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Summary

1. In long-term laboratory studies, the in¯uence of di�erent food materials on

parameters of population dynamics was compared in the sympatric woodlice, Por-

cellio scaber and Oniscus asellus, as a measure of interspeci®c di�erences in the uti-

lization of food.

2. Freshly fallen leaf litter of di�erent tree species had been acidi®ed and micro-

bially inoculated prior to the experiments. By analysing the in¯uence of pH level,

density and activity of litter-colonizing microbiota and several physico-chemical

characteristics of the leaf litter, we obtained information on those factors that

determine food quality.

3. The studied species responded similarly to di�erent leaf litter species in that

both P. scaber and O. asellus performed better on litter with low C:N ratio. Over-

all, both isopod species reproduced more successfully on litter with higher pH

levels, containing half the levels of tannins and other phenolics.

4. Interspeci®c di�erences were obvious with respect to the signi®cance of litter-

colonizing microbiota, and the dependence of juveniles on particular food para-

meters. While the performance of adult P. scaber was in¯uenced by both litter-

colonizing microbiota and physico-chemical characteristics of the leaf litter, adult

O. asellus were in¯uenced by leaf litter characteristics, but not by litter-colonizing

microbiota. Juvenile mortality was a�ected by the tested food parameters in O.

asellus, but not in P. scaber. Growth rates of juveniles of both species were in¯u-

enced by physico-chemical characteristics of the leaf litter. Additionally, leaf litter

microbiota had a signi®cant in¯uence on growth rates in juvenile P. scaber, but not

in juvenile O. asellus.

5 Reasons for, and consequences of, similarities and di�erences between the

observed sympatric species, and intraspeci®c di�erences between ontogenetic

stages, are important aspects of soil ecology and may help explain the sympatric

coexistence of two species belonging to the same guild of saprophagous soil ani-

mals.

Key-words: coexistence, leaf litter microbiota, Oniscus asellus, population dynamics,

Porcellio scaber, terrestrial isopods.
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Introduction

From coexistence, limitations to the overlap of

resource utilization by sympatric species can be pre-

dicted. Previous studies on sympatric saprophagous

invertebrates in aquatic systems suggested that dif-

ferential food utilization is an important factor

allowing for coexistence (e.g. Arsu� & Suberkropp

1989; GracË a, Maltby & Calow 1993). By contrast, it

has been accepted for decades that members of the

guild of saprophagous soil animals exhibit similar

nutritional requirements, being represented by simi-

lar feedings preferences (summarized in: Topp 1981;

Petersen & Luxton 1982; Dunger 1983). When con-

sidering nutritional requirements, the main areas

examined have been food preference, consumption

and assimilation of food, and growth. In contrast to

these short-term studies, long-term investigations of

population dynamics allow integration of the perfor-
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mance processes on a population as well as an indi-

vidual level. Thus, these studies may elucidate those

factors that di�erentially determine food quality in

sympatric species belonging to the same guild.

In populations of terrestrial isopods (Isopoda:

Oniscidea), climatic factors have been shown to

in¯uence natality and mortality (summarized in

Warburg, Linsenmair & Bercovitz 1984). Since the

number of o�spring is correlated with the size of

females (Standen 1973; Sutton et al. 1984; Hassall &

Danger®eld 1990), and hence, with nutrition (Mer-

riam 1971; Sunderland, Hassall & Sutton 1976),

population dynamics may be in¯uenced by nutri-

tional conditions. Food shortage has been shown to

increase mortality in Armadillidium vulgare (Latr.)

(Ganter 1984), leading to lower numbers of larger

o�spring (Brody & Lawlor 1984), and the food

material also in¯uences the population dynamics of

this species (Merriam 1971; Rushton & Hassall

1983a; 1987). Mortality and reproductive success of

Porcellio scaber Latr. mainly depend on microbial

colonization of leaf litter (Zimmer & Topp 1997a).

No comparable information is available for Oniscus

asellus L. that is sympatric with that P. scaber (e.g.

Beyer 1964; Zimmer & Topp 1999). Since ingested

microbiota are digested by both O. asellus and P.

scaber (Coughtrey et al. 1980; Gunnarsson & Tunlid

1986; Zimmer & Topp 1998a), the biomass of litter-

colonizing microbiota may be a determinant of food

quality in both species. Degradation of cellulose and

oxidation of phenolic compounds of the leaf litter

have been demonstrated in both species (Hartenstein

1964; Neuhauser & Hartenstein 1976; Zimmer &

Topp 1998a,b; Zimmer 1999a). Thus, nutritional

requirements may be similar. The present study was

carried out to compare these sympatric woodlouse

species with respect to species-speci®c similarities

and di�erences in the e�ects of di�erent food mate-

rials on growth, reproduction and mortality, result-

ing in changes in population size.

