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Environmental Corre1ates of Food Chain Length 

FREDERIC BRlANb AND J OEL E. COHEN 

In 113 community food webs from natural communities, the average and maximal 
lengths of food chains are independent of primary productivity, contrary to the 
hypothesis that longer food chains should arise when more energy is available at their 
base. Environmental variability alone also does not appear to cons'train average or 
maximal chain length. Environments that are three dimensional or solid, however, 
such as a forest canopy or the water column of the open ocean, have distinct1y longer 
food chains than environments that are two dimensional or Hat, such as a grassland or 
lake bottom. 

ACOMMUNITY FOOD WEB (1) DE­

scribes the feeding relations in a 
community of organisms. A trophic 

species (2) (hereinafter species) in a web is a 
collection of organisrns that feed on a com­
mon set of organisms and are fed on by a 
common set of organisms. Species x is 
linked to species y when energy Hows from x 
to y, that is, when y feeds on x. A chain is an 
energy path or sequence of links that starts 
at a species that eats no other species in the 
web and ends at a species that is eaten by no 
other species in the web. The length of a 
chain is the number of links it comprises. 
The mean chain length of a web is the 
arithmetic average of the lengths of all 
chains in the web. 

Two major hypotheses and one empirical 
generalization have been proposed to relate 
chain lengths to environmental conditions. 
The first hypothesis, known as the "energet­
ic hypothesis" (3), proposes that chain 
length is limited by the inefficiency with 

. which energy is transmitted by predation 
and by the minimal energy requirements of 
predators. Limited available energy may 
make it impossible to support enough indi­
viduals to maintain a population, may make 
it impossible for individuals to find enough 
prey to survive, or may constrain chain 
length through other mechanisms. In its 
simple form, this hypothesis predicts that 
chains should be longer in ecosystems with 
higher primary productivity. It has been 
tested experimentally (4) and rejected for 

F. Briand, World Conservation Center, International 
Union for the Conservation ofNature, CH-11% Gland, 
Switzerland. 
J. E. Cohen, Laboratory of Populations, RockefeIler 
University, New York, NY 10021. 

small artificial ecosystems, and it remains to 
be tested further experimentally. From a 
review of nine studies ranging from energet­
ically impoverished to highly productive en­
vironments, Pimm (5) concluded that there 
was no evidence for food chains being long­
er in more productive habitats. 

The second hypothesis, known as the 
dynamical stability hypothesis (6), is based 
on the finding in specific mathematical 
models of ecosystems that the longer the 
chains, the more severe the restrictions that 
must be imposed on the coefficients of the 
models for equilibrium to be feasible or 
stable. Further, in certain models, ecosys­
tems with longer chains take longer to re­
turn to equilibrium once perturbed, so that 
webs with loriger chains may be less likely to 
persist in nature. This hypothesis predicts 
that chains should be longer in ecosystems 
exempt from large perturbations. To our 
knowledge, there is no reported evidence for 
or against this hypothesis. 

The empirical generalization (7), based on 
34 webs, proposes that chains tend to be 
longer in three-dimensional than in two­
dimensional environments. An environment 
is classified as having dimension 2 if it is 
essentially Hat, like a grassland, the tundra, a 
sea or lake bottom, a stream bed, or the 
rocky intertidal zone. An environment is 
classified as having dimension 3 if it is solid, 
like the pelagic water column or a forest 
canopy. Webs from habitats integrating 
both Hat and solid environments are consid­
ered as having "mixed" dimension. 

To evaluate the relative influence on chain 
length of the primary productivity, the vari­
ability, and the dimensionality of the envi­
ronment, we snidied a collection of 113 
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webs, culled from 89 published and 2 un­
published studies, to cover as wide a diversi­
ty of natural environments as possible. Most 
of rhe world biomes are represented. There 
are 55 continental (23 terrestrial and 32 
aquatic), 45 coastal, and 13 oceanic webs, 
ranging from arctic to antarctic regions. 

Only webs partially defined, presented 
too sketchily, or based on information ex­
plicitly drawn from different locations were 
excluded from rhis collection. The webs 
were not screened by rejection of outliers or 
by any orher statistical procedure based on 
rhe data. Only obvious biological errors 
were amended in editing rhe data. Alrhough 
all webs were rreated consistently in rhis 
collection, rhe practices of field ecologists in 
observing and reporting webs are not stan­
dardized. As rhe apparent characteristics of 
an individual web may reflect rhe idiosyncra­
sies of its observer, it is appropriate wirh 
rhese data to artend to broad trends and 
major differences among distributions. 

