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Abstract
While the effects of latitudinal gradients on species diversity have been widely studied,
their impact on community food web topology is poorly understood. The changes associ-
ated with latitude such as climate, habitat, productivity and resource availability have huge
impacts on the nature of interactions that can occur within an ecosystem. In this account
I examine how the topology of community food webs change with latitude. The analysis
of 187 food webs reveals that those located near the equator tend to have shorter average
path lengths higher clustering, higher modularity, and tend to be more robust against target
attacks than those located toward the poles. The ratio off, intermediate and basal species
appears to be independent of latitudinal effects. It was also found that certain local interac-
tions tend to be correlated with latitude. These findings provide insights into the structural
properties of community food webs and the dynamical behaviour they can support.

1. Introduction

Although latitudinal and longitudinal gradients in species diversity have been widely studied
(Gaston 2000), their impact on food web structure is poorly understood (Paine 1966). While
there is debate as to the cause of latitudinal diversity gradients (Austin 1999), fossil evidence
clearly shows that they existed long before the last ice-age (Stehli et al. 1969). This suggests that
they played an important role in the evolution of ecological assemblages. Studies of latitudinal
diversity gradients (Roy et al. 1998; Rex et al. 2000; Gaston 2000), indicate that the highest
diversity occurs at the equator, and declines toward the poles. Stehli (1968) provides several
examples of diversity gradients, one of which is shown in Figure 1.

For almost a century, community ecologists have captured the feeding relationship between
trophic species, in community food webs. Community food webs provide complex, yet tractable
descriptions of ecosystem biodiversity, services, structure, function (Dunne et al. 2002a) and
fragility (Solé & Montoya 2001; Dunne et al. 2002b). In recent studies it has been shown that
food webs share a number of common topological properties with other complex networks.

Currently most of the world’s ecosystems are experiencing a loss in biodiversity (Wilcove
et al. 1998). The effects of these losses upon community function depend on the size of the
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Figure1. Anexample of a latitudinal gradient. The variation of numbers of genera with latitude
for mosquitoes (solid line) and butterflies of the family Danaidae (broken line) (After Stehli
1968)

loss and the topological structure of the community (Dunne et al. 2002a). In this account I will
examine the relationship between latitudinal gradients and food web structure and how these
structural changes influence system fragility.

2. Food Web Complexity

Over the past five years it has been shown that community food webs share common statistical,
and structural characteristics with other complex networks such as, metabolic networks, neural
networks, the World Wide Web and power grids (Watts & Strogatz 1998; Strogatz 2001; Albert
& Barab́asi 2002). When compared to these complex networks, community food webs are
small (relatively few nodes), have short path-lengths between species, unusually low clustering
when compared to other systems, and high levels of connectivity (Dunne et al. 2002b). The
results of Dunne et al. (2002b) show that while community food webs are small, they are not,
small-worlds.

Another class of complex networks known as scale-free networks (Albert & Barabási 2002),
have highly skewed link distributions characterized by a power-law. These networks have been
found to display surprising resilience to random attacks. But they are extremely susceptible to
collapse, when the most connected node has been removed. This has been found to be true of
the WWW, metabolic and protein networks (Albert et al. 2000; Jeong et al. 2000; Jeong et
al. 2001). Similar analysis of community food webs, suggest that their degree distribution can
account for their response to node removal (Solé & Montoya 2001). However recent findings
(Dunne et al. 2002a; Dunne et al. 2002b), have found that the degree distribution of food webs
is not scale-free, rasing questions to the applicability of these findings to community food webs.

The recent analysis of community food web structure, have ignored spatial and environmen-
tal effects on community topology. Paine (1966) and others (Pielou 1975 for instance), recog-
nized that environmental constraints (such as rain fall and temperature) effect on community
structure. For instance Paine (1966) proposed that one of the more recognizable and workable
units within the community food webs, are groups of organisms capped by a terminal carni-
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Figure2. Thefeeding relationships in two similar food webs. (Left) the feeding relationships of
the Pisaster dominated food web of Mukkaw Bay 49N. Right the Heliaster dominated food web
of Gulf of California 31N. (After Paine 1966)

vore and typically interrelated in such a way that at higher levels there is little lateral transfer
of energy and resources. Paine (1966) suggested that such structures were elementary building
blocks of community food webs, identifiable across latitudinal gradients and only varying in
complexity. Figure 2, shows Paine’s terminal carnivore motif, in two different communities.

