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Summary

1. Management of the e�ects of stress on populations ± for instance in ecotoxicol-

ogy ± requires understanding of the e�ects of stressors on populations and commu-

nities. Attention to date has too rarely been directed to relevant ecological

endpoints, such as carrying capacity and density dependence. Established proce-

dures are instead based on measuring the Life Tables of individual organisms

exposed to di�ering concentrations of a pollutant at low population density, but

this approach does not take into account population e�ects that may occur

through interactions between individuals. Here we introduce an approach that

allows direct measurement of the e�ects of stressors on carrying capacity and den-

sity dependence.

2. Using the marine copepod Tisbe battagliai Volkmann-Rocco, we report repli-

cated experiments establishing the e�ects of 100  mg Lÿ1 pentachlorophenol (PCP)
in combination with varying diet and food concentrations. Population density was

measured as population biomass in 10  mL volumes. Diet was either the alga Iso-

chrysis galbana Parke (here designated `poor diet') or a mix of two algal species (I.

galbana and Rhodomonas reticulata Novarino: `good diet'). Each was given at three

food concentrations (520, 1300 and 3250 mgC Lÿ1), selected on the basis that at

low population density these cover the range between limited and maximal popula-

tion growth.

3. Carrying capacity increased linearly with food concentration. On the poor diet

the increase was 1�2  mg Lÿ1 for each mgC Lÿ1 increase in food concentration. On

the good diet the increase was 2�3  mg Lÿ1/mgC Lÿ1 in the absence of PCP, and 1�9  
mg Lÿ1/mgC Lÿ1 with PCP. Maximum carrying capacity was in the region of 60±80  

mg per 10  mL volume. Population growth rate ( pgr) decreased linearly with popula-

tion biomass when the latter was plotted on a logarithmic scale. Increasing biomass

reduced pgr by 1�70  weekÿ1 for each unit increase in log10 biomass. Increasing food

concentration and improving diet both increased pgr, but did not a�ect the slope

of the density-dependent relationship. Presence or absence of PCP had no e�ect

except that at some higher food concentrations non-PCP populations initially

increased faster than PCP populations, and at high concentration on the good diet

the e�ect of density-dependence was decreased in PCP populations.

4. The results show that a stressor's e�ects at high population density may di�er

from its e�ects at low density, and emphasizes the importance of ®nding new pro-

tocols, such as those introduced here, with which to study the joint e�ects of a

stressor and population density. Managers and researchers of threatened species,
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harvested species and pest species need to know the joint e�ects of stressors and

population density, in order to be able to predict the e�ects of stressors on carrying

capacity and on the course of recovery from environmental perturbations.

Key-words: diet, food, pentachlorophenol, population growth rate, scale, ecotoxi-

cology.
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A recurring theme in practical studies of the e�ects

of stress on populations ± for instance in ecotoxicol-

ogy ± is the need for greater insight and understand-

ing into the e�ects of stressors on populations and

communities (e.g. Baird et al. 1996; Walker et al.

1996). Attention to date has too rarely been directed

to relevant ecological endpoints, such as carrying

capacity and density dependence (Banks & Stark

1998). Established procedures are instead based on

measuring the Life Tables of individual organisms

in Life Table Response Experiments (LTREs, Levin

et al. 1987, 1996). LTREs have, however, almost

always been carried out at high food levels and low

population density and, in consequence, the e�ects

of environmental stressors, insofar as they are

known, are known at low population density. This

approach does not take into account population

e�ects that may occur through interactions between

individuals (competition and food availability, Van

Leeuwen, Luttmer & Gri�oen 1985; Van Leeuwen,

Niebeek & Rijkeboer 1987). Here we use an

approach that allows direct measurement of the

e�ects of stressors on carrying capacity and density

dependence.

