively).
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ber of bottles occupied by prey did not vary between

nutrient treatments (Fig. 7). Time for prey to recolo-

nize individual array bottles (the mean duration of

recorded periods of absence) was also similar across

nutrient treatments (F2,6� 0�72, P1 0�5, in a one-

way ANOVA).

The frequency of recorded prey or predator

extinction (transition from occupied to unoccupied)

did not consistently vary in bottles with di�erent

numbers of tubes (Fig. 4): For prey, a repeated mea-

sures ANOVA comparing the frequency of recorded

extinction (transition from occupied to unoccupied)

in arrays showed complex e�ects (Fig. 4a). The

e�ects of nutrient level, number of tubes per array

bottle (a measure of the potential for dispersal), and

their interaction were signi®cant. Examination of the

nutrient and dispersal combinations that di�ered in

LSD tests indicated an equal amount of evidence for

either an increased or a decreased number of prey

extinctions in bottles that permitted more dispersal

(Fig. 4a). Predators showed no signi®cant di�erences

in the frequency of recorded extinction (transition

from occupied to unoccupied) in arrays with di�er-

ent nutrient concentrations or array bottles with dif-

ferent numbers of connecting tubes (Fig. 4b).

Prey did, however, show fewer local extinctions in

high than medium or low nutrient arrays; this was

indicated by both a signi®cant e�ect of nutrient

levels and by most LSD tests on individual treat-

ment means in Fig. 4a.

Discussion

THE PARADOX OF ENRICHMENT IN

ISOLATED POPULATIONS

In undivided microcosms it was di�cult to demon-

strate that density ¯uctuations increased in size with

enrichment because ¯uctuations were cut short by

extinctions. However, prior to extinction, predators

were more abundant in isolated populations with

higher nutrient levels; for example, mean predator

Fig. 7. The mean (a) and coe�cient of variation (b) of the number of array bottles with recorded zero density on each sam-

pling date. Unshaded, light and dark grey bars represent low, medium and high nutrients, respectively. Error bars show

standard errors calculated from array averages. Kruskal±Wallis tests were used to compare nutrient treatments. (a) H2,9�
1�8, Pw0�05 for prey and H2,9� 6�5, P<0�05 for predators; (b) H2,9� 6�4, P<0�05 for prey and H2,9� 0�6, Pw0�05 for

predators. Data come from days 24±38.
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densities were over 7� greater in isolated high nutri-

ent 30mL bottles than in low nutrient 30mL bot-

tles. Subsequently, predators drove prey extinct in

all replicates of the high nutrient isolated bottles (of

both 30mL and 270mL), compared to only 19% of

low and medium nutrient bottles (in the remaining

81% of replicates predators went extinct but prey

survived for the duration of the experiment). This is

largely as predicted by the paradox of enrichment in

Rosenzweig's (1971) model, with the caveat that

densities are continuous in the model allowing

recovery from very low values, which is not possible

in real populations.

A surprising feature of these dynamics is that pre-

dator persistence time was not reduced by enrich-

ment despite the greater frequency of prey

extinction. A possible explanation for this is that D.

nasutum survival rates show a complex non-linear

relationship with predator density (Holyoak & Sach-

dev 1998), and predator densities di�ered with nutri-

ent treatment in isolated bottles (Fig. 1).

REGIONAL DYNAMICS AND THE PARADOX

OF ENRICHMENT

The present experiments show that spatial dynamics

in subdivided habitats can reduce the paradox of

enrichment; both species persisted longer in the sub-

divided microcosms than in any of the undivided

bottles, including those of the same total volume.

This is not likely to be caused by the time taken for

predators to colonize subdivided arrays, as Holyoak

(2000) introduced predators simultaneously to all

patches in microcosms with 2±4 patches and showed

that spatial dynamics allowed predators and prey to

persist for up to 670 prey generations. In the present

experiment several kinds of spatial dynamics were

found that could prolong persistence. Additionally,

it has been shown elsewhere that prey have low dis-

persal rates, and that asynchronous dynamics across

patches, balanced extinction and colonization, and/

or rescue e�ects occurred under low nutrient condi-

tions in an earlier experiment (Holyoak & Lawler

1996a,b).