While community food webs—such as those shown in Figure 2—share a number of com-
mon statistical properties they vary in their complexity. It is my aim to investigate how these
properties change across latitudinal gradients.

3. Experiments and Results

I have analysed a set of 184 community food webs. A majority of the food webs were taken
from the data set compiled by Cohen et al. (1984). This database contains 113 food webs,
from a wide range of habitats including: salt marshes, deserts, swamps, costal areas, estuaries,
lakes and pack ice zones. Other communities include the Grasslands in Grate Britain (Mar-
tinez et al. 1999); Silwood Park, England (Memmott et al. 2000); two variations of the Ythan
Estuary, a Scottish Estuary (Hall & Raffaelli 1991; Huxham et al. 1996); Little Rock Lake,
in Wisconsin (Martinez 1991); Chesapeake Bay (Baird & Ulanowicz 1989); St Marks Sea-
grass, an estuarine seagrass community in Florida (Christian & Luczkovich 1999); St Martin
Island in the Caribbean (Goldwasser & Roughgarden1993); Skipwidth pond, England (Warren
1989); Coachella valley, in southern Californian desert (Polis 1991); 10 grassland communities
surrounded by pastures, in southern New Zealand (Townsend et al. 1998); and 50 New York
Adirondack lake food webs (Havens 1992).

The communities were aggregated into 12 latitudinal zones of 15 degrees. A majority of
the food webs are located in the northern hemisphere. Statistics were averaged across all food
webs within a given zone. Several zones contained no communities. Arctic and Antarctic zones
contained several very small communities, not suitable for comparisons. As a result there were
no statistics gathered for these regions.

In some sense this data are limited, since some species, interactions, functional groups and
even taxonomic kingdoms are left out for one reason or another. In addition, included taxa are
unevenly grouped. For example, several food webs include “whales” as a trophic species. Some
studies however use whales as several distinct trophic species, while others aggregate whales
into a single group that feed on plankton, macro invertebrates, and seals. Other instances include
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theaggregation of insects, spiders, grasses and trees. Other studies have aggregated low-level
species into groups such as “basic food”. While many of the interesting patterns that occur
can be hidden or even lost because of such aggregation; studies of resolution, and sampling
effort have provided an understanding of the effect of aggregation on food web structure (Mar-
tinez 1991; Martinez 1993; Martinez 1994). As a result I believe that empirical limitations
are unlikely to change the general findings and conclusions of this paper. However current un-
derstanding of food-web structure may change as more complete and detailed food webs are
compiled.

I have distilled the analysis of latitudinal trends on food web structure and fragility into five
simple experiments. (1) the analysis of diversity and connectivity properties; (2) the analysis
of path-length, clustering and compartmentalization; (3) the analysis of producer and consumer
ratios; (4) the analysis of the patterns of interaction between groups of species; and (5) response
to random and targeted attack. The following section details the analysis and results.

3.1 Diversity and Connectivity

I report four statistics of food web complexity (1) species richness or the average number of
nodes contained within the systemN ; (2) Average number of links within the systemL; (3)
Average node degreeN/L; and (4) Average connectivity or link densityN/L2. Figure 3, plots
these statistics against latitude. As can be seen from the figure, the average number of nodes,
links and degree are somewhat independent of latitude. However, link density increases toward
the equator. This supports the notion that more complex food webs are found in the tropics.