The study organism, Tisbe battagliai Volkmann-

Rocco, is a marine harpacticoid copepod of interest

as an ecotoxicological test organism (Hutchinson &

Williams 1989; Williams 1992; Thain & Kirby 1996;

Kirby et al. 1998; Matthiessen et al. 1998). It has

been studied in LTREs in relation to temperature,

food concentration, diet and pentachlorophenol

(PCP) (Williams 1997). These LTREs have shown

that population growth rate ( pgr) is sensitive to

diet, being higher if the diet consists of a mixture of

two algal species, Isochrysis galbana and Rhodomo-

nas reticulata, rather than just I. galbana alone. Pgr

is also sensitive to food concentration, being maxi-

mal at a concentration of 3250 mgC Lÿ1, but barely
su�cient to sustain the population at 520 mgC Lÿ1.
Optimal temperature has been shown to be approxi-

mately 20  �C, and Tisbe battaglia exposed to condi-

tions of food limitation have been shown to be

sensitive to PCP at a concentration of 100  mg Lÿ1

(Williams 1997). However, these experimental

results relate to low population density, and only

limited information is available concerning the

potential e�ects of chemical contaminants on popu-

lations of harpacticoids. Hoppenheit (1977), Hop-

penheit & Sperling (1977) and Brand, Fabris &

Arnott (1986) have shown that exposure to cad-

mium reduces population sizes of Tisbe holothuriae,

and Munzinger (1994) and Van Leeuwen, Niebeek

& Rijkeboer (1987) have shown that exposure to

nickel and other chemicals reduces carrying capacity

in Daphnia magna.

Here, we tackle the general problem of describing

and characterizing ecological e�ects of stressors,

while at the same time investigating the e�ects on

the population dynamics of Tisbe battagliai of stres-

sors whose e�ects at low density are known from

LTREs. The stressors are diet, food concentration

and the chemical pentachlorophenol, and the ecolo-

gical e�ects are characterized primarily in terms of

carrying capacity and density dependence.

Materials and methods

We used two diets, three food concentrations, and

culture solutions with/without 100  mg Lÿ1 penta-

chlorophenol; there were therefore 2 � 3 � 2  �  12
treatments in all, each applied for 11  weeks to ®ve

replicate populations. Diet was either the alga Iso-

chrysis galbana (here designated `poor diet', but note

that it alone will sustain cultures inde®nitely) or a

mix of two algal species (I. galbana and Rhodomonas

reticulata: `good diet'). Each diet was given at three

food concentrations (520, 1300 and 3250 mgC Lÿ1),
selected on the basis that at low density these cover

the range between allowing limited and allowing

maximal population growth. Previous work had

shown that copepods exposed to conditions of food

limitation showed an increased sensitivity to PCP at

the concentration at which it is used here, 100  mg
Lÿ1 (Williams 1997).

The procedures for culturing Tisbe battagliai, and

associated algal food species Isochrysis galbana and

Rhodomonas reticulata, have been described pre-

viously (Williams & Jones 1994; International Stan-

dards Organization 1999). Pentachlorophenol (PCP)

was chosen as a representative chemical stressor

because it is often used as a reference toxicant

(Goodfellow & Rue 1989), it has been shown to be

relatively stable in test solutions within renewal peri-

ods of 48  h (Stephenson, Kaushik & Solomon 1991),

and its chemistry, toxicology and fate in the envir-

onment have been reported widely (Wild, Harrad &

Jones 1992; Hobbs, Howe & Dobson 1993). The

chemical was obtained from Aldrich Chemicals (The

389
R.M. Sibly,

T.D. Williams &

M.B. Jones

# 2000 British

Ecological Society

Journal of Applied

Ecology, 37,

388±397



Old Brickyard, New Road, Gillingham, Dorset SP8

4XT, UK) and was stated to have a 99% purity.

Stock solutions of PCP were prepared in triethylene

glycol, stored in the dark and replaced weekly. Test

concentrations were prepared by the addition of

appropriate aliquots of stock solution in dilution

water. Additions were made gradually by microlitre

syringe whilst stirring by magnetic follower; solu-

tions were stirred for 30  min prior to use.