The 113 webs studied are listed in Table 1 
togerher wirh rheir sources and rhe follow­
ing characteristics: mean chain lengrh, maxi­
mal chain lengrh, number of species, num­
ber oflinks, productivity, variability, dimen­
sionality, and geographic origin. The details 
of 40 of rhese webs are fully documented (1) 
8); rhe frequency distributions of chain 
lengrh of all 113 webs have been reported 
(9). This large collection allows comparisons 
to be made rhat are more sensitive rhan 
before to small differences in mean chain 
lengrh. 

The productivity of a web is classified as 
low if rhe net primary productivity of its 
ecosystem falls below 100 g of carbon per 
square meter per year and high if it exceeds 
1000 gof carbon per square meter per year. 
Of 113 webs, 22 were classified as having 

Fig. 1. Box plots of the frequency distributions of 
mean (within-web) chain lengths in 113 webs 
classified according to productivity (low or high), 
environmental variability [flucruating (Flu.) or 
constant (Con.)], and dimension (2 or 3). Some 
webs are omitted from each frequency distribu­
tion because they were intettnediate. For each 
box, the upper edge corresponds to the upper 
quartile (75th percentile or Q3) of the distribu­
tion being plotted, and lower edge corresponds to 
the lower quattile (25th percentile or Ql), and 
the dash in the middle corresponds to the median 
(50th percentile or Q2). The numerical values of 
these ordinates appear below each box. Vertical 
lines extend from the upper quattile Q3 up to the 
largest observation (marked by x) less than Q3 + 
(Q3 - Ql), and from Ql down to the lowest 
observation (also marked by x) greater than Q 1 -
(Q3 - Ql). Webs more extreme than those rep­
resented by x are represented by one (0), unIess a 
number next to the symbol indicates a larger 
number of webs coincident at this value. Outlying 
webs more than 1.5 x (Q3 - Ql) distant from 
the nearest quattile are emphasized by (®); n, 
number of webs. 
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low productivity, 10 as having high produc­
tivity, and 6 as having intermediate produc­
tivity. The remaining 75 webs were unclassi­
fied for want of information. 

The variability of a web's habitat is classi­
fied as fluctuating or constant. The environ­
ment is fluctuating if the original report 
indicates temporal variations of substantial 
magnitude in temperature, salinity, water 
availability, or any other major physical pa-
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rameter. The magnitude, not rhe predict­
ability, of the variations is rhe criterion of 
classification. Of 113 webs, 64 were classi­
fied as fluctuating and 17 as constant. The 
remaining 32, previously (9) unclassified, 
are considered here as intermediate. 

Of 113 webs, 40 were classified as having 
dimension 2 and 28 as having dimension 3. 
Forty-five webs previously (9) recorded as 
having neither dimension 2 nor dimension 3 
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Fig. 2. Box plots of the frequency distributions of 
mean (within-web) chain lengths (A) in webs of 
mixed dimension, comparing flucruating (Flu.) 
and constant (Con.) environments and (8) in 
webs of intettnediate variability, comparing two­
and three-dimensional environments. Symbols 
and other abbreviations are as in Fig. 1. 
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are here considered as having mixed dimen­
sIon. 

Some subjective judgments are involved 
in classifYing webs as fiuctuating or constant 
and as two-dimensional or three-dimension­
al. For the first 40 webs in the series (1, 8), 
the facts supporting these judgments are 
already documented. 

All calculations were performed for both 
mean and maximal chain lengths. Maximal 
chain lengths varied in parallel with mean 
chain lengths throughout. We present the 
mean (within-web) chain lengths descrip­
tively using box plots (10, 11). We attempt 
no formal statistical tests of differences be­
tween distributions because it is doubtful 
that the webs In our collection form a 
random sampie from a well-defined universe 
ofwebs (9). 

Figure 1 shows that the distributions of 
mean chain lengths are similar, with vittual­
ly identical medians, in webs differing mark­
edly in productivity. Contrary to the ener­
getic hypothesis, high-energy systems do 
not support longer chains, on average or 
maximally, than energetically impoverished 
environments. The possibility remains that 
energy infiuences chain length but that 
highly productive systems attract a greater 
fraction of energetically less efficient con­
sumers, which prevent the assembly oflong­
er food chains. Lacking detailed data on the 
energetic efficiency of the web species, we 
cannot exclude this possibility (12). 

The distributions of mean chain lengths 
are relatively distinct in fiuctuating com­
pared to constant webs and quite distinct in 
webs having dimension 2 compared to those 
having dimension 3. The upper quartile of 
mean (within-web) chain length for the 40 
webs of dimension 2 is 2.6 links, which falls 
below the lower quartile (2.7 links) ofmean 
chain length for the 28 webs of dimension 3 
(13). 

