
bird density is linearly related to weed seed den-
sity, we can calculate average bird density directly
from average seed density.

11. S. J. Clark, J. N. Perry, E. J. P. Marshall, Weed Res. 36,
405 (1996).

12. R. P. Freckleton and A. R. Watkinson, J. Appl. Ecol. 35,
340 (1998).

13. W. J. Sutherland, J. Appl. Ecol. 35, 418 (1998).
14. We thank J. Reynolds and I. Côté for comments
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Relation Between Population
Density and Body Size in

Stream Communities
P. E. Schmid,1* M. Tokeshi,2 J. M. Schmid-Araya1

The existence of a general relation between population density and body size
in animal assemblages has been debated because of known biases and ambi-
guities in the published data and data handling. Using new comprehensive data
sets from two geographically separated stream communities that encompass
448 and 260 invertebrate taxa with a wide range of body sizes, we show that
an inverse proportionality between density and body size is a consistent feature
in these communities. The scaling across taxa is not statistically different
between the two systems, indicating a convergent pattern of communities.
Variation in the regression slope among different taxonomic groups indicates
that these communities are not governed universally by a single ecological or
energetic rule.

Body size influences an organism’s energetic
requirements, its potential resource exploita-
tion, and its susceptibility to predation. Di-
mensional analysis of the relation between
population density (D) and body size (mass,
W ) for some published data yielded linear
relations on logarithmic scales (log D 5 a 1
b log W ), where the slope b is around –0.75
when the ordinary least squares (OLS) re-
gression is used (1–3) or is close to –1 when
the reduced major axis (RMA) regression is
used (4–7 ). However, several studies have
shown that density-body size relations take a
peaked or polygonal pattern with intermedi-
ate-sized species having the highest density,
resulting in a nonsignificant or weak regres-
sion with a shallow slope (8, 9). These con-
trasting results are derived from data collect-
ed through different sampling procedures and
are subjected to different regression methods
(8–10). It has also been argued that data
compiled from the literature result in “con-
structed” density versus body size relations of
assemblages that may be greatly affected by
sampling bias against small and rare species,
which are usually not well represented in
ecological studies (10). Underestimation of
the densities of rarer species is likely to result
in a shallower slope and a less significant,
more scattered relation (11). Furthermore,

analyses taking this approach mainly in-
volved terrestrial assemblages, with a bias
toward taxonomically related species. Few
studies have considered aspects of scaling
across many taxonomic groups in an ecosys-
tem (12, 13).

We used data from two geographically
separate communities of benthic stream in-
vertebrates to assess the generality of densi-
ty–body size relation in stream systems. The
data encompassed species of wide ranges of
taxonomy and body size and allowed us to

achieve a high taxonomic resolution. Also,
population densities of all the species in an
assemblage were estimated with reference to
the same habitat area.

We sampled riffle/pool sections of the
gravel streams Oberer Seebach in Austria and
Afon Mynach in Wales (14). The two streams
were similar in mean annual water discharge
and fractal dimension of habitat, but different
in grain-size composition (15). Population
density and body size (16 ) of the species
included in the analysis were evaluated for
each of the two streams. 448 and 260 in-
vertebrate species occurred in the streambed
sediments of the Oberer Seebach and Afon
Mynach, respectively (17, 18).

In both communities, abundance declined
in a broad band with increasing body mass
without showing a peaked pattern (Fig. 1).
Body weight explained a significant amount
of variation observed in the population den-
sity of both communities [F(1,446) 5
380.42, F(1,258) 5 269.70; P , 0.001]. As
well as the OLS regression, we used the
OLS-bisector regression (OLSBIS) to esti-
mate the relation between population density
and body mass (19, 20). The OLSBIS re-
gression gave a slope of 21.03 for both
streams, which was not significantly differ-
ent from 21 but differed from 20.8 (Table
1). In contrast, the slopes of the OLS re-
gression were significantly different from
21 but not from 20.75 (Table 1) and did

1School of Biological Sciences, Queen Mary & West-
field College, University of London, London E1 4NS,
UK. 2Amakusa Marine Biological Laboratory, Kyushu
University, Tomioka, Reihoku-Amakusa, Kumamoto,
Japan.

*To whom correspondence should be addressed. E-
mail: p.e.schmid@qmw.ac.uk

Table 1. Regression slopes for the relation between body size (mg of dry mass) and population density
(individuals per m2) in benthic invertebrate communities of the streams Oberer Seebach and Afon
Mynach. n, number of species; r 2, variance explained by the correlation of body size with densities of all
species (AS), detritivorous species (D), and predatory/omnivorous species (P/O), respectively; bOLS,
ordinary least squares regression [OLS(yux)] slope; and bBIS, slope of the ordinary least squares–bisector
regression (OLSBIS) (19), separately calculated across all species, detritivorous, and predatory/omnivorous
species in the community. Bootstrap confidence limits (95%) are given in parentheses for b of OLS and
OLSBIS.