Preparatory to setting up initial populations, for

each treatment 50 nauplii were added randomly, in

groups of 10 each, to 5 replicate wells of tissue cul-

ture plates, each containing 10  mL of the appropri-

ate test solution. Nauplii were allowed to develop

until females produced their ®rst egg sacs. If su�-

cient animals were available, the number of adults

in each replicate was then reduced to two pairs of

adults (2 males and 2 females) to obtain the found-

ing (Week 0) population. If insu�cient adults were

available, the founding population was supplemen-

ted with animals from other replicates, or reduced in

size, but never less than one male and one female.

Within each replicate population, surviving cope-

pods were transferred daily to a duplicate culture

plate well containing 10  mL of freshly prepared test

solution. The number of nauplii, small copepodids,

large copepodids and adults, and egg sac females in

each replicate were counted weekly for the 11  weeks

of the experiment. To convert population number to

population biomass, the dry weights of individual

nauplii, small copepodids, and large copepodids/

adults with/without egg sacs were assumed to be as

in the sibling species Tisbe holothuriae, measured by

Heath (1994) as 0�07  mg, 0�27  mg, 1�23  mg and 4�92  
mg, respectively.
Population growth rate ( pgr) was calculated from

population biomass, following Barlow (1992). This

procedure in e�ect computes a weighted average of

the pgrs of the di�erent age classes, and would

equate to the conventional measure calculated from

the Euler±Lotka equation if the weights in the

weighted average were reproductive e�orts (Appen-

dix 1). Here we were not able to estimate reproduc-

tive e�orts reliably, and used instead masses of

individuals in each age class.

Results

An example of the data obtained from one replicate

of one treatment is shown in Fig.  1a. The four

founding adults bred and produced large numbers

of nauplii in the ®rst 2 weeks (numbers were not

recorded in week 1). The nauplii metamorphosed

into small copepodids producing a peak in copepo-

did numbers in week 3, and later transformed into

large copepodids/adults producing a peak in their

numbers in week 5. The population was then fairly

stable until a second burst of reproduction in weeks

9±10. It is clear from Fig.  1a that describing popula-

tion size simply in terms of total number gives

undue weight to smaller copepodids. This can be

avoided by describing population size in terms of

biomass, following Barlow (1992) (Fig.  1b,c). In

terms of biomass, the largest class is the large cope-

podids/adults class in every week except week 3, and

the population appears to peak ®rst in week 5 and

thereafter to ¯uctuate about carrying capacity.

Figure  2 provides an overview of the data, show-

ing how population biomass changed during the

experiment for each of the 12 treatments. At the

lowest food concentration, populations did not

maintain themselves (Fig.  2e,f); other populations

reached carrying capacity by about week 4 and then

stayed close to carrying capacity. At the highest

food concentration (Fig.  2a,b), non-PCP populations

initially increased faster than PCP populations and

Fig. 1. Data from one replicate of one treatment for the 11  

weeks of the experiment: (a) shows numbers and (b) bio-

mass in each age class. Dotted line, nauplii; dashed line,

small copepodids; solid line, adults/large copepodids,

de®ned as in Methods. (c) Total population biomass. The

population was maintained in 10  mL of test solution.

390
How stress

a�ects density

dependence

# 2000 British

Ecological Society

Journal of Applied

Ecology, 37,

388±397



F
ig
. 2
.
O
v
er
v
ie
w
o
f
th
e
d
a
ta

fr
o
m

th
e
1
2
tr
ea
tm

en
ts
o
v
er

th
e
1
1
 w
ee
k
s
o
f
th
e
ex
p
er
im
en
t:
to
p
ro
w
�
tr
ea
tm

en
ts
u
si
n
g
h
ig
h
co
n
ce
n
tr
a
ti
o
n
(3
2
5
0
mg
C
L
ÿ1
);
m
id
d
le
ro
w
�
m
id
d
le
co
n
ce
n
tr
a
ti
o
n