Materials and methods

FOOD

Freshly fallen leaf litter of three palearctic tree spe-

cies, alder (Alnus glutinosa (L.) Gaertn.), birch

(Betula pendula Roth), and oak (Quercus robur L.),

was collected in the vicinity of Cologne, Germany,

in the autumn of 1993, and was air-dried and stored

in the laboratory to prevent changes in the chemical

composition due to microbial decomposition pro-

cesses (cf. Zimmer & Topp 1997a). Prior to the

experiment, the leaf litter was experimentally condi-

tioned by soaking in sulphurous acid of either pH

3�0 or pH5�0 for 1 week, and by subsequent micro-

bial inoculation (21 days) in a pool of mixed leaf lit-

ter freshly collected in the ®eld (Zimmer & Topp

1997a). Experimental pH manipulation is known to

cause changes in physico-chemical characteristics of

the leaf litter that, in turn, result in food sources

with di�erent levels of microbial density and activity

after inoculation (Zimmer & Topp 1997a). Thus, six

leaf litter materials (al-, be- and qu-, for alder, birch

and oak, respectively; -3 and -5, for pH3- and pH5-

manipulated leaf litter, respectively) with di�erent

chemical, physical and microbiological properties

were obtained (Table 1; cf. Zimmer & Topp 1997a)

that served as food for P. scaber and O. asellus.

The pH level of the leaf litter was determined in

the supernatant of a suspension of 50mg homoge-

nized leaf litter material in 1mL 3M KCl. Microbial

activity of the leaf litter was estimated in terms of

cellulase activity (glucose release) and respiration

(CO2 evolution) as described by Skambracks & Zim-

mer (1998). The same samples were subsequently

used for determining the density of bacteria, yeasts

Table 1. Microbiological, physical and chemical characteristics of leaf litter used as food materials for Porcellio scaber and

Oniscus asellus. Data are given as median � median absolute deviation of monthly measurements (1994±97; n� 215)

Alnus glutinosa Betula pendula Quercus robur

pH manipulation 3�0 5�0 3�0 5�0 3�0 5�0

pH level 3�5 � 0�3 5�9� 0�3 3�3 � 0�2 5�5 � 0�3 3.1 � 0�4 5�6 � 0�3
Bacterial numbers 1010 cells gÿ1 4�7 � 0�3 3�5 � 0�2 1�9 � 0�5 2�3 � 0�1 1�9 � 0�2 4�4 � 0�9
Cellulolytic activity mg Glc (g h)ÿ1 220 � 90 700 � 95 330 � 92 230 � 99 240 � 91 340 � 81

Respiratory activity mg CO2 (g h)ÿ1 89 � 11 127 � 13 49 � 12 50 � 8 88 � 10 44 � 6

Water content % 27 � 4 30 � 4 40 � 1 40 � 4 37 � 7 37 � 5

Physical strength g mmÿ2 13 � 2 12 � 2 19 � 4 22 � 3 58 � 5 41 � 9

Phenolics mg gÿ1 27 � 1 16 � 1 30 � 1 11 � 1 36 � 1 15 � 1

Hydrolysable tannins mg gÿ1 48 � 5 34 � 3 8 � 2 2 � 1 29 � 2 14 � 1

Condensed tannins mg gÿ1 13 � 1 10 � 1 16 � 1 13 � 1 10 � 2 8 � 1

Nitrogen mg gÿ1 35 � 4 32 � 3 19 � 2 17 � 2 16 � 3 16 � 2

C:N ratio 15 � 1 16 � 1 27 � 2 29 � 2 30 � 1 28 � 2

Cellulose mg gÿ1 444 � 17 421 � 7 468 � 5 468 � 8 507 � 13 507 � 9

Lignins mg gÿ1 178 � 11 189 � 7 151 � 13 156 � 9 284 � 11 298 � 12
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and fungal propagules, referred to as `bacterial num-

bers', as described by Francisco, Mah & Rabin

(1973). Physico-chemical characteristics of the leaf

litter were described through water content (gravi-

metrically, 24 h, 60 �C), physical strength (modi®ed

after Tanton 1962), the content of phenolics and

hydrolysable and condensed tannins (Zimmer 1997),

the C:N ratio (N: Kjeldahl method, Gerhardt,

Bonn, Germany; C: Total Organic Carbon analyser,

StroÈ hlein-Instruments, Kaarst, Germany), and the

content of cellulose and lignins (Zimmer 1999b).