3.2 Path-Length, Clustering and Compartmentalization

Small-world patterns can be detected from two basic statistics: average shortest path-length
(PL) and the clustering coefficient (CC). Given two nodes (species)Ni, Nj, letPLmin(i, j) be
the minimum distance or shortest path between speciesi andj. The average shortest path-length
is then:

PL =
2

N(N − 1)

N∑

i=1

N∑

j=1

j 6=i

PLmin(i, j) (1)

Clustering is a common feature found in many networks. The clustering of a network can
be quantified by the clustering coefficient (Watts & Strogatz 1998). Given a nodeNi, with
ki neighbours,Ei is defined to be number of links between theki neighbours. The clustering
coefficient is the ratio between the number of links that exist between neighbours (Ei) and
the potential number of links(ki(ki − 1))/2 between the neighbours. The average clustering
coefficient is:

CC =
1

N

N∑

i=1

2Ei

ki(ki − 1)
(2)

Compartmentsin food webs are sub-groups of species that are highly interconnected, within
and loosely connected without the group. The Arctic food web shown in Figure 4, contains three
distinct subsystems: Marine, Terrestrial, and Freshwater. Each of these subsystems is highly
interconnected with few connections to the other subsystems. Pimm (1980) proposed that the
ratio between the number of neighbours nodesi andj have in common divided by their total
number of neighbours (Sij) as a simple measure of system modularity or compartmentalization.
The average modularizationM is the average ofSij across all nodes:
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Figure3. Diversity and Connectivity Statistics. (A) Average number of nodes within a system
N ; (B) Average number of links within the communityL; (C) Average degreeN/L; and (D)
System connectivityN/L2.

M =
2

N(N − 1)

N∑

i=1

N∑

j=1

j 6=i

Sij (3)

Figure5, depicts the relationship between, each of the statistics and latitude. Both modu-
larization (Figure 5A) and clustering (Figure 5B) increase toward the equator. While the av-
erage shortest path-length increases toward the poles. This result also supports the findings
of Williams et al. (2002), that on average there are two degrees of separation between species
within a food web. Overall these patterns suggest that as you approach the equator the communi-
ties become more like small-worlds. These results also suggest that modularization, clustering,
and short path-lengths, may be a way that natural systems cope with increased complexity.

3.3 Producer and Consumer Ratios

Briand et al. (1984), demonstrated that community food webs have many scale invariant struc-
tures. One of the more interesting properties they found was that the fraction of top species,
intermediate species and basal species was independent of system size.

A “top” species is a predator that has no predator. In this study a top species is a node that
only has an in degree. An “intermediate species” is a species that is both a predator and a prey,
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lepidurus, (27) polar bear.
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Figure5. Modularity, Clustering and Path-Length Statistics. (A) Average modularity for each
zone. (B) Average clustering coefficient for each zone. (C) Average shortest path-length for
each zone.

this is interpreted as a node with both an in and an out degree. A “basal” species is a prey that
has no prey, this is a node that only has an out degree. The fraction that each of these types of
species takes up within a food web is the number of species that conform to the defined in/out
degree pattern, divided by the total number of nodes within the system.

Figure 6, shows the result of the aforementioned analysis, for each of the latitudinal zones.
The results here suggest that the top, intermediate, and basal fractions are constant across lati-
tudes. The species fraction described by Cohen et al. (1990) (shown on each graph as a dashed
line) seem to correlate with the results found here. This suggests that top, intermediate and
basal species fractions are independent of system size and latitudinal gradient trends.
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Figure6. Compositionof Community Food Webs. (A) The fraction of the system that are top
level predators. (B) The fraction of the system that is made up of intermediate produces and
consumers. (C) Fraction of the system made up by basal species. Fraction regression models
(dashed line) were taken from Cohen et al. (1990)

3.4 Motifs and Species Interactions

To this point I have only measured the global statistic of each network. Now I measure the
frequency of the basic sub-structural elements making up the networks. To do this, I have
implemented an algorithm for detecting recurring patterns of interconnections, or motifs. A
detailed overview of the algorithm used here and its application to a gene regulation network
was presented by Shen-Orr et al. (2002).