(1
3
0
0
mg
C
L
ÿ1
);
b
o
tt
o
m

ro
w
�
lo
w
co
n
ce
n
tr
a
ti
o
n
(5
2
0
mg
C
L
ÿ1
).
T
re
a
tm

en
ts
u
si
n
g
p
o
o
r
d
ie
t
a
re

in
th
e
le
ft
-h
a
n
d
co
lu
m
n
,
th
o
se

u
si
n
g
g
o
o
d
d
ie
t
a
re

o
n
th
e
ri
g
h
t.
W
it
h
in

ea
ch

p
a
n
el
a
re

sh
o
w
n

th
e
p
o
p
u
la
ti
o
n
b
io
m
a
ss
es
o
f
th
e
p
o
p
u
la
ti
o
n
s
w
it
h
o
r
w
it
h
o
u
t
1
0
0
 mg

L
ÿ1

P
C
P
(®
ll
ed

a
n
d
o
p
en

ci
rc
le
s,
re
sp
ec
ti
v
el
y
).
E
a
ch

p
o
p
u
la
ti
o
n
w
a
s
m
a
in
ta
in
ed

in
1
0
 m
L
o
f
te
st
so
lu
ti
o
n
.

391
R.M. Sibly,

T.D. Williams &

M.B. Jones

# 2000 British

Ecological Society

Journal of Applied

Ecology, 37,

388±397



reached higher peaks in week 3 (two-sample t-tests,

t6 �  3�72, P  �  0�01 and t7 �  15�30, P  <  0�0001 for

poor and good diets), thereafter falling back to simi-

lar levels. Week 3 populations were also higher for

non-PCP than for PCP populations for the medium

concentration (Fig.  2d, t4 �  3�55, P  �  0�02) for the

good diet, though not for the poor diet (Fig.  2c, t5 �  
2�15, NS).
To investigate factors a�ecting carrying capacity,

the carrying capacity for each population in its 10

mL container was calculated as average population

biomass, mg, in weeks 5±11. The carrying capacity

for each population is shown in Fig.  3. Carrying

capacity increased linearly with food concentration.

Stepwise noconstant regression revealed that the

best regression equation was:

carrying capacity

� 0�0120 �2 0�0007� concentration

� 0�0107 �2 0�0011� concentration � diet

ÿ 0�00356 �2 0�00133� concentration � diet

� PCP:

Thus, carrying capacity per 10  mL test solution

increased by 0�012  mg for each mgC Lÿ1 increase in

concentration of the poor diet. On the good diet the

increase was 0�012  �  0�0107  �  0�023  mg for each mgC
Lÿ1 increase in concentration in the absence of

PCP, and with PCP the increase was 0�012  �  
0�0107±0�00356  �  0�019.
To investigate the e�ects of population density on

population growth rate ( pgr), we ®rst calculated pgr

as the natural logarithm of (population biomass in

week t  �  1)/(population biomass in week t). The

units of pgr are therefore weekÿ1. This procedure is

the analogue of the conventional method for popu-

lations without age structure, which calculates pgr

as r � logel, where l � Nt�1/Nt and Nt represents

population size at time t. Pgr is plotted against bio-

mass in Fig.  4, where a linear relationship has been

obtained by plotting biomass on a log10 scale. The

data for the lowest concentration showed much

increased variability, being based on very few indivi-

duals, and these data are not shown. General linear

modelling was used to investigate the e�ects on pgr

of log biomass, diet, PCP and concentration. Inter-

action terms were not signi®cant using a stepwise

procedure in which main e�ects were entered ®rst.

Of the main e�ects, that of PCP was not signi®cant

(F1,299  �  0�17). The regression equation for the

remaining main e�ects, all signi®cant at P  <  0�001,
was:

pgr � 1�27 ÿ 1�70 �2 0�09� log10 biomass

� 0�428 �2 0�051� diet

� 0�000298 �2 0�000027� concentration:
eqn 2

Thus, increasing biomass reduced pgr by 1�70  
weekÿ1 for each unit increase in log10 biomass.