WOODLICE

Pre-adult individuals of Porcellio scaber and Oniscus

asellus were collected in a mixed alder±poplar forest

near Cologne, Germany, during autumn 1993 and

1994, respectively. Because they were collected at

the same site, the experimental sets of isopods repre-

sented biogeographically similar populations sensu

Sachs (1988).

During their ®rst winter in the laboratory, isopods

were kept at 5 �C and 8 h L:16 h D in translucent

plastic containers, the bottoms of which were cov-

ered with a 20-mm layer of sieved (2mm) sandy top

soil from the site where the isopods had been cap-

tured. A mixture of leaf litter from di�erent tree spe-

cies (alder, birch, maple, oak, poplar) served as

food. Prior to the experiments, temperature and

photoperiod were changed stepwise to 15 �C and 16

h L:8 h D.

EXPERIMENTAL DESIGN

In March 1994, two populations of 10 pre-adult

females [(1�3�0�2) mm head width] and ®ve pre-

adult males [(1�3�0�3) mm head width] of P. sca-

ber, were initiated on each of the above-mentioned

food materials (`al3', `al5', `be3', `be5', `qu3', `qu5').

After four reproductive seasons, the experiment was

terminated in October 1997. Thus, each food mate-

rial was represented by two replicate data sets with

four repeated measures on reproduction, mortality

and growth of isopods. Overall, 48 reproductive

phases were observed in these populations.

In March 1995, three populations of ®ve adult

females [(1�8�0�3) mm] and three adult males [(1�8
�0�4) mm] of O. asellus, were initiated on each of

the above-mentioned food materials. After three

reproductive seasons, the experiment was terminated

in October 1997. Thus, each food material was

represented by three replicate data sets with three

repeated measures on reproduction, mortality and

growth of isopods. Overall, 54 reproductive phases

were observed in these populations.

The initial density of O. asellus and P. scaber cor-

responded to 200 and 375 isopods mÿ2, respectively.
These densities are close to those at di�erent local-

ities in the vicinity of Cologne, where on average P.

scaber is slightly more abundant (M. Zimmer,

unpublished). Di�erences in initial population densi-

ties may lead to interspeci®c di�erences in density-

dependent processes, but we expected the size of the

experimental populations to be regulated according

to the nutritive conditions, determining the carrying

capacity of the arti®cial environment. Since indivi-

duals were assigned to the experimental treatments

randomly, the initial populations did not di�er from

each other with respect to individual size (head

width; P>0�3; H-test). Hence, the samples had

equal size representation, and thus, represented

structurally similar populations sensu Sachs (1988).

During the experiments, populations were kept in

translucent plastic containers (200� 200mm) with a

plaster of Paris ¯oor to maintain humidity (cf. Zim-

mer & Topp 1997a) and to prevent geophagy. Bro-

ken pieces of terra cotta as well as the loose layers

of leaf litter served as shelters. Leaf litter was pro-

vided in surplus and was replaced monthly by

freshly conditioned litter. Faeces were not removed

from the containers to allow for coprophagy (cf.

Hassall & Rushton 1982, 1985; Helden & Hassall

1998). Further, corpses of dead isopods remained in

the containers to serve as supplementary food

source, but were removed as soon as they were cov-

ered with mould.

Once a year (in November), populations were

transferred to fresh containers with an oven-dried

(60 �C, 48 h) and re-wetted plaster ¯ooring to pre-

vent extensive development of mould inside the con-

tainers. To provide constant nutritive conditions,

the leaf litter, being partially covered with faeces,

but not the layer of faeces covering the plaster ¯oor-

ing, was transferred together with the isopods.

From March to November, temperature (15 �C)
and photoperiod (16 h L:8 h D) were kept constant.

During December, temperature was lowered to 10
�C, and photoperiod was changed stepwise (four

steps of 1 week each) to 8 h L:16 h D. In January,

isopods were kept at 5 �C (8 h L:16 h D). During

February, temperature was increased to 10 �C again,

and photoperiod was adjusted stepwise to 16 h L:8 h

D.