Initially each network was scanned for all possiblen-node sub graphs (in the present study,
n = 3 and4), and the number of occurrences of each sub graph was recorded. To focus on
those motifs, that are likely to be important, I compared the frequency of each motif with its
frequency in a randomized ensemble of networks. The randomization procedure employed here,
preserves the degree distribution of the original network; that is, each node in the randomized
ensemble has the same in and out degree as the corresponding node in the original network. This
allows for a stringent comparison between the randomized and the observed networks, as the
randomized ensembles account for patterns that appear only because of the degree distribution.

The ratio between the motif frequencies in the real network (MotifReal) and the randomized
ensemble (MotifRand), provides a measure of how over/under expressed each motif is. Figures
7, show the distribution of highly expressed motifs against latitude. Figure 7, depicts four
motifs who’s frequency of expression appear to change a function of latitude. The motifs in
Figure 7A, C, and D, all appear with increasing frequency toward the tropics. The motif in
Figure 7D, is confined to narrow band about the equator. The feed forward loop with a double
arc in Figure 7B, appears more frequently as you move away from the tropics. Apart from the
gradual increase and decrease in motif frequency with latitudinal change, several motifs appear
in confined bands. Interestingly these bands appear to be symmetrical about the equator. Figure
7E & F shows these motifs. These results suggest that the local assemblage rules change as a
function of habitat.

3.5 Robustness to Attack

For each food web I simulated species extinction by sequentially removing species in accor-
dance with the following regimes:(1) random node removal; (2) removal of the most connected
node at a given time step. Species removal regimes were simulated 1,000 times to gain sta-
tistical averages. In this study, robustness is defined as the fraction of species that need to be
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Figure 7.Distribution of Motifs. As can be seen from these figures, the motifs depicted in A, C,
and D all appear with increasing frequency toward the equator. While the motif in B increases
in frequency toward the poles. Finally the motifs in E and F appear in a confined region.

removed before the largest connected sub-region (LCS) breaks into two or more disconnected
components. Similar definitions of stability have been used in other studies (Montoya & Solé
2002). Figure 8, shows the results of simulated attacks on community food webs.

As it can be seen from these results, the community food webs break apart much faster,
when subjected to targeted attacks. Generally these results support the findings by Dunne et al.
(2002a), that the higher the link density, the more robust the network is to attack. However, plot-
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Figure 8. SystemResponse To Attack. (A) Random attacks. (B) Targeted Attacks. As can
bee seen from these results, the community food web breaks apart more quickly under targeted
attack.

ting system behaviour against latitude reveals some interesting patterns. First, the community
food webs toward the poles appear to be more robust to random attack than those in the tropics.
This could be in part due to system size. The small size of these systems means that hubs may
be randomly deleted after a few attacks, fragmenting the system quickly. Second, those com-
munities in the tropics appear to be more robust than those toward the poles to targeted attack.
One interesting observation, is that the food webs toward the Arctic appear to be highly robust
to both random and targeted attacks. These foods webs respond in a fashion similar to random
graphs when confronted with random and targeted attack.

4. Discussion

Theoretical studies based on the analysis of small species models, show trends, where simple
topological regularities are preferred (in some sense selected for) over others (Williams & Mar-
tinez 2000). The results presented here suggest that there is a correlation in the occurrence of
statistical features of food webs, and latitudinal changes. The environment in which a food web
is located, provides constraints on resources, such as food, water, space and temperature. These
constraints drive the evolution of the community toward a robust topology for the environment
in which the system is situated. Constrainment of the availability of resources could explain
occurrence of fixed top, intermediate and basal species ratios.

Latitudinal gradients are a combination of rain fall, temperature, and other environmental
gradients. These factors influence ecosystem productivity. The more productive an area is the
more resources are available, and as a result more species can exploit these resources. In areas
where resources are limited, competition for resource is fears, and competitive exclusion, forces
the local extinction of some species or the formation of novel species interactions (Hutchinson
1969).