Improving diet increased pgr by 0�428  weekÿ1, and
increasing concentration from 1300 mgC Lÿ1 to 3250
mgC Lÿ1 elevated pgr by 0�581  weekÿ1. The regres-

sion equation accounted for 56% of the variance

(radj
2 ).

Discussion

This study was designed to investigate the joint

e�ects of PCP, food concentration and diet on the

population dynamics of Tisbe in controlled condi-

tions. Carrying capacity increased linearly with food

Fig.  3. Carrying capacity in relation to concentration for (a) poor, and (b) good diet. Filled and open circles show carrying

capacities of populations with and without PCP, respectively, as in Fig.  2. Each population was maintained in 10  mL of test

solution.

eqn 1
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concentration, more so for the good than the poor

diet. The rate of increase was less on the good diet

in PCP populations, but PCP had no e�ect on the

poor diet (Fig.  3). Population growth rate ( pgr) was

linearly dependent on population biomass when the

latter was plotted on a logarithmic scale (Fig.  4).

Improving diet or food concentration increased the

intercept of the line but did not a�ect its slope, and

PCP had no e�ect. At some higher food concentra-

tions, non-PCP populations initially increased faster

than PCP populations and reached higher peaks in

week 3 (Fig.  2a,b,d). Thus, overall food concentra-

tion had the greatest e�ect, diet had some e�ect

and, rather surprisingly, PCP had relatively few

e�ects on population dynamics. We shall discuss

these in turn, but ®rst we consider the form of den-

sity dependence in Tisbe battagliai.

The density-dependent relationships found in this

study are shown in Fig.  4. To cope with the di�culty

that the populations comprised di�erent age classes,

density was described by biomass. This procedure

assumes body mass is invariant to either PCP or

food limitation, and to the extent this assumption

does not hold, the e�ects of PCP and/or food limita-

tion could be underestimated. This could mean that

carrying capacities are overestimated. However, this

bias, if it exists, is likely to apply to all treatments,

since density eventually reduced pgr to zero in all

treatments.

Given its fundamental importance in population

ecology, it is surprising that the dependence of pgr

on density has rarely been analysed, so that there

are rather few graphs in the literature with which to

compare Fig.  4. Of the seven cases we found, ®ve

relationships are linear (Daphnia pulex, Frank, Boll

& Kelly 1957; treehole mosquitoes Aedes triseriatus,

Livdahl 1982; Edgerley & Livdahl 1992; guppies

Poecilia reticulata, Barlow 1992; magpie geese

Anseranas semipalmata, Bayliss 1989; wildebeest,

Sinclair 1996). In the remaining cases, pgr declines

as log density as in Fig.  4 (grey-sided voles Chlethri-

onomys rufocanus, Saitoh, Stenseth & Bjornstad

1997; wood mice Apodemus sylvaticus, Montgomery

1989). Where pgr decreases with log density, as in

Fig.  4. Population growth rate ( pgr, weekÿ1) plotted against log10 density, density being measured as population biomass.

Layout and conventions as Fig.  2 except no data are shown for the low concentration. Thus, top and bottom rows represent

high and middle concentrations; treatments using poor diet are in the left-hand column, those using good diet are on the

right. Filled/open circles indicate pgrs of populations with/without 100  mg Lÿ1 PCP.
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Fig.  4, population growth is still very similar to

logistic (Fig.  5). The ®nal population biomasses in

Fig.  5 correspond to carrying capacities, in e�ect

derived from Fig.  4 as the population biomasses at

which pgr  �  0. Note that carrying capacities derived

by this method are in good agreement with the

direct estimates shown in Fig.  3.