Another study of the e�ects of habitat subdivision

on persistence (Burkey 1997) that used protozoa in

laboratory microcosms as a model study system

found that habitat subdivision actually reduced per-

sistence times relative to large undivided popula-

tions. There are two likely explanations for this.

First, if the protists used did not disperse between

patches, then the population may have been divided

into a number of smaller populations and this may

have made extinction through demographic stochas-

ticity more likely. Second (and perhaps more likely)

the protist predator used, Euplotes aediculatus

(unlike D. nasutum), feeds primarily along surfaces

and it is likely that in microcosms with greater sur-

face areas E. aediculatus could reduce prey popula-

tions further, making regional extinction more

likely.

I found that by comparison to the isolated bot-

tles, where the e�ects of nutrient enrichment on

dynamics were easily interpreted, changes in

dynamics in subdivided microcosms with enrichment

were more varied and complex. Eight kinds of

(interrelated) statistics were examined (listed at the

end of the Introduction) in subdivided microcosms.

Three factors showed no statistically signi®cant

changes with enrichment for both species and two

factors showed no changes for one of the two spe-

cies. The following factors showed no statistically

signi®cant changes. (1) Global population variability

for both species. (2) Local population variability for

both species. (3) There were no clear changes in the

rate of local extinction with di�erent dispersal rates

(numbers of connecting tubes) at any level of enrich-

ment. (4) Predators showed no di�erence in patch

occupancy (or its variability) with enrichment. (5)

Mean predator density showed no di�erence with

enrichment in arrays (Table 2). However, changes in

two factors for both species and three factors for

one of the two species indicated that enrichment

altered spatial dynamics. (1) Spatial synchrony of

density ¯uctuations changed with enrichment for

both species. (2) Predators reduced their coloniza-

tion rate with enrichment. (3) The dynamics of

either patch occupancy, or extinction and recoloni-

zation, changed with enrichment for both species.

(4) Variability in patch occupancy increased with

enrichment for prey. (5) Mean prey density

increased with enrichment in arrays (Table 2).

The absence of statistically signi®cant changes in

some aspects of spatial dynamics could either indi-

cate a lack of statistical power (power tests indicate

only modest power for most of the statistics

reported), or it could be that results are consistent

with the null hypothesis of no change with enrich-

ment. Overall, the results suggest complex changes

in spatial dynamics with enrichment, whether these

represent declines in the likelihood of regional per-

sistence with enrichment is debatable. I discuss these

changes below.

Prey were 7�4 times more dense in high than low

nutrient arrays. Based on results from isolated

populations in a similar experimental system (Kaun-

zinger & Morin 1998), bacteria are unlikely to have

increased by more than the 4� increase in nutrient

concentration. This would have caused the expected

amount of bacterial food per prey to decline with

enrichment. In a separate experiment M. Holyoak

(unpublished manuscript) showed that the propor-

tion of prey dispersing increased when bacterial

levels were lower. Both the greater prey density and

any increase in the proportion of prey dispersing

would have caused more prey to disperse in high

nutrient arrays. More prey dispersal could have cre-

ated the observed greater spatial synchrony of prey
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density ¯uctuations in enriched arrays (Fig. 5a).

Greater spatial synchrony across patches is also con-

sistent with the idea that when prey did go extinct

from patches they usually went extinct from several

patches simultaneously (Fig. 7b). This concords with

the high variability in observed patch occupancy in

enriched arrays (Fig. 7a).

The observed reduction in the dispersal rate of

predators with enrichment might explain a number

of changes in predator spatial dynamics. Changes in

predator dispersal could be caused by more preda-

tors dispersing when they are starving (Salt 1979;

M. Holyoak, unpublished manuscript). Starvation

may have been more likely to occur in low than

high nutrient arrays because of lower prey densities

in the former. Longer periods of recorded absence

following local extinction in enriched arrays (Fig.