During the reproductive season (May±October),

experimental populations were checked twice a week

for freshly released mancae that were quanti®ed

immediately (max. 4 days) after hatching. Once a

month, a census was performed by sexing adults,

counting juveniles, pre-adults, and adult males and

females, and checking females for gravidity. Addi-

tionally, every 3 months, the size (head width: Sut-

ton 1968; Sunderland et al. 1976) of juvenile

individuals was measured under a stereomicroscope

with an accuracy of �0�02mm to obtain data on

growth rates in both P. scaber and O. asellus. Due

to the appearance of external sexual characters

(gonopods) in males, juvenile P. scaber and O. asel-

lus of 1�0mm and 1�1mm head width, respectively,
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were considered pre-adult. However, juveniles and

pre-adults were pooled as `juveniles' in our analyses,

because neither contribute to reproduction.

It was not possible to determine the size of

marked individuals, so mean juvenile growth rates

(mm per month) were calculated from the data on

mean head width (H) of juveniles. We also included

the sizes of freshly maturated individuals until the

next reproductive season led to freshly released

mancae. Although freshly released mancae may

result in an underestimation of growth rates of older

juveniles, the dates of measurements (January,

April, July, October) proved to largely eliminate this

experimental problem. In only 17 (out of 48) and 9

(out of 54) reproductive phases of P. scaber and O.

asellus, respectively (see above), could the growth

rates have been underestimated due to reproduction

between July and October (cf. Figures 1 and 3). This

underestimation mainly occurred in populations

with extensive reproduction and high juvenile

growth rates, and thus resulted in a conservative

determination of food-induced di�erences in growth

rates.

POPULATION DYNAMICS

Parameters of population dynamics were estimated

discontinuously. In our model, the change in popu-

lation size from one reproductive season to the next

one (� 1 year) is given by

Nt� 1 ÿ Nt � RNt ÿ M �Nt � RNt� eqn 1a

where R is the rate of reproduction, and M is the

rate of mortality. RNt is the term of reproduction,

and M(Nt�RNt) is the term of mortality. Thus,

population size after 1 year is

Nt� 1 � Nt � RNt ÿ M �Nt � RNt�

� �Nt � RNt� �1 ÿ M� eqn 1b

where (Nt�RNt) is the maximal population size

during the reproductive period, Nmax.

Nmax � Nt � RNt eqn 1c

includes adults (Nt) and the total number of recruits

to the population due to reproduction

RNt � NF eqn 1d

The total number of o�spring, NF, was deter-

mined by counting freshly released mancae immedi-

ately (max. 4 days; see above) after hatching, in

order to prevent an underestimation of reproduction

due to high mortality of mancae. NF mainly depends

on the number of females, rather than males. Thus,

the rate of reproduction was calculated in relation

to the number of mature females (cf. Miller &

Cameron 1983):

Rf � NF

Nf
t

eqn 2

where N t
f is the number of mature females in Nt.

Total mortality is determined by juvenile mortal-

ity, Mjuv, and adult mortality, Mad, that were calcu-

lated independently in our study. According to

previous studies on maturation in terrestrial isopods

(M. Zimmer, unpublished), individuals of P. scaber

and O. asellus were considered adult when having a

head size of 1�5mm and 1�7mm, respectively.

Recruitment of young adults, resulting in a decrease

in the number of juveniles, was taken into account

when calculating juvenile mortality. This population

parameter was estimated on an annual basis from

the total number of released mancae (NF) and the

number of next year's survivors, including juveniles

as well as freshly maturated individuals:

Mjuv � NF ÿ Njuv
t�1

NF
eqn 3a

and accordingly:

Mad � Nt ÿ N ad
t�1

Nt
eqn 3b

where Nt� 1
juv and Nt� 1

ad are the number of juveniles

and adults, respectively, in Nt�1.
The annual change in population size, S, was cal-

culated as

S � Nt�1 ÿ Nt

Nt
eqn 5

STATISTICS

Data sets on mortality, reproduction and growth

were not normally distributed. Consequently, results

are presented as median � median absolute devia-

tion (M�MAD; Sachs 1988). Prior to parametric

statistics, data were transformed [x0 � log(x� 1)] to

approximate normality and homoscedascity (cf.

Levy 1980).