Carrying capacity was in¯uenced by food concen-

tration, diet type (unialgal or mixed species diet)

and, on the good diet, by PCP (Fig.  3). Populations

reached a maximum stable density around 65  mg per
10  mL test solution, corresponding to approximately

13 copepods per mLÿ1 on the high concentration

(3250 mgC Lÿ1) mixed species algal diet. This value

is comparable to maximum densities of harpacti-

coids achieved in laboratory cultures in other stu-

dies. Irrespective of copepod inoculum density,

populations of T. holothuriae receiving a high con-

centration of mixed diet of algae and an inert food,

levelled out at between 10 and 20 mLÿ1 (Heath

1994); similar values were obtained by Gaudy &

Guerin (1982). Our results are consistent with those

from previous LTRE experiments, which showed

signi®cant reductions in fecundity of Tisbe battagliai

following relatively small reductions in algal concen-

tration (Williams 1997; Williams & Jones 1999) and

signi®cant increases in fecundity for copepods fed a

mixed species algal diet compared with a unialgal

diet of Isochrysis galbana (Williams 1997). The

extinctions of the populations in low food concen-

trations (Fig.  2c,f) are also in accord with previous

LTRE experiments, which revealed that low concen-

trations prolonged stage durations and reduced

fecundity (Williams & Jones 1994, 1999).

PCP caused signi®cant decrease in population

growth at high food concentration during the ®rst 3  

weeks (Fig.  2a,b) and reduced carrying capacity on

the good diet (Fig.  3). Although the e�ects of PCP

did not appear in the density-dependent analysis of

eqn 2, restricting the analysis to the case of a high

concentration of good diet (Fig.  4b) does show sig-

ni®cant e�ects, viz:

pgr � 4�34 �2 0�28�

ÿ 2�32 �2 0�15� log10 biomass

ÿ 1�54 �2 0�32� PCP

� 0�759 �2 0�180� PCP

� log10 biomass: eqn 3

accounting for 85% of the variance (radj
2 ). This gives

carrying capacities on good diet of 62  mg per 10  mL

test solution for PCP populations and 74  mg per 10  

mL test solution for populations without PCP, in

broad agreement with the values estimated in Fig.  3.

This analysis also shows the reduction in initial

population growth that can be seen in Fig.  2b. Cur-

iously, the reduction in initial population growth in

Fig.  2a is not evident in Fig.  4a. The reason is that

population biomasses were reduced in PCP popula-

tions by week 2, but this is not seen in pgrs because

they were not calculated until after week 2, when

there were no di�erences.

Stressors may be classi®ed as acting additively,

synergistically or antagonistically according to

whether their joint e�ects are the same, more or less

than the sum of their individual e�ects (Linke-

Gamenick, Forbes & Sibly 1999; Sibly 1999). In

these terms, the four stressors studied here (density,

food quality, food concentration and PCP) for the

most part acted additively, as evidenced by the near

parallelism of the density-dependent relationships

plotted in Fig.  4, and the lack of signi®cant interac-

tion terms in the regression analysis of eqn 2. There

are suggestions of antagonism, however, in the

e�ects of PCP, since at higher food concentrations

PCP reduced pgr at low density but little if at all at

carrying capacity. Thus, density dependence may to

some extent compensate for e�ects of toxicants

observed at low density, as suggested by Calow,

Sibly & Forbes (1997) and Grant (1998) and

observed in Capitella sp. M at low (though not at

high) concentrations of ¯uoranthene (Linke-Game-

nick, Forbes & Sibly 1999).

Several mechanisms that might give rise to density

dependence in the Tisbe genus have been suggested.

Bergmans (1983) considered that density e�ects are

most likely an e�ect of adults on juvenile survival,

and that at high population densities, nauplii may

Fig.  5. The e�ects of logarithmic density dependence on

population growth. a±d refer to graphs a±d in Fig.  4, and

were calculated by ®tting regression lines to the graphs in

Fig.  4 and using the regression coe�cients to compute the

population growth curves shown here. Thus, curve a refers

to poor diet, high food concentration; curve b to good diet

and high food concentration; and so on. Speci®cally, writ-

ing population biomass as x and expressing pgr as 1/x dx/

dt in eqn 2 gave an equation which was integrated to

obtain x  �  a*exp[±  exp(b±  k*time)] where a and b are para-

meters calculated from eqn 2 and k is a scaling parameter

relating to the size of the environment, here 10  mL. Initial

population size was taken to be 1.
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be more sensitive than adults to crowding. Similarly,