Connell (1979) proposed that maximum species diversity occurs when disturbance is at
an intermediate level. The complexity of ecological communities, is not only governed by
competition between species, but also by the disturbance regime (frequency and magnitude of
fires, floods and other disturbance). Community food webs are also shaped by global extinction
events (Alvarez et al. 1980), the time that has passed since the catastrophe, and the rate of
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invasion ((MacArthur & Wilson 1999)). All these factors contribute to structure of composition
of an ecological assemblage.

Competition, disturbance and availability of resource, only partially explain the patterns
found in this study. Some of the patterns can be attributed to the fact the system is terrestrial,
marine or fresh water. For example, loops between two species are common in marine ecosys-
tems, where feeding patterns change during the life cycle of an organism. I suspect that if these
systems were divided into marine, terrestrial, and freshwater aquatic, and insect communities,
distinct patterns of interaction would also become apparent.

The most dramatic structural change that many ecosystems face is human-driven biodi-
versity loss. Structural analysis can provide a useful tool for exploring how robust or fragile
systems are to node loss or structural damage. The results here illustrate that targeted attacks
quickly destroy system topology. Humans, following our own natural feeding patterns and ma-
terial needs, have historically tended to impact higher trophic levels through the overfishing and
hunting of shellfish and large marine vertebrates for example. Often the exhaustion of natural
species population, results in a string of extinctions that cascades through the community. Often
these cascading failures also impact on abiotic processes, resulting in a perturbed environment.
The major limitation of the current study is its ignorance of dynamical properties supported by
the ecosystems. The differences between structural and dynamics based studies relate to the
well-known limitations of both approaches. Models based on Lotka-Volterra equations are dif-
ficult to parameterize with empirical data, and the models generally fail to adequately portray
many aspects of observed ecosystems, including large numbers of species and non-random,
complex, yet predictable topology of trophic structure (Williams & Martinez 2000). On the
other hand, structural studies embrace both modelling and empirical data analysis of large num-
bers of taxa, but strip away population dynamics and quantification of links in terms of energy
and resource flows. Both structural and dynamics approaches focus on very few types of eco-
logical interactions such as predator-prey relationships and competition. Drawing these two
approaches together will bridge the relationship between structural and dynamical robustness
and stability in complex ecosystems.

Finally these findings open at least three lines of further inquiry. First, how can these eco-
logical generalizations be explained in terms of the large scale behaviour, population dynamics
of individual and collective species ensembles. Second, do these topological features of ecolog-
ical organization explain other significant feature of food webs, such as species turnover? Third,
what structural and dynamical characteristics of the individual communities account for their
deviations from these overall trends? Understanding these questions in the context of the struc-
tural properties of community food webs may provide insights into the dynamical behaviour
they can support.

Acknowledgements

I wish to thank, David G. Green, John Finnigan, Roger Bradbury, Brian Walker, and Mike
Austin for a number of useful discussions on this manuscript. I would also like to thank Karl
Havens, and Ross Thompson for providing data sets upon which this study is based. I would
like to thank Markus Brede for technical assistance on the detection of motifs.

References

Albert, R. & Barab́asi, A.-L. (2002). Statistical mechanics of complex networks. Review of
Modern Physics,74, 47–97.

Complexity International Volume 12

10 © Copyright 2005



Albert,R.,Jeong, H. & Barabasi, A.-L. (2000). Error and attack tolerance of complex networks.
Nature,406,378–382.

Alvarez, L.W., Alvarez, F. and Michel, H.V. Extraterrestrial cause for the Cretaceous-Tertiary
extinction: Experimental results and theoretical interpretation. Science,208, 1095–1108.

Austin, M. P. (1999) A silent clash of paradigms: some inconsistencies in community ecology.
Oikos,86(1), 170–178.

Baird, D. & Ulanowicz, R.E. (1989). The seasonal dynamics of the Chesapeake Bay ecosystem.
Ecological Monologues,59,329–364.

Briand, F. & Cohen, J.E. (1984). Community food webs have scaleinvariant structure. Nature,
307,264–266.