The e�ects of di�erent food materials on juvenile

growth and mortality were analysed using analyses

of covariance (ANCOVA), with the experimentally

manipulated pH level of the leaf litter serving as a

covariate that had been used for changing microbial

leaf litter colonization. Due to the data sets of two

and three populations with four and three repeated

observations, respectively, repeated measures

ANCOVA was used. The `leaf litter' (alder, birch or

oak) and `microbiota' (linear combination of the

`bacterial numbers' and microbial activity: `low',

`medium', and `high') served as factors.

For those population parameters that were signi®-

cantly explained by the `leaf litter' in ANCOVA,

detailed e�ects of particular characteristics of the
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leaf litter (cf. Table 1) were analysed with pH treat-

ment and litter-colonizing microbiota (linear combi-

nation of microbial parameters) serving as

covariates. Due to being in part causally related to

each other, and to clustering di�erent food varieties

to classes of factors similarly, several leaf litter char-

acteristics were combined to allow for de®nition of

factors: `toughness' (linear combination of physical

strength, cellulose content and lignin content), `soft-

ness' (sensu Zimmer & Topp 1997a: linear combina-

tion of water content and C:N ratio), and the

content of phenolic compounds (phenolics, hydroly-

sable tannins, condensed tannins).

Results

Population densities of P. scaber (Figs 1 and 2) and

O. asellus (Figs 3 and 4) oscillated due to reproduc-

tion and juvenile mortality, but also di�ered due to

the e�ects of di�erent food materials. Both the spe-

cies and microbial conditioning of the leaf litter sig-

ni®cantly a�ected reproduction and mortality of

adults and thus changes in population size of P. sca-

ber (Table 2a). The pH level of the leaf litter, serving

as covariate, also signi®cantly a�ected these popula-

tion parameters, but not juvenile mortality that also

could not be explained by the other factors of

ANCOVA. Detailed analyses (ANCOVA) revealed

that, besides pH and litter-colonizing microbiota

(covariates: P<0�001), the `softness' (F� 222�8, P
<0�001) and the content of phenolic compounds

(phenolics: F� 463�9, P<0�001; hydrolysable tan-

nins: F� 219�7, P<0�001; condensed tannins: F�
47�6, P<0�001) of the leaf litter were signi®cant for

reproduction, but not its toughness (F� 0�3, P�
0�613). Similar results were obtained for changes in

population size (`softness': F� 11�2, P� 0�016; phe-
nolics: F� 423�3, P<0�001; hydrolysable tannins:

F� 859�6, P<0�001; condensed tannins: F� 149�2,
P<0�001), but in this case, litter `toughness' was

signi®cant, too (F� 10�1, P� 0�019). Adult mortal-

ity was also in¯uenced by `toughness' (F� 57�2, P
<0�001) and `softness' (F� 334�3, P<0�001), as

well as phenolics (F� 61�3, P<0�001) and hydroly-

sable tannins (F� 499�9, P<0�001), but not by the

content of condensed tannins (F� 0�4, P� 0�567).
Both reproduction and changes in population size

showed within-factors variations that were signi®-

cantly explained by the experimental date (`year' in

Table 2b), but this e�ect was not signi®cant for mor-

tality of juveniles or adults.

P. scaber increased population size when fed with

alder litter at pH5�9 (cf. Figure 2a), while at other

food materials populations declined due to lack in

reproduction (`qu3'; Fig. 2b) or high mortality (`al3',

`be3', `be5', `qu5'; Fig. 2c,d). When fed with birch lit-

ter at pH3�3, the population went extinct after 3�5
years.

Population size in O. asellus was in¯uenced by the

leaf litter, but not by litter-colonizing microbiota

(Table 3a). The same was also true for adult mortal-

ity and reproduction. By contrast, mortality of juve-

nile O. asellus depended on both physico-chemical

characteristics and microbial colonization of the leaf

litter. Adult and juvenile mortality were not corre-

lated with the experimental pH treatment (covari-

ate), although changes in population size and

reproduction were; however, the latter was in¯u-

enced neither by the leaf litter nor by litter-coloniz-

ing microbiota. This pattern was con®rmed in

detailed analyses (ANCOVA), when pH and litter-

colonizing microbiota served as covariates. Adult

mortality was in¯uenced by the `softness' of the leaf

litter (F� 34�3, P� 0�001) and the content of tan-

nins (hydrolysable: F� 8�9, P� 0�016; condensed: F
� 18�6, P� 0�005), while in addition (`softness': F�
329�6, P<0�001; hydrolysable tannins: F� 58�6, P
<0�001; condensed tannins: F� 219�7, P<0�001)
the content of phenolics (F� 23�9, P� 0�001) and

litter-colonizing microbiota (covariate: P� 0�001)
were signi®cant for juvenile mortality. The same was

true for factors a�ecting changes in population size

(`softness': F� 278�3, P<0�001; phenolics: F� 31�3,
P� 0�001; hydrolysable tannins: F� 58�6, P<

0�001; condensed tannins: F� 110�6, P<0�001),
while this population parameter correlated with the

pH level (covariate: P� 0�008), but not with litter-

colonizing microbiota.

Both reproduction and changes in population size

showed within-factors variations that were signi®-

cantly explained by the experimental date (`year' in

Table 3b), but this e�ect was not signi®cant for mor-

tality of juveniles or adults. Further, juvenile mor-

tality was not in¯uenced by the experimental

covariate, pH level.

Alder litter resulted in increasing population size

in O. asellus (cf. Fig. 4a). However, reproduction

was about twice as high at pH5�9 than at pH3�5
(Fig. 4b), while adult and juvenile mortality was

lower on alder litter at pH3�5 than at pH5�9 (Fig.

4c,d). Although reproduction was not signi®cantly

di�erent when feeding on di�erent leaf species at

similar pH levels (cf. Fig. 3), high mortality on birch

and on oak resulted in decreasing populations. Simi-

larly to P. scaber, O. asellus reproduced more suc-

cessfully on leaf litter at pH5�5±5�9 than at pH3�1±
3�5. Populations of O. asellus went extinct when

feeding on birch litter at pH3�3.
Juveniles of P. scaber grew fast when fed with

alder litter (Table 4), but signi®cantly more slowly

(P<0�05) when fed with birch or oak. Juvenile

growth in P. scaber was a�ected by condensed tan-

nins (ANCOVA: F� 384�2, P<0�001) and by

`microbiota' (F� 9�1, P� 0�009), but not by the pH

level of the litter (covariate).

Juveniles of O. asellus showed less marked di�er-

ences in growth rates on di�erent food materials
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(Table 5). On alder litter, young O. asellus grew

slightly more slowly than on oak (P<0�05), birch
litter resulting in intermediate values that did not

di�er from those obtained with the other species. In

O. asellus, juvenile growth depended on the `tough-

ness' of the leaf litter (ANCOVA: F� 284�8, P<

0�001), but was independent of other leaf litter char-
acteristics and `microbiota' and `pH level' (covari-

ates).

Discussion

Numerous factors may help explain the coexistence

of populations of sympatric woodlouse species and

variations in population dynamics of these species.

In previous studies on isopod populations, Brereton

(1957), Sutton (1968, 1970) and Sunderland et al.

(1976) described high juvenile mortality, resulting in

seasonal oscillations of population size and structure
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Fig. 2. Change in (a) population size, (b) reproduction, (c) adult mortality, and (d) juvenile mortality in populations of Por-

cellio scaber feeding on alder litter, pH3�5 (`al3') or pH5�9 (`al5'), birch litter, pH3�3 (`be3') or pH5�5 (`be5'), or oak litter,

pH3�1 (`qu3') or pH5�6 (`qu5'). Data are given as median�median absolute deviation of repeated measures (4 years) for

two populations (cf. Fig. 1).

Table 2.Analyses of covariance (repeated measures) to estimate the e�ects of the species (`leaf litter') and the microbial colo-

nization (`microbiota') of leaf litter, as in¯uenced by pH treatment (covariate; between factors: a) and time (`year'; within

factors: b), on changes in population size (S), reproduction (Rf), and adult (Mad) and juvenile mortality (Mjuv), of Porcellio

scaber

S Rf Mad Mjuv

d.f. F P F P F P F P

(a) pH treatment 1 801�9 0�001 664�3 0�001 67�5 0�001 1�8 0�237
Leaf litter 2 786�9 0�001 160�2 0�001 212�1 0�001 2�7 0�153
Microbiota 2 169�8 0�001 215�1 0�001 315�5 0�001 2�3 0�189
(b) Year 3 31�8 0�001 10�6 0�017 3�7 0�103 0�4 0�561
Year � pH treatment 3 6�9 0�039 13�6 0�011 1�4 0�276 0�5 0�522
Year � leaf litter 6 2�4 0�167 4�3 0�069 2�5 0�159 0.6 0�597
Year � microbiota 6 3�5 0�100 7�3 0�025 1�6 0�264 0�6 0�468
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(Miller & Cameron 1983; Warburg et al. 1984). Cli-

matic variation has been shown to in¯uence annual

¯uctuations of woodlouse populations (summarized

in: Warburg et al. 1984). Results of the present

study indicate that changes in population density

may be driven by food quality (cf. Zimmer & Topp

1997a).

Phenolics are known to adversely a�ect the con-

sumption of leaf litter by woodlice (Cameron &

LaPoint 1978) and to increase mortality in P. scaber

(Zimmer & Topp 1997a). The signi®cance of pheno-

lics and other chemical defences in plant tissue for

its ingestion and digestion by animals was summar-

ized by Rosenthal & Berenbaum (1992). By contrast,
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Fig. 4. Change in (a) population size, (b) reproduction, (c) adult mortality, and (d) juvenile mortality in populations of

Oniscus asellus feeding on alder litter, pH3�5 (`al3') or pH5�9 (`al5'), birch litter, pH3�3 (`be3') or pH5�5 (`be5'), or oak lit-

ter, pH3�1 (`qu3') or pH5�6 (`qu5'). Data are given as median�median absolute deviation of repeated measures (3 years)

for three populations (cf. Fig. 3).

Table 3. Analyses of covariance (repeated measures) to estimate the e�ects of the species (`leaf litter') and the microbial

colonization (`microbiota') of leaf litter, as in¯uenced by pH treatment (covariate; between factors: a) and time (`year';

within factors: b), on changes in population size (S), reproduction (Rf), and adult (Mad) and juvenile mortality (Mjuv) of

Oniscus asellus

S Rf Mad Mjuv

d.f. F P F P F P F P

(a) pH treatment (covariate) 1 26�2 0�002 44�9 0�001 0�1 0.822 165�4 0�148
Leaf litter 2 132�4 0�001 1�7 0�261 17�9 0�003 16�1 0�007
Microbiota 2 0�9 0�459 2�4 0�171 1�9 0�218 18�9 0�003
(b) Year 2 55�8 0�001 16�3 0�007 0�4 0�527 0�1 0�754
Year � pH treatment 2 31�3 0�001 2�1 0�206 0�1 0�726 0�1 0�845
Year � leaf litter 4 4�5 0�043 3�1 0�121 0�6 0�574 0�1 0�877
Year � microbiota 4 43�6 0�001 4�8 0�057 0�4 0�668 0�1 0�941
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nitrogen (White 1978; Topp 1981; Dunger 1983), or

a low C:N ratio (Swift & Boddy 1984), positively

a�ects consumption of saprophagous animals.

White (1993) stated provocatively that a `lack of

access to nitrogen ( . . . ) is the major restriction on

the abundance of animals'. Given that it is rather

the availability of nitrogen than the total nitrogen

content that is critical (White 1993), we would

expect litter-colonizing microbiota, providing an

easily accessible nitrogen source, to be of particular

signi®cance (cf. White 1993). Microbial activity of

the leaf litter has been shown to increase food qual-

ity for P. scaber (Zimmer & Topp 1997a). Ingested

microbiota are digested and utilized as food by both

O. asellus (Gunnarsson & Tunlid 1986) and P. sca-

ber (Zimmer & Topp 1998a), and support P. scaber

in detoxifying hydrolysable tannins (Zimmer 1999a).

Thus, we expected the density of litter-colonizing

microbiota (`bacterial numbers' in Table 1) to a�ect

the isopods' nutritional status, and consequently

their longevity and reproduction. Further, enzymatic

activity derived from ingested microbiota support

digestive processes in isopods (e.g. Hassall & Jen-

nings 1975; Kukor & Martin 1986). Thus, microbial

activity (cf. Table 1) was expected to bias perfor-

mance processes in isopods, too.

P. scaber and O. asellus responded similarly to dif-

ferent leaf litter species in that adults of both species

performed better on alder litter which had half the

C:N ratio of the other species (ANCOVA: signi®cant

in¯uence of `softness'). Overall, adults of both spe-

cies reproduced more o�spring on litter varieties

with high pH levels (pH5�5±5�9) which may be due

to either direct e�ects (ANCOVA: signi®cant in¯u-

ence of the covariate) of low pH (3�1±3�5; cf. Zim-

mer & Topp 1997b) or to reduced contents of

phenolic compounds (signi®cant e�ects in ANCOVA)

at higher pH (cf. Table 1). Thus, our results coincide

with the predictions of White (1993) with respect to

the limiting e�ect of nitrogen availability, as well as

with the proposed signi®cance of phenolic com-

pounds (cf. Rosenthal & Berenbaum 1992).

Interspeci®c di�erences were observed with

respect to the signi®cance of litter-colonizing micro-

biota (linear combination of `bacterial numbers' and

microbial activity in our analyses). Litter-colonizing

microbiota a�ected mortality and reproduction in

adult P. scaber, but not in adult O. asellus. Simi-

larly, juvenile growth rates depended on litter-colo-

nizing microbiota in P. scaber, but not in O. asellus.

Thus, our results con®rm White's (1993) hypothesis

with respect to the signi®cance of microbiota serving

as an easily available nitrogen source in P. scaber,

but not in adult or juvenile O.asellus. Juveniles in

particular would be expected to respond to di�er-

ences in nitrogen availability (cf. White 1993).

Interspeci®c as well as intraspeci®c di�erences are

further demonstrated by the comparison of adults

and juveniles of P. scaber and O. asellus. Neither lit-

ter `toughness' nor other food parameters could

explain the variance in juvenile mortality in P. sca-

ber (cf. Zimmer & Topp 1997a). The content of con-

densed tannins (but not `toughness') and litter-

colonizing microbiota in¯uenced juvenile growth

rates in this species. These results suggest that juve-

nile P. scaber forage by grazing on leaf litter rather

than shredding it. In contrast, juveniles of O. asellus

depended on most of the tested food parameters

(including `microbiota') with respect to mortality,

but only on `toughness' with respect to growth.

Thus, juvenile O. asellus may di�er from juvenile P.

scaber by shredding leaf litter rather than grazing.

Further, the opposite signi®cance for litter `tough-

ness' and microbiota were observed in adults of

both species, compared with the respective juveniles,

suggesting the avoidance of intraspeci®c competition

between adults and juveniles.

Interspeci®c di�erences between adults with

respect to the signi®cance of litter `toughness' may

re¯ect di�erences either in mouth part morphology

(cf. Hassall 1977) or in the capability of digesting

the corresponding leaf litter compounds. Detailed

comparative studies on morphology and enzymatic

Table 5. Annual (1995±97) and overall (total) growth rates

of juvenile Oniscus asellus feeding on di�erent food materi-

als. Growth rates (changes in head width, mm monthÿ1)
are given as median � median absolute deviation. For

legend see Table 4

1995/96 1996/97 Total

al3 89 �16 67 � 27 74 � 41

al5 80 � 15 67 � 33 73 � 40

be3 73 � 25 99 � 17 83 � 32

be5 83 � 17 97 � 33 83 � 37

qu3 92 � 5 83 � 37 89 � 27

qu5 98 � 33 83 � 29 90 � 34

Table 4. Annual (1994±97) and overall (total) growth rates

of juvenile Porcellio scaber feeding on di�erent food mate-

rials. Growth rates (changes in head width, mm monthÿ1)
are given as median � median absolute deviation. al3, pH

3-manipulated alder litter; al5, pH5-manipulated alder lit-

ter; be3, pH3-manipulated birch litter; al5, pH5-manipu-

lated birch litter; qu3, pH3-manipulated oak litter; al5, pH

5-manipulated oak litter

1994/95 1995/96 1996/97 Total

al3 101 � 11 106 � 27 93 � 27 100 � 19

al5 101 � 31 79 � 22 121 � 57 98 � 41

be3 67 � 31 56 � 16 33 � 32 56 � 16

be5 83 � 17 89 � 16 87 � 13 86 � 16

qu3 No reproduction

qu5 69 � 33 98 � 51 78 � 16 80 �16
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equipment are required to further understand this

aspect of sympatry in woodlice.

In conclusion, the present study suggests interspe-

ci®c di�erences between O. asellus and P. scaber in

the utilization of food, as has been deduced pre-

viously from the results of a ®eld study (Zimmer &

Topp 1999). For saprophagous soil animals, the

access to food of high quality is limited (Rushton &

Hassall 1983b; White 1993). Given that food quality

is largely determined by the microbial colonization

for P. scaber (Zimmer & Topp 1997a; this study),

while O. asellus predominantly depends on physico-

chemical characteristics of the leaf litter (this study),

competition of these sympatric species for food

appears to be partly avoided, allowing for their sym-

patric coexistence.
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