It would be hasty to conclude that vari­
ability and dimensionality independently in­
fiuence chain length. Of the two-dimension­
al webs, 27 are fiuctuating and 2 are con­
stant; of the three-dimensional webs, 13 are 
fluctuating and 7 are constant. Thus the 
proportion of constant webs is more than 
five times as high among three-dimensional 
webs as among two-dimensional webs. No 
such risk of confounding affects the inter­
pretation of the effect of productivity in Fig. 
1, since webs from environments with low 
or high productivity include comparable 
fractions of fiuctuating and constant, and 
two-dimensional and three-dimensional, 
habitats (13). 

To assess the relative infiuence of environ­
mental dimension and variability on chain 
lengths, we compared the distributions 
among webs of mean (within-web) chain 
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lengths in fiuctuating and constant webs 
having comparable, mixed dimension (Fig. 
2A) and in two- and three-dimensional webs 
of comparable variability in constant, fiuctu­
ating, or intermediate habitats (the last com­
parison being shown in Fig. 2B). 

If environmental variability alone marked­
ly affects the length of chains, then the 
distributions in Fig. 2A should be distinct. 
That is not the case: given a mixed dimen­
sion, constant environments do not support 
markedly longer chains than fiuctuating en­
vironments, contrary to the dynamic stabil­
ity hypothesis. 

If environmental dimension alone mark­
edly affects chain length, then the distribu­
tions for webs with intermediate variability 
in Fig. 2B should be distinct. That is clearly 
the case. Further, in fiuctuating habitats, the 
27 webs with dimension 2 have a median 
2.3 mean chain length, less than the median 

2.8 mean chain length of the 13 webs with 
dimension 3. In constant habitats, the two 
webs with dimension 2 have a median 2.3 
mean chain length, less than the median 4.0 
mean chain length of the seven webs with 
dimension 3. Although there are too few 
webs in constant two- or three-dimensional 
habitats to justifY any firm conclusion, the 
differences are consistent in the three com­
parisons: controlling for variability, webs in 
two-dimensional habitats have shorter mean 
chain lengths than those in three-dimension­
al habitats. 

We conclude from our data that the di­
mensionality of the environment influences 
mean or maximal chain length more than 
environmental variability. Dimensionality is 
a major determinant of chain length In 

natural comrnunities. Why this is so remains 
to be explained, although it is evident that 
environmental dimension may affect the 

Table 1. Characteristics and sources of 113 webs. Serial numbers are the same as in Briand (7, 8) and in 
all previous joint publications of Briand and Cohen (2, 9). Productivity: 0, unclassified (unknown or 
intermediate); 1, low; 2, high. Variability: 0, intermediate; 1, fluctuating; 2, constant. Dimension: 0, 
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Cochin Backwater, lndia 14 
Knysna Estuary, South Africa 15 

2 Salt marsh, L.ang Island, USA 16 
o Salt marsh, California 17 
o Salt rnarsh, Georgia l8 
o Tidal flat, California 19 
o N arragansett Ba y, Rhode Island 20 
o Sal t marsh, RhodeIsland 21 

Lough lne Rapids, Ireland 22 
Exposed rocky shore, New England, USA 23 
Protected rocky shore, N ew England, USA 23 
Exposed rocky shore, Washington 23 
Protected rocky shore, Washington 23 
Mangrove swamp 1, Hawaii 24 
Mangrove swamp 3, Hawaii 24 
Pamlico Estuary, N orth Carolina 25 
Cora1 reefs, Marshall lstands 26 
Kapingamarangi Atoll, Po1ynesia 27 
Moosehead Lake, Maine 28 
Antarctic Pack lce Zone 29 
Ross Sea 30 
Bear ISland, Spi tSbergen 31 

2 Prairie, Manitoba 32 
3 Willow forest, Manitoba 32 
3 Aspen communities, Manitoba 32 
o Aspen forest, Mani toba 32 
3 Wythan Wood, England 33 
o Sa1 t meadow, N ew Zea1and 34 
3 Arctic Seas 35 
3 A ntarctic Seas 36 
3 Epip1ankton communities, Black Sea 37 
3 Bathyp1ankton communities, B1ack Sea 37 
o Crocodile Creek, Mala w i 38 
2 River Clydach, Wales 39 
2 Morgan's Creek, Kentucky 40 
o Mangrove swamp 6, Hawaii 24 
o Marine sublittoral, southern Ca1ifornia 41 
o Lake Nyasa, rocky shore, Malawi 38 

Lake Nyasa, sandy shore, Malawi 38 
Rain torest, Malaysia 42 
Tropical seas, epipelaglc zone 43 
Upwelling areas, Pacific Ocean 44 
Ke1p bed community, South Ca1ifornia 45 
Marine coastal lagoons, Guerrero,Mexico 46 