Christian, R.R. & Luczkovich, J.J. (1999). Organizing and understanding a winter’s seagrass
foodweb network through effective trophic levels. Ecological Modeling,117,99–124.

Connell, J. H. (1979) Tropical rain forests and coral reefs as an open non-equilibrium systems.
In Population DynamicsAnderson et al. (eds). Blackwell Scientific Publications, Oxford.
141-163.

Dunne, J.A., Williams, R.J. & Martinez, N.D. (2002a). Network structure and biodiversity loss
in food webs: robustness increases with connectance. Ecology,5, 558–567.

Dunne, J.A., Williams, R.J. & Martinez, N.D. (2002b). Small networks but not small worlds:
unique aspects of food web structure. SFI Working Paper 02-03-10.

Gaston, K. J. (2000) Global patterns in biodiversity. Nature,405,220227.

Goldwasser, L. & Roughgarden, J.A. (1993). Construction of a large Caribbean food web. Ecol-
ogy,74,1216–1233.

Hall, S.J. & Raffaelli, D. (1991). Food-web patterns: lessons from a species-rich web. Journal
of Animal Ecology,60,823–842.

Havens, K. (1992). Scale and structure in natural food webs. Science,257,1107–1109.

Huxham, M., Beany, S. & Raffaelli, D. (1996). Do parasites reduce the chances of triangulation
in a real food web? Oikos,76,284–300.

Jeong, H., Tombor, B., Albert, R., Oltvai, Z.N. & Barabasi, A.-L. (2000). The large-scale orga-
nization of metabolic networks. Nature,407,651–654.

Jeong, H., Mason, S.P., Barabasi, A.-L. & Oltvai, Z.N. (2001). Lethality and centrality in protein
networks. Nature,411,41.

MacArthur, R.H. (1955). Fluctuation of animal populations and a measure of community sta-
bility. Ecology,36, 533–536.

MacArthur, R.H., & Wilson, E. O. (1999),The Theory of Island Biogeography. Princeton Land-
marks In Biology. Princeton University Press.

Martinez, N.D. (1991). Artifacts or attributes? Effects of resolution on the Little Rock Lake
food web. Ecological Monologs,61, 367-392.

Complexity International Volume 12

11 © Copyright 2005



Martinez,N.D. (1993). Effect of scale on food web structure. Science,260, 242–243.

Martinez, N.D. (1994). Scale-dependent constraints on food-web structure. The American Nat-
uralist, 144, 935–953.

Martinez, N.D., Hawkins, B.A., Dawah, H.A. & Feifarek, B.P. (1999). Effects of sampling
effort on characterization of foodweb structure. Ecology,80, 1044-1055.

Memmott, J., Martinez, N.D. & Cohen, J.E. (2000). Predators, parasitoids and pathogens:
species richness, trophic generality and body sizes in a natural food web. J. Anim. Ecol.,
69,1–15.

Montoya, J.M. & Sole, R.V. (2002). Small world patterns in food webs. Journal of Theoretical
Biology.,214,405–412.

Paine, R. T. (1966), Food web complexity and species diversity, The American Naturalist.
100(10), 65–75.

Pielou, E. C. (1975).Ecological Diversity.Wiley-Interscience, New York.

Pimm, S.L. (1980). Food web design and the effect of species deletion. Oikos,35, 139-149.

Polis, G.A. (1991). Complex desert food webs: An empirical critique of food web theory. Amer-
ican Naturlist,138, 123–155.

Rex, M. A. Stuart, C. T., and Coyne, G. (2000) Latitudinal gradients of species richness in the
deep-sea benthos of the North Atlantic. Proceedings of the National Academy of Science,
97, 4082–4085.

Roy, K., Jablonski, D., Valentine, J. W. & Rosenberg, G. (1998) Marine latitudinal diversity
gradients: Tests of casula hypotheses. Proceedings of the National Academy of Science,
95,3699–3702.

Shen-Orr, S., Milo, R., Mangan, S., Alon, U. (2002) Network motifs in the transcriptional
regulation network of Escherichia coli. Nature Genetics.31,64–68.
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