LTRE experiments suggest that adult Tisbe batta-

gliai (Williams & Jones 1994) and freshwater cala-

noids (Jamieson & Burns 1988) have a higher

tolerance to low food concentration than the early

life-history stages. Therefore, at high density, under

conditions of food limitation, the larger life stages

(large copepodids and adults) may persist at lower

food levels than the smaller life stages. Crowding is

also known to reduce reproductive output and viabi-

lity and depress larval viability in Tisbe holothuriae

(Hoppenheit 1975a,b, 1976; Brand 1985). These

e�ects could be a result of scramble competition for

food and space resulting in lower food intake and

increased swimming activity, with associated

increase in energetic costs (Gaudy & Guerin 1982).

For benthic surface-dwelling organisms such as

Tisbe, the surface area of the culture vessels may

therefore have a role in determining carrying capa-

city. Fava & Crotti (1979) reported negative e�ects

of crowding on nauplii production by T. holothuriae

but found that these e�ects diminished when the

water medium was renewed daily. These authors

concluded that a chemically mediated mechanism

was the most likely explanation for reduced fertility

with increased crowding. Crowding is also known to

a�ect the sex ratio in Tisbe, from a female bias at

low density to a strong male bias at high density

(Hoppenheit 1976; Uhlig 1984; Heath 1994), and

Kahan, Berman & Bar-el (1988) reported maternal

inhibition of hatching at high population densities

of the harpacticoid Tigriopus japonicus. It is not

known to what extent these density-dependent pro-

cesses operate in the ®eld. However, Lopez (1982)

obtained similar results to ours in a study of local

population abundance of Tisbe cucumariae around

dead macroinvertebrates (tunicates) in a large ¯ow-

ing seawater tank considered representative of ®eld

conditions. The corpses of tunicates were rapidly

colonized by adults, and this was followed by a per-

iod of intense reproduction (bloom phase). This did

not, however, translate into a greatly increased

abundance of adults, although when the age struc-

ture stabilized it consisted largely of adults. It may

be, therefore, that in ®eld conditions as in the

laboratory, reproduction is suppressed at high den-

sity. Similar results were obtained by Munzinger

(1994), who observed that Daphnia magna popula-

tions at high density experienced food shortages

which led to selective deaths of neonates. Only when

most of the adults had died, were o�spring able to

reach sexual maturity and reproduce.

In conclusion, this study has demonstrated that it

is relatively straightforward to measure the e�ects of

stressors on carrying capacity and density depen-

dence, at least when the study organism has such a

short generation time and is as readily cultured as

Tisbe battagliai. The quantitative description of den-

sity dependence in eqn 2 allows extrapolation to be

made to other stressor values and to larger volumes,

using the approach of Fig.  5. It is hoped that the

results will be of interest both as an investigation of

the ecological e�ects of stress, and as a contribution

to the development of ecotoxicological test proce-

dures for measuring the long-term e�ects of chemi-

cals on populations.
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Appendix 1

The solution of the Euler±Lotka equation, l, pro-
vides a measure of overall population multiplication

rate even if a population is not in stable age struc-

ture (Sibly & Smith 1998). l is equal to the multipli-

cation rate of the total reproductive value of the

population (Charlesworth 1994, p.40.). Thus, if ni

represents the number of animals in age class i at

one time, and ni
0 represents the number in the age

class one time unit later, and if the reproductive

value of each animal in age class i is vi, then

l � n01n1 � n02n2 � n03n3 � :::
n1n1 � n2n2 � n3n3 � ::: eqnA1

l can therefore be thought of as a weighted multi-

plication rate, number in each age class being

weighted by its reproductive value. To make use of

this approach, one would measure the reproductive

values, and use them in the calculation of weighted

multiplication rate. Unfortunately, we experienced

di�culties in estimating reproductive values, and as

a substitute each age class was weighted by its dry

mass.
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