2 Cone Spring, lowa 47 
3 Lake Texoma, Texas 48 
o Swamps, south ftorida 49 
o Nearshore marine 1, Aleutian lslands 50 
o Nearshore marine 2, Aleutian Islands 50 
2 Sand beach, California 51 
o Shallow sublittoral, Cape Ann, Massachusetts 52 
2 Rocky shore, T orch Bay, Alaska 53 
2 Rocky shore, Cape flattery, Washington 53 
o Western rocky shore, Barbados 54 
2 Mudflat, Ythan Estuary, Scotland 55 
2 Mussel bed Ythan Estuary, Scotland 55 
o Brackish lagoons, Guerrero, Mexico 46 
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Transposon Tagging and Molecular Analysis of the 
Maize Regulatory Locus opaque-2 

ROBERT J. SCHMIDT, FRANCES A. BuRR, BENJAMIN BURR 

Genetic analyses suggested that the opaque-2 (02) locus in maize acts as a positive, trans­
acting, transcriptional activator of the zein seed storage-protein genes. Because 
isolation of the gene is requisite to understanding the molecu1ar details of this 
regulation, transposon mutagenesis with the transposable element suppressor-mutator 
(Spm) was carried out, and three mutable 02 alleles were obtained. One ofthese alleles 
contained an 8.3-kilobase autonomous Spm, another a 6.8-kilobase nonautonomous 
Spm, and the third an unidentified transposon that is unrelated to Spm. A DNA 
sequence flanking the autonomous Spm insertion was verified to be 02-specific and 
provided a probe to clone a wild-type allele. Northem blots indicated that the gene is 
expressed in wild-type endosperm but not in leaf tissues or in endosperms homozygous 
for a mutant allele of the 02 gene. A transcript was detected in endosperms 
homozygous for mutations at opaque-7 andjloury-2, an indication that 02 expression is 
independent of these two other putative regulators of zein synthesis. 

T HE ZEIN STORAGE PROTEINS OF 

maize constitute a family of approxi­
mately 15 to 22 polypeptides. Ey 

SDS-polyacrylamide gel electrophoresis 
they can be separated into two major size 
dasses of approximately 22 and 19 kD (1). 
Synthesis of all zein polypeptides in the 
endosperm is coordinately regulated, begin­
ning at 12 days after pollination (DAP) and 
peaking at about 22 to 25 DAP. Zein 
proteins are sequestered in protein bodies 
derived from the endoplasmic reticulum, 
and translation of zein messenger RNA 
(mRNA) is accomplished by polysomes 10-
cated directly on the surface of these protein 
bodies (2). At seed maturity zeins may 
represent 60% or more of the total protein 
(3). 

Several mutations that decrease the 
amount of zein in the seed have been de­
scribed (1). In contrast to wild-type kemels 
that have hard, translucent endosperms, mu­
tant kemels have endosperms that are soft 
and opaque. One of these mutations, 
opaque-2 (02), can result in a 50 to 70% 
reduction in zein content (3). In some in­
bred strains-for example, Oh43, W22, or 
W64A-the 22-kD dass of zeins is affected 
substantially more than the 19-kD dass. In 
plants homozygous for 02, this selective 
decrease cannot be attributed to defects in 
synthesis, transport, or protein processing 
but is rather the result of a deficiency in the 
zein mRNA's for the 22-kD subgroup (4). 

Genetic linkage analysis has placed the 02 
locus on the short arm of chromosome 7, 
whereas several of the genes for the 22-kD 
zeins have been mapped to chromosomes 4 
and 10 (1). Although a few zein structural 
genes have been mapped to the same chro­
mosome arm as 02, they are not the ones 
affected by 02 mutations. These results sug­
gest that the 02 gene is a trans-acting 
regulator of zein expression. At the molecu­
lar level, the nature and complexity of the 
role that 02 plays in zein expression can be 
addressed only after the gene is doned. 

Since the product of the 02 gene has not 
been identified and is not likely to be abun­
dant, transposon tagging appears to be the 
best approach to done this regulatory locus. 
Two mutable alleles of 02 have been de­
scribed by Salamini and his colleagues (5): 
one contains aDs element (nonautonomous 
Ac), and the other a novel, nonautonomous 
transposon that they named Bergamo (Bg). 
Unfortunately, neither transposon has thus 
far proved useful as a molecular tag; molecu­
lar probes for the Bg element do not exist, 
and molecular analysis of Ds insertions is 
complicated because DNA sequences of Ds 
elements can be very dissimilar from each 
other as weil as from Ac (6, 7). Therefore, 
we attempted to introduce a different trans­
posable element into the 02 gene (Fig. 1A), 
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