3b) also indicate a lower recolonization and migra-

tion rate. Consistent with a low predator migration

rate (Fig. 6), spatial synchrony of predator density

¯uctuations was also reduced in high nutrient arrays

(Fig. 5b). It is di�cult to decide whether these

changes are likely to have altered the propensity for

predator regional persistence. Observed increases in

the duration of absence from local patches are

expected to reduce the likelihood of regional persis-

tence, whereas increased independence (reduced syn-

chrony) of dynamics in di�erent local patches is

expected to increase metapopulation persistence.

In these experiments, changed conditions with

enrichment apparently increased the prey dispersal

rate but reduced the predator dispersal rate. Reeve

(1988) simulated a multi-patch host±parasitoid

(Nicholson±Bailey) model and looked at the in¯u-

ence on dynamics of changes in prey or predator

density independent dispersal. He showed that

increases in the proportion of prey dispersing (as

seen in experiments with enrichment) produced little

change in average prey density, but that prey regio-

nal persistence time was reduced for most parameter

values, and often by large amounts. Reducing pre-

dator dispersal often produced large increases in

prey density, similar to those seen in the present

experiments. However, simulated changes in preda-

tor dispersal produced little change in regional per-

sistence time. These results indicate that it is

possible that changes in prey dispersal would have

had a greater impact on regional persistence

(through altering spatial synchrony) than changes in

predator dispersal. Ultimately, understanding the

contribution of the various mechanisms of spatial

dynamics to persistence will require the use of expli-

cit models that are closely tied to particular systems

(Holyoak & Ray 1999).

In all of the microcosms used here, regardless of

subdivision and size, enrichment increased mean

prey density, and predator densities also increased

in most cases (Table 2). The increase in prey density

is predicted by Rosenzweig's (1971) model (Abrams

& Roth 1994; Abrams et al. 1997). Models (see

Introduction) predict that in mathematically

unstable predator and prey populations enrichment

can produce no change, increases or decreases in

predator density with enrichment (Abrams & Roth

1994; Abrams et al. 1997).

Conclusions

The experimental ®ndings demonstrate the need to

understand the biology of particular systems if we

are to understand and predict responses to nutrient

enrichment. Observed changes in the dispersal rate

of the protist species with enrichment were largely

unexpected. Ecological theory considers many con-

tingencies, but it is di�cult to predict which parts of

this theory will be relevant without some knowledge

about the organisms of interest. In the case of meta-

population studies, information about movement

behaviour of the study organisms is likely to be par-

ticularly valuable; if movement rates became su�-

ciently small following enrichment, enrichment

could have a detrimental e�ect on regional persis-

tence, but with movement at intermediate rates, spe-

cies may persist regionally despite local dynamics

being destabilized (e.g. Reeve 1988; Jansen 1995). I

considered only nutrient enrichment that was uni-

form across patches. If only selected patches were to

be enriched, theory on source and sink populations

might be expected to be more relevant (e.g. Holt

1985; Holyoak & Ray 1999). However, the com-

bined e�ects of nutrient enrichment and source±sink

structure have not, to my knowledge, been consid-

ered either empirically or theoretically.

Like Jansen's (1995) model this work shows that

asynchronous dynamics across patches may largely

block the destabilizing e�ects of the paradox of

enrichment (Rosenzweig 1971). This phenomenon is

potentially relevant to more natural systems. Mur-

doch et al. (1998) suggested that metapopulation

dynamics may have the potential to explain why

Daphnia species can suppress edible algae far below

the levels expected from nutrient levels, and yet this

interaction is stable in both nutrient-poor and nutri-

ent-rich environments. In the present experiments

there were, however, some changes in local and

regional dynamics that indicate possible changes in

the likelihood of regional persistence with enrich-

ment. The changes appeared to be mediated by

movement, and a general simulation model (Reeve

1988) predicts similar changes in dynamics with

altered dispersal. This congruence between a model

and experiments suggests that the results have some

generality. Future investigations of spatial dynamics

should consider the mechanisms that drive dynamics

including movement behaviour, which may be

important for predicting dynamics under changed

conditions, such as with habitat fragmentation.
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