Data set n r 2 bOLS bBIS

Oberer Seebach
AS 448 0.460 20.702†

(20.773, 20.631)
21.032*

(21.091, 20.974)
D 362 0.425 20.702†

(20.787, 20.618)
21.070*

(21.139, 21.002)
P/O 86 0.586 20.721†

(20.851, 20.591)
20.940*

(21.053, 20.827)

Afon Mynach
AS 260 0.508 20.733†

(20.821, 20.645)
21.025*

(21.099, 20.951)
D 210 0.450 20.691†

(20.796, 20.587)
21.028*

(21.118, 20.939)
P/O 50 0.614 20.794†

(20.977, 20.611)
21.002*

(21.152, 20.852)

*OLS and OLSBIS b values significantly departing from 20.75 and 20.8, respectively. †OLS and OLSBIS regression
coefficients significantly departing from 21.0 (t tests, P , 0.05).
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not differ significantly between streams
(21). The observed negative proportionality
cannot be attributed to the hypothesis of
a declining number of species with body
size (22), as the largest number of species
apparently occurred in the intermediate
range of body size in both communities
(Fig. 1).

Even where a density–body size relation
characterizes a community, different trophic
levels may have different patterns of scal-
ing. Therefore, we separated detritivores
and predators (including omnivores) and
subjected them to the same test (Table 1).
The scaling of population density with
body size was not significantly different
between the feeding guilds in the two streams
(23). However, the OLSBIS regression dem-
onstrates that detritivore density declined
more rapidly with increasing body mass
than did predator density. In contrast, this
trend was not shown by the OLS regression
(Table 1).

Invariant community-wide patterns may
or may not arise from the presence of a set of
species common to geographically separate
communities. 17.4% of all species were found
in both streams, and they show a similar pop-
ulation density to body mass scaling (Fig. 2A)
but with different regression intercepts [analysis
of covariance (ANCOVA), F(1,207) 5 7.05;
P 5 0.009]. Furthermore, those species found
only in one of the streams also generated sim-
ilar density–body size relations in the two
streams (Fig. 2B) (ANCOVA, P . 0.1).

We also tested whether within-taxon re-
lations were similar to the observed across-
taxa relations (Table 2). The OLS and
OLSBIS slopes of the eight most species-
rich taxonomic groups are both positive
and negative and fall randomly around a
mean of 20.66 (60.03 SE) and 21.28
(60.02 SE) in the Seebach and a mean of
20.63 (60.08 SE) and 21.10 (60.30 SE)
in the Mynach. This suggests that no single
ecological or energetic rule can account
for the patterns in different taxonomic
groups.

A general principle of benthic community
structure can only be found if similarity be-
tween assemblages can be unambiguously
established. In this respect, our study clearly
shows that thoroughly censused stream com-
munities with a wide range of taxa and body
sizes have an inverse proportionality between
density and body size, which does not arise
from a decreasing number of species in larger
body size classes. Moreover, as the slope of
the density-size regression varied widely
among taxonomic groups in this study, the
pattern cannot be explained by a single
ecological model such as the “energy
equivalence rule” (24 ). In the streams we
studied, food and space are unlikely to be
limited (25, 26 ); organisms feed on a wide

Fig.1. Linear regressions
of log population density
on log body size of benthic
invertebrate species found
in two stream communi-
ties. Bisector regressions
(OLSBIS) are fitted over
448 species of the Oberer
Seebach and over 260 spe-
cies of the Afon Mynach.
The regression equations
are as follows: Seebach, log
density 5 2.26 2 1.03 log
DM (where DM is dry
mass); Mynach, log densi-
ty 5 2.15 2 1.03 log DM.
Symbols represent log-
transformed mean densi-
ties and body mass for in-
vertebrate species belong-
ing to 13 different taxo-
nomic groups as defined in
the key.

Fig. 2. Linear regres-
sions of log popula-
tion density on log
body size for inverte-
brate species. (A) Spe-
cies common to both
streams (n 5 105) and
(B) those restricted to
either Seebach (n 5
343 species) or My-
nach (n 5 155 spe-
cies). The OLSBIS re-
gression equations are
as follows: (A) My-
nach, log density 5
2.21 2 1.04 log DM
and Seebach, log den-
sity 5 2.55 2 1.02 log
DM; (B) Mynach, log
density 5 2.10 2 1.01
log DM and Seebach,
log density 5 2.16 2
1.01 log DM. Sym-
bols represent log-trans-
formed mean densi-
ties and body mass for
species found in the
gravel streams Afon
Mynach (F) and Oberer
Seebach (E).
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range of particle and prey sizes and are
found both at the sediment surface and in
the hyporheic interstitial zone, using the
habitat in a three-dimensional way (27 ).
Although species composition differs be-
tween the two geographically separated
streams, the scaling of population density
with body size is not different. Therefore,
the density–body size relation might be con-
trolled by factors that are similar in the two
streams, such as water discharge regimes and
physical complexity (fractal D) of the habitat
(28–30).
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Prokaryotic Regulation of
Epithelial Responses by

Inhibition of IkB-a
Ubiquitination
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Epithelia of the vertebrate intestinal tract characteristically maintain an in-
flammatory hyporesponsiveness toward the lumenal prokaryotic microflora.
We report the identification of enteric organisms (nonvirulent Salmonella
strains) whose direct interaction with model human epithelia attenuate syn-
thesis of inflammatory effector molecules elicited by diverse proinflammatory
stimuli. This immunosuppressive effect involves inhibition of the inhibitor
kB/nuclear factor kB (IkB/NF-kB) pathway by blockade of IkB-a degradation,
which prevents subsequent nuclear translocation of active NF-kB dimer. Al-
though phosphorylation of IkB-a occurs, subsequent polyubiquitination nec-
essary for regulated IkB-a degradation is completely abrogated. These data
suggest that prokaryotic determinants could be responsible for the unique
tolerance of the gastrointestinal mucosa to proinflammatory stimuli.

In humans, the mucosal lining of the intes-
tine coexists in intimate contact with a
diverse prokaryotic microflora. The intesti-
nal epithelial cells have necessarily evolved
mechanisms to prevent or limit activation
of cellular immuno-inflammatory stress re-
sponses in this microbe- and antigen-rich
environment (1). Immune and inflammato-
ry responses in the gut and other immuno-
competent tissues often involves the tran-
scription factor NF-kB. This DNA binding
protein is the transcriptional effector of an
evolutionarily conserved regulatory path-
way that is activated by a myriad of proin-
flammatory stimuli and is required for the
de novo synthesis of numerous proinflam-
matory cytokines, chemokines, adhesion
proteins, and other molecules critical for

normal immuno-inflammatory function (2).
Proinflammatory stimuli activate NF-kB
through tightly regulated phosphorylation,
ubiquitination, and proteolysis of a physi-
cally associated class of inhibitor mole-
cules, IkB’s (3). IkB is inducibly phospho-
rylated by a multisubunit kinase complex
(IkB kinase) and is subsequently ubiquiti-
nated by a second multiprotein complex,
recently isolated by several groups and des-
ignated E3-SCFb-TrCP, with the b-TrCP
subunit functioning as the IkB-specific
ubiquitin ligase (E3) (4–7 ). Polyubiquiti-
nated IkB is thus targeted for degradation
by the 26S proteasome (8), allowing NF-kB
to translocate to the nucleus, bind to its
sequence recognition motif on target pro-
moters, and activate transcription of effec-
tor genes, an example of which is the neu-
trophil chemokine interleukin-8 (IL-8). A
variety of endogenous anti-inflammatory
mediators, as well as clinically effective
anti-inflammatory drugs, are known to ex-
ert their effects, at least in part, by blockade

of various aspects of the NF-kB signal
transduction pathway (9); however, there
has been no description of interference with
the ubiquitination step.

Although the vast majority of enteric
organisms do not elicit intestinal inflamma-
tion, it is becoming increasingly recognized
that enteropathogens that cause acute in-
flammatory colitis do activate the NF-kB
pathway, resulting in secretion of chemo-
kines including IL-8 (10–12). We hypoth-
esized that if proinflammatory enteric
pathogens activate NF-kB and subsequent
events, nonpathogenic microorganisms
may be able to selectively attenuate this
pathway as a mechanism of intestinal im-
mune tolerance. We observed that coloni-
zation of the apical aspect of polarized T84
model epithelia with nonpathogenic Salmo-
nella strains, both laboratory-derived and
naturally occurring (S. typhimurium PhoPc

and Salmonella pullorum), attenuates baso-
lateral IL-8 secretion characteristically
elicited by apical infection with proinflam-
matory strains (wild-type S. typhimurium
and Hil A mutant) (Fig. 1A) (13–15). Col-
onization with S. typhimurium PhoPc and S.
pullorum was also capable of attenuating
the IL-8 secretion elicited by a spectrum of
proinflammatory stimuli [tumor necrosis
factor-a (TNF-a), the calcium mobilizing
agent carbachol, and the phorbol ester
PMA ( phorbol 12-myristate 13-acetate)]
(Fig. 1B). This anti-inflammatory effect
could be eliminated by nondenaturing heat
killing of the organisms and was not
present in bacterial lysates or conditioned
media (Fig. 1C), suggesting the phenome-
non is mediated through direct interactions
of the epithelium with viable bacteria. The
anti-inflammatory effects were maximal af-
ter a precolonization period of 30 min,
though detectable suppressive effects were
observed with colonization 10 min after
addition of proinflammatory agonist (16 ).
Colonization of T84 model epithelia with
the anti-inflammatory organisms showed
no strain-specific effects on transepithelial
resistance or short-circuit currents elicited
with forskolin. These indices